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Abstract: Retinal cell death is responsible for irreversible vision loss in many retinal disorders. No
commercially approved treatments are currently available to attenuate retinal cell loss and preserve
vision. We seek to identify chemicals/drugs with thoroughly-studied biological functions that possess
neuroprotective effects in the retina using a computational bioinformatics approach. We queried
the National Center for Biotechnology Information (NCBI) to identify genes associated with retinal
neuroprotection. Enrichment analysis was performed using ToppGene to identify compounds related
to the identified genes. This analysis constructs a Pharmacome from multiple drug-gene interaction
databases to predict compounds with statistically significant associations to genes involved in
retinal neuroprotection. Compounds with known deleterious effects (e.g., asbestos, ethanol) or
with no clinical indications (e.g., paraquat, ozone) were manually filtered. We identified numerous
drug/chemical classes associated to multiple genes implicated in retinal neuroprotection using a
systematic computational approach. Anti-diabetics, lipid-lowering medicines, and antioxidants
are among the treatments anticipated by this analysis, and many of these drugs could be readily
repurposed for retinal neuroprotection. Our technique serves as an unbiased tool that can be utilized
in the future to lead focused preclinical and clinical investigations for complex processes such as
neuroprotection, as well as a wide range of other ocular pathologies.

Keywords: neuroprotection; retina; drug-repurposing; bioinformatics

1. Introduction

The irreversible death of photoreceptors and retinal cells such as ganglion cells, RPE
in ocular disorders such as diabetic retinopathy (DR), age-related macular degeneration
(AMD), inherited retinal dystrophies, and glaucoma causes progressive vision loss and
eventual blindness. Knowledge is evolving about how retinal cells die and how cell death
is induced and executed, but still no interventions exist to target how retinal cells can be
protected in order to save retinal function. The development of successful neuroprotective
strategies requires detailed knowledge of the molecular events during retinal degeneration.
Neuroprotection preserves functionality and form in neurons damaged by disease, age,
oxidative stress, or toxic compounds [1]. Currently, there are no commercially available
treatments to prevent retinal cell loss and preserve vision, and there is a critical, unmet
need for neuroprotective modalities to improve retinal survival in a multitude of retinal
disorders. The conventional neuroprotective strategy relies on pharmacologic agents which
target survival pathways or resolve inflammation and oxidative stress [2]. Today, the
AREDS drugs from the Age-Related Eye Disease Study (AREDS) studies are the only
FDA-approved agents for an AMD, this trial established that antioxidant micronutrients
may have neuroprotective effects on photoreceptors and the retinal pigment epithelium
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(RPE) [3]. Recent literature has reported on many other neuroprotective agents with
beneficial effects on the retina that have not yet undergone preclinical or clinical trials [4,5].
Further improving the understanding of the shared pathways and genetics behind retinal
diseases may help discover other novel neuroprotective agents that can promote retinal
cell survival.

In this study, we use an unbiased, systems biology computational approach to predict
new therapeutic targets for retinal neuroprotection using data from the National Center
for Biotechnology Information (NCBI) database. For a complex, multifactorial process
such as neuroprotection, there is no singular, absolute process or mechanism that can
be targeted, and so multiple biochemical pathways must be studied and addressed. A
systems medicine approach can use computational and bioinformatics models to integrate
information from multiple causal pathways to discern how separate disease processes
intersect [6,7]. The models that are built with this approach more accurately depict how
gene alterations within a large molecular system can ultimately cause pathology [8]. In
the past, this systems medicine method identified potential therapeutic targets for other
complex diseases such as refractory epilepsy, various glioma subtypes, asthma, colorectal
cancer, AMD, DR, and Alzheimer’s disease [9–16].

Conceiving and developing a single new drug for clinical applications is an expensive
and time-consuming process, but network medicine can identify previously approved
drugs to repurpose them for novel indications [17]. Drug repurposing is increasingly
popularized as a cheaper and more efficient method to identify new drugs for clinical
trials [18,19]. While traditional drug discovery on average requires 10–15 years and
US$2–3 billion to develop a new drug, it takes 6.5 years and US$300 million on aver-
age to take a repurposed drug to market, as the Phase I and II clinical trials have already
been previously performed [20]. To our knowledge, no prior efforts have been made to
predict potential drugs and chemicals for neuroprotection via a systems medicine computa-
tional approach. Using a network-centric method, from all the described genes in retinal
neuroprotection to date, we hypothesized that we could identify novel compounds and
known drugs for neuroprotective indications.

2. Results

Our query of PubMed Gene identified 117 unique genes associated with neuropro-
tection in the retina. Out of 77,146 candidate drug/compounds in the drug database, our
enrichment analysis of the selected retinal neuroprotection genes generated 14,984 chemical
compounds against the drug-gene database with an FDR adjusted p-value cutoff of 0.05;
however, this number includes redundancies suggested by separate databases used by
the ToppGene program. We manually selected the top 25 relevant chemical compounds
for the final list of neuroprotective genes by filtering out redundancies as well as known
deleterious compounds such as particulate matter, H2O2, ozone, and asbestos (Table 1).

The predicted drug classes with possible benefits based on the relevant genes for
retinal neuroprotection include antioxidants (N-Acetylcysteine, ascorbic acid, glutathione,
alpha-lipoic acid, melatonin, coenzyme Q10), polyphenol micronutrients (curcumin, api-
genin, pterostilbene, naringin), anti-diabetic agent metformin, lipid-lower agents (sim-
vastatin and atorvastatin), and cardiovascular agents (nifedipine, losartan, enalapril). By
directly scavenging for reactive oxygen species (ROS), antioxidants thus also show an
anti-inflammatory effect by directly removing a significant source of tissue damage. We
identified N-Acetylcysteine (p = 3.67 × 10−56), an antioxidant that directly replenishes
glutathione reserves, as the compound with the greatest significance associated with retinal
neuroprotection affecting 51 of the 117 neuroprotection genes. Many of the polyphenol
micronutrients identified, such as curcumin (p = 1.66 × 10−51), exhibit an anti-inflammatory
effect by attenuating TNF-alpha via the regulation of NF-KB, as well as an antioxidant
effect [21]. Curcumin is the most significant polyphenol nutrient identified, affecting
58 of the 117 genes. Other predicted top compounds that are currently used for FDA-
approved indications that could be readily repurposed for neuroprotection include met-
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formin (p = 1.83 × 10−29), simvastatin (p = 2.72 × 10−53), and nifedipine (8.36 × 10−33),
which affect 31, 53, and 24 of the 117 genes, respectively. Metformin is the most used drug
for type II diabetes that lowers glucose by stimulating insulin sensitivity and inhibiting
gluconeogenesis. Meanwhile, simvastatin and atorvastatin are HMG-CoA reductase in-
hibitors, which is the most used drug class for hypercholesterolemia that directly inhibits
cholesterol synthesis. Nifedipine, losartan, and enalapril are drugs used ubiquitously for
hypertension and belong to the calcium channel blocker, angiotensin II receptor blocker,
and angiotensin-converting enzyme (ACE) inhibitor classes, respectively. Finally, inves-
tigational compounds including MEK inhibitors (U0126) and the MAP kinase inhibitor
(SB203580) also correlate with neuroprotection-relevant genes. While these experimental
compounds demonstrate significant toxicities and are poorly understood, inhibition of
MAPK is known to suppress production of inflammatory cytokines and is currently being
tested in cancer trials [22].

Table 1. Filtered drugs targeting retinal neuroprotection genes predicted by the ToppGene database
by order of p-value.

FILTERED
POSITION

UNFILTERED
POSITION NAME SOURCE P-VALUE Q-VALUE

FDR B&H
HIT COUNT IN

QUERY LIST
HIT COUNT
IN GENOME

1 2 U 0126 CTD 2.51 × 10−52 3.64 × 10−52 51 444
2 3 Acetylcysteine CTD 3.67 × 10−55 3.55 × 10−51 59 781
3 5 Simvastatin CTD 2.72 × 10−53 1.58 × 10−49 53 581
4 7 Curcumin CTD 1.66 × 10−51 6.86 × 10−48 58 851
5 9 Capsaicin CTD 1.97 × 10−49 6.36 × 10−46 48 488
6 18 SB 203580 CTD 1.18 × 10−44 1.90 × 10−41 42 388
7 20 Ascorbic Acid CTD 2.56 × 10−41 3.72 × 10−38 46 627
8 29 Genistein Stitch 2.20 × 10−38 2.21 × 10−35 53 1117
9 43 Glutathione CTD 3.34 × 10−36 2.25 × 10−33 35 339

10 44 Thioctic Acid CTD 2.51 × 10−35 1.65 × 10−32 28 163
11 45 Melatonin CTD 6.47 × 10−35 4.17 × 10−32 31 243
12 55 Nifedipine CTD 8.36 × 10−33 4.41 × 10−30 24 112
13 61 Apigenin CTD 2.96 × 10−32 1.41 × 10−29 28 207
14 64 Deferoxamine CTD 5.7 × 10−32 2.59×10−29 27 186
15 72 Pterostilbene CTD 4.13 × 10−31 1.66 × 10−28 24 130

16 84 Salvianolic
acid CTD 1.24 × 10−31 4.28 × 10−28 17 35

17 83 Fluoxetine CTD 1.18 × 10−30 4.12 × 10−28 31 331
18 86 Puerarin CTD 1.34 × 10−30 4.54 × 10−28 22 98
19 98 Naringin CTD 8.18 × 10−30 2.42 × 10−27 24 146
20 101 Metformin CTD 1.83 × 10−29 5.26 × 10−27 32 400

21 111 Atorvastatin
Calcium CTD 9.68 × 10−29 2.53 × 10−26 25 186

22 113 Losartan CTD 1.82 × 10−28 4.69 × 10−26 24 165
23 114 Clozapine CTD 1.92 × 10−28 4.89 × 10−26 31 390
24 127 Coenzyme Q10 CTD 1.10 × 10−27 2.51 × 10−25 17 48
25 128 Enalapril CTD 1.38 × 10−27 3.14 × 10−25 22 131

Several key genes with significance to neuroprotection are commonly affected by the
top compounds identified by our analyses. Key genes with high closeness and betweenness
centrality in this network include SOD2, TP53, NFE2L2, NOS2, BCL2, BAX, TNF, CASP3,
TGFB, AKT1, and IL6, which were all highly associated with hub compounds identified in
the gene-drug pathway (Figure 1). Interestingly, all of the aforementioned genes are associ-
ated with “regulation of apoptotic processes” per their relevant GO terms for biological
processes (Table 2). Meanwhile, genes SOD2, TP53, NFE2L2, BCL2, BAX, TNF, CASP3,
TGFB, AKT1, and IL6 are specifically associated with the terms “neuron death”, “response
to wounding”, and “aging”, whereas SOD2 and NFE2L2 encode directly for cytoprotective
proteins against oxidative stress and inflammation, which suggest a neuroprotective role
with modulation of these genes.
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Figure 1. A force-directed graph of drug–gene interactions. Node size and edges are represented
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Table 2. Gene ontology descriptions of genes associated with retinal neuroprotection.

ID GO DESCRIPTION P-VALUE Q-VALUE FDR
B&H

HIT COUNT IN
QUERY LIST

HIT COUNT IN
GENOME

GO:1901701 cellular response to
oxygen-containing compound 6.24 × 10−55 3.95 × 10−51 78 1790

GO:0043067 regulation of programmed cell
death 1.58 × 10−53 4.99 × 10−50 79 1944

GO:0009628 response to abiotic stimulus 1.04 × 10−52 1.65 × 10−49 77 1839
GO:0042981 regulation of apoptotic process 1.06 × 10−51 1.35 × 10−48 77 1897

GO:0010243 response to organonitrogen
compound 4.00 × 10−49 4.22 × 10−46 71 1605

GO:1901214 regulation of neuron death 4.75 × 10−47 3.76 × 10−44 47 462

GO:0014070 response to organic cyclic
compound 7.90 × 10−47 5.56 × 10−44 69 1591

GO:0048666 neuron development 2.23 × 10−39 6.42 × 10−37 64 1673

GO:0051094 positive regulation of
developmental process 4.93 × 10−39 1.25 × 10−36 64 1695

GO:0042327 positive regulation of
phosphorylation 1.02 × 10−38 2.47 × 10−36 55 1113

GO:0031175 neuron projection development 1.18 × 10−37 2.67 × 10−35 59 1424
GO:0070482 response to oxygen levels 1.87 × 10−37 3.94 × 10−35 45 647

GO:0031399 regulation of protein
modification process 3.24 × 10−37 6.61 × 10−35 66 1976

GO:0051247 positive regulation of protein
metabolic process 4.57 × 10−37 9.05 × 10−35 64 1827

GO:0009611 response to wounding 8.65 × 10−37 1.66 × 10−34 50 919

Genes identified from the NCBI query were also analyzed with Lynx to identify
gene-pathway networks with relations to retinal neuroprotection (Figure 2). The analysis
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identified key networks including “PI3k-Akt signaling pathway”, “AGE-RAGE signaling
pathway in diabetic complications”, ‘EGFR tyrosine kinase inhibitor resistance”, “HIF-1
signaling pathway”, “Brain-derived neurotrophic factor signaling pathway”, “Neuroin-
flammation and glutamatergic signaling”, and “Spinal cord injury”. Of note, AKT1, which
is a key mediator of growth factor-induced neuronal survival, is identified as the gene with
the highest closeness centrality in the network [23]. Thus, targeting of these genes and
pathways by pharmaceutical agents imply a possible neuroprotective effect in the retina as
well.
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The comprehensive gene list, drug list, genes correlative for each drug, and number of
hits in the genome are available in Supplementary S1. This data will be publicly available
when the manuscript is accepted for publication.

3. Discussion

Retinal neurodegenerative diseases cause an irreversible loss of retinal cells, resulting
in vision loss as the disease progresses. As biology systems are complex entanglements
of closely related elements, any disease process reflects a disruption of multiple elements
in a carefully structured system. While an effective neuroprotective strategy to preserve
degenerating retinal neurons is urgently needed, there is currently a lack of knowledge
or solutions to address this broad, heterogeneous topic. A possible approach is to use
network medicine to bridge the gaps in our understanding. Network medicine can reveal
the molecular connections across multiple pathways to elucidate biological relationships



Int. J. Mol. Sci. 2022, 23, 12648 6 of 15

that cannot be easily understood by conventional reductionist methods of discovery. With
the recent advances in multi-omics, it has become possible to understand large-scale
biological networks which can be exploited to help us unravel complex processes such
as neuroprotection. A computational approach to predict interactions between drugs
and the affected genes is much more effortless and economical compared to traditional
experimental assays [6]. This approach allows us to bypass the process of studying every
unique retinal disease which has multifactorial pathogenesis and to instead observe only
the key players and effectors in retinal neuroprotection. In this study, we used a network
approach to manifest relationships between the known genes of retinal neuroprotection
and existing pharmacologic compounds to predict the best drug candidates. Contrary to a
reductionist methodology, our method employs a holistic approach that involves merging
numerous pathways of interacting molecular and cellular components. This integrative
approach is perhaps a better match for the human disease process.

Our study found many biologically active chemicals that target the genes involved
in retinal neuroprotection, including antioxidants, statins, and anti-diabetics such as met-
formin; however, compounds with antioxidative effects comprised the majority of the top
25 filtered compounds. The retina is particularly susceptible to oxidative stress due to
elevated oxygen consumption, a greater proportion of polyunsaturated fatty acids, and
persistent exposure to visible light [24]. Oxidative stress driven by the formation of reactive
oxygen species [ROS] is strongly associated with not just AMD, but also retinal ganglion
cell diseases such as glaucoma [25] and diabetic retinopathy [26]. Photoreceptors cells and
the RPE, in particular, serve as the major sites of superoxide generation in the retina to
produce the oxidative stress present in DR and AMD [27,28]. The success of the original
AREDS study demonstrated the efficacy of antioxidant therapy and nutritional modulation
in neuroprotection3. Our findings similarly reflect the importance of anti-oxidative effects
in ophthalmic disorders and neuroprotection as antioxidants such as N-Acetylcysteine
(NAC), ascorbic acid, glutathione, alpha lipoic acid (ALA), melatonin, Coenzyme Q (CoQ),
and various flavonoids all strongly correlate with risk-genes for retinal neuroprotection
(Table 1).

The antioxidants in our list are ROS scavengers that can readily cross the blood–brain
barrier due to high lipophilicity, and even Vitamin C, a water-soluble compound, can
readily cross via the GLUT-1 transporter [29]. They affect several common pathways,
including the inhibition of NF-KB activation by TNF, regulation of Nrf-2ARE signaling,
antiapoptotic effects, and inhibition of the MAPK. Compounds such as NAC and ALA have
demonstrated efficacy in DR and glaucoma animal models and currently also have several
ongoing clinical trials for the treatment of neurodegenerative disorders such as Parkinson’s
disease [30–33]. Both have also shown protection against oxidative damage in human RPE
cells in vitro [30,34] and inhibition of DR development in animal models [31,35,36]. In a
mice model of retinitis pigmentosa (RP), a retinal disease characterized by the degeneration
of rod and cone photoreceptor cells, oral and topical applications of NAC improved cone
cell survival and function [37]. The treatment of RP with NAC is now currently in a
Phase III clinical study after human studies of oral NAC demonstrated improvements in
macular cones and tolerability for RP patients [38]. CoQ is another powerful antioxidant
that serves as an essential cofactor for the electron transport chain. The supplementation of
CoQ is safe and currently recommended by the Canadian Headache Society guidelines for
migraine prophylaxis, and it is also widely used for cardiovascular diseases and diabetes,
albeit with mixed evidence [39]. Experimental studies in animal models currently indicate
that CoQ has protective effects against glaucomatous neurodegeneration and diabetic
retinopathy as well [40]. Unfortunately, antioxidants have had limited effectiveness in the
past due to challenges with bioavailability for ocular tissue [6]. Since the pathogenesis of
degenerative retinal disorders remains tangled and murky, recent clinical studies focus on
combined antioxidant therapy (CAT), which combines multiple safe, affordable compounds
to address different mechanisms of stress [41]. For example, while ALA supplementation
on its own failed to prevent diabetic macular edema or improve visual acuity for type 2
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diabetic patients, ALA supplementation combined with genistein, Vitamin C, E, and B
did show protective effects for diabetic patients upon electroretinogram analysis [42,43].
While the efficacy of the AREDS formulation is limited to only slowing progression for
intermediate and advanced dry AMD patients, they still nonetheless demonstrate the
potential value of CAT. Interestingly, the AREDS formulation exerted a similar effect in
DR patients as while therapy failed to change visual acuity, it did slow progression over a
five-year period [44]. Antioxidants remain a viable option as neuroprotectants, and as new
techniques of ocular drug administration such as nanoformulation become available, the
use of antioxidants to prevent disease and supplement current pharmacological treatments
can be further studied [45]. Ultimately, more research is needed to define the antioxidants
and formulations effective against retinal neurodegeneration.

Our findings have also reflected numerous well-known plant-derived polyphenols
that relate to genes involved in retinal neuroprotection. These compounds behave as nutri-
tional antioxidants that have demonstrated additional anti-amyloid and anti-inflammatory
effects on the brain in early animal studies. In the retina, curcumin, apigenin, pterostilbene,
and naringin reduce pro-inflammatory biomarkers in animal models through the inhibition
of MAPK and NF-KB pathways and uphold neuroprotective effects [21,45–47]. For exam-
ple, the supplementation of curcumin, the active compound in turmeric, has demonstrated
retinal neuroprotection in light-induced retinal degeneration rat models and decreased
proinflammatory markers and retinal cell death after oxidative stress [48,49]. Naringin, a
major flavonoid found in citrus fruits, also exert antioxidative and retinal neuroprotective
effects in animal studies with the suppression of neuroinflammatory markers, as well as
improvements in ganglion cell number and cell layer thickness following streptozocin injec-
tions [50]. Apigenin, a flavonoid in fruits/vegetables, injected intravitreally, also reduced
inflammatory cytokines in the retina and suppressed microglia activation in vivo [51]. Un-
fortunately, most nutritional drugs end up with weaker results in human trials due to poor
bioavailability and ineffective drug delivery. Curcumin has been described for years in the
context of retinal pathologies and neuroprotection, but clinical trials have shown that even
a high dose (12,000 mg/day) does not escalate serum levels of curcumin, and so recent
efforts with curcumin application have been made to combat this issue of bioavailability
(Lao et al., 2006; Yang et al., 2021). For example, a prodrug approach has successfully used
curcumin diethyl disuccinate [CurDD] to protect RPE cells from oxidative stress-induced
death and to decrease H2O2-induced ROS production [52]. Moreover, attempts at creating
novel formulations of curcumin such as Norflo (curcumin-phosphatidylcholine) have also
demonstrated effectiveness in clinical trials for eye pathologies such as uveitis and central
serous chorioretinopathy. Longvida Curcumin, another new formulation, is currently
being tested in dry AMD patients for drusen regression [53,54]. To discover the specific
composition of antioxidants and nutrients that are useful for retinal neuroprotection, more
research is needed on both medication delivery technologies and mathematical correlations
for chemical structures and biological activities.

Several FDA-approved drugs that may be readily repurposed, including metformin
and various statins, also appeared among the top 25 most significant compounds related
to genes associated with neuroprotection. Metformin is the most widely used drug for
type II diabetes with known protective properties against many other senescence-related
pathologies such as cardiovascular disease, various cancers, and neurodegenerative dis-
eases such as Parkinson’s Disease and dementia [55–57]. Previous studies have shown
that metformin’s effects on the visual system include inhibition of angiogenesis, decreased
vasodilation in retinal blood vessels, and blunting of other inflammatory responses [58,59].
A connection between hyperglycemia and neurodegeneration has been proposed through
the action of microglial activity and neuroinflammation, which is why it is hypothesized
that anti-diabetic drugs such as metformin may have a neuroprotective effect [60]. The
exact connection between hyperglycemia and neurodegeneration is unclear, but diabetic
retinopathy as we currently understand it is defined by the interplay of inflammation, neu-
rodegeneration, and vascular alterations in the retina [61]. In animal models of AMD and
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retinitis pigmentosa, metformin usage helps maintain the integrity of photoreceptors and
the RPE via activation of the AMP-activated protein kinase (AMPK) system [62]. Recently,
our team and others similarly found evidence that patients taking metformin are associated
with a decreased risk of developing retina disorders including AMD and non-proliferative
DR when adjusted for age, gender, and other comorbidities [63,64]. It is believed that
metformin demonstrates neuroprotection against glutamate-induced excitotoxicity, which
is seen in neurodegenerative disorders such as glaucoma and diabetic retinopathy by pro-
moting retinal neuronal cell survival via the MEK/ERK signaling pathway [65–68]. The
exact function of antidiabetics in translational, preclinical, and clinical investigations to
explore their possible role in novel therapeutic strategies for neuroprotection needs to be
pursued.

Statins are HMG-CoA reductase inhibitors and another class of FDA-approved drugs
currently used for lipid-lowering therapy but have also demonstrated neuroprotective
effects through various mechanisms including anti-inflammation, apoptosis regulation,
and antioxidation [69]. Cholesterol is required for neuronal processes that include neurite
formation, myelination, and synapse activity, which means that the brain possesses an
incredibly high cholesterol demand as it utilizes around 25% of the total body cholesterol
despite only representing 2% of the total body weight [70,71]. In the retina, statins have
long been theorized to treat neurodegenerative diseases such as AMD due to the role of
cholesterol in drusen formation, a well-known feature of AMD. A recent pharmacokinetic
study in humans elucidated how statins can cross the blood–retina barrier especially for
the more lipophilic compounds such as simvastatin and atorvastatin which were found
in our analysis [72]. One clinical trial reported regression of drusen deposits and vision
gain in dry AMD patients receiving high atorvastatin treatment [73]. Outside of AMD,
statins have also been shown to exert anti-inflammatory and neuroprotective properties in
the eyes of patients with retinal detachment, diabetes, and neurodegenerative posterior
segment disorders as well [74–76]. In one retrospective cohort study, statin therapy was
associated with a lower prevalence of DR and found to decrease the progression of DR in
patients with dyslipidemia and T2DM [77]. Our findings thus add to the growing body
of evidence that FDA-approved lipid-lowering treatments have the potential to slow or
reverse the course of retinal disorders such as AMD and DR. Unfortunately, the relationship
between statin therapy and glaucoma remains unclear. While many studies suggest a null
relation, a recent 10-year longitudinal study studying long-term statin effects suggests that
patients with prolonged statin therapy for >3 years had an increased risk of glaucoma
onset; however, this pertained specifically to rosuvastatin, which was not identified in our
analysis [78].

Other classes of drugs demonstrated by this analysis include MAPK inhibitors and
MEK 1/2 inhibitors. Both the novel MAPK and MEK 1/2 drugs can cause serious ocular
toxicities, including retinal vein occlusion, uveitis, and retinal pigment epithelial detach-
ment, which limit their use in the current state [22]. However, these drugs are attractive for
AMD as they target the MAPK pathway, which closely intertwines with VEGF and HIF-1
signaling [79]. The work on these drugs is in its infancy and additional experiments to
modify the structure and toxicities spectrum of these agents are needed.

Our present data may also justify new findings of oxidative stress occurring outside
the retinal mitochondria. While oxidative stress has long been cited to a play a role in the
pathogenesis of degenerative retinal pathologies such as AMD and diabetic retinopathy,
traditional knowledge points to retinal mitochondria as the primary target of free radical
production [80–82]. However, recent studies in vitro have shown an additional element of
ectopic oxidative stress outside retinal mitochondria and inside the photoreceptor outer
segments (OS), which are modified cilium containing membranous disks that express pro-
teins specialized for oxidative phosphorylation and phototransduction [83]. Furthermore,
this machinery of proteins in the OS designed for ectopic oxidative phosphorylation is
correlated with increased ATP demand due to photo-transduction. It is theorized that
natural or pharmacological antioxidants can exert a retinal neuroprotectant effect by miti-
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gating the free radicals generated from ectopic aerobic metabolism in the outer segment
disks and prevent damage to the OS [84]. Our study supports this hypothesis, as top
neuroprotective agents identified from our analysis including polyphenols (e.g., curcumin)
and anti-diabetics (e.g., metformin) inhibit ROI production via modulation of ectopic ATP
synthase in light-exposed bovine rod OS [85,86].

Limitations

Neuroprotection involves a complex interplay of genetics, environmental factors, diet,
and lifestyle. The approach employed in this article has certain drawbacks because we only
consider existing relevant genes to predict medicines. First, there are inherent errors in
datasets such as STITCH and CTD including false positives and proposed chemical-gene
associations which come from activity of downstream molecules to the original chemical
interactions; thus, it is difficult to determine the relative value of each chemical-gene as-
sociation. Second, genomics-based predictions rely on previously published literature to
detect drug-gene interactions, and so there can be inequity depending on the amount of
literature available for a given condition. As a result, prevalent conditions such as cancer
or diabetes that have been thoroughly studied would naturally have more chemical and
gene connections documented than more recent topics such as neuroprotection. Similarly,
extensively studied drugs with more known disease–chemical connections may be overrep-
resented in enrichment analyses compared to little-known drugs due to a lack of relevant
gene–disease research. Third, we did not account for positive (protective variant) or nega-
tive (risk variant) impacts of the genes. Lastly, there are predicted drug–gene interaction
that may not apply physiologically to humans because the data came from animal models
and transformed cell lines. Ultimately, this research process is similar to meta-analysis
of hundreds of prior works, and it is necessary to account for changes in data standards
and experimental methodologies among different studies. It is important to note that the
nature of this study as a computational analysis means that our results are merely meant to
guide future in vitro and in vivo preclinical studies as well as clinical studies studies. The
expectation of this study is thus to guide subsequent studies to further our understanding
of the therapeutic potential on retinal pathologies for the compounds we have identified.

4. Materials and Methods
4.1. Literature Search and Data Extraction

We queried the NCBI database “https://www.ncbi.nlm.nih.gov/gene/ (accessed on
24 August 2021)” to compile a comprehensive list of retinal neuroprotection genes. The
collection of genes was performed according to the method described in prior studies [87,88].

We also reviewed the abstracts of initial publications and evaluated the genetic as-
sociation studies of retinal neuroprotection. We limited our choices by concentrating on
the publications that found substantial links between genes and retinal neuroprotection.
By removing publications that showed negative or negligible relationships, the number of
false-positive findings is minimized. For selected publications, we reviewed the complete
texts to ensure that the content supported the results. Ethical approval was not required
since this study does not involve humans or animals.

4.2. Discovering Potential Neuroprotection Therapeutic Targets via Enrichment Analysis

The level of associations between each candidate neuroprotection target gene and
relevant drug was examined to discover potential neuroprotection target drugs based
on the hypothesis that drugs will have a stronger impact on disease gene with a greater
number of associations [89,90].

Thus, the compounds that are highly interacting with the curated neuroprotection
genes can serve as potential therapeutic targets. The enrichment analysis can provide a list
of over-represented drug compounds regarding the input genes against the chemical-gene
association database.

https://www.ncbi.nlm.nih.gov/gene/
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Using the ToppGene Suite (http://toppgene.cchmc.org/), we inputted the gene
dataset derived from our PubMed query into the ToppFun function to perform a gene
set enrichment analysis (GSEA). ToppGene pulls 22,832 genes and a total of 77,146 drug
annotations from 5 separate sources: Broad Institute CMAP down, Broad Institute CMAP
Up, CTD, Drug Bank, and Stitch to construct a Pharmacome for predicting drug-gene
interactions [91]. From the inputted genes, ToppGene generates a representative profile
which it compares against its 22,832 test set genes to identify drugs with the strongest
associations. Drug–gene interactions in our data came primarily from STITCH and CTD
databases [92,93]. STITCH derives information from prior experiments, existing databases,
and current literature to predict interactions between chemicals and proteins. CTD is a
manually curated, literature-based database that provides toxicogenomic relationships for
chemicals, genes, phenotypes, and disease.

Hypergeometric distribution with Bonferroni correction is used to determine statistical
significance with the equation below.

P = 1 −
k−1

∑
i=0

(
M
i

)(
N − M
n − i

)
(

N
i

)
For the referenced equation, N correlates to the total number of genes in the back-

ground distribution, M to the number of genes inside the distribution which are to the gene
set of interest, n to the size of the list of genes of interest, and k to the number of genes
within that list which are annotated to the gene set. By default, the background distribution
includes all genes with annotation. To control the false discovery rate, p-values are also
adjusted for multiple comparisons using the Benjamini–Hochberg Procedure. We examined
medications having a false discovery rate adjusted p-value of less than 0.05 in this study.

4.3. Narrowing down Drugs/Chemicals Useful in Neuroprotection

All the compounds that are deleterious to human health or that lack clinical utilizations
such as particulate matter, ozone, and asbestos were removed manually. Redundant
compounds suggested by multiple databases were consolidated, and the compound with
the higher p-value is retained.

4.4. Visualization of Networks

A drug–gene network was constructed using the manually curated list of neuroprotec-
tive genes and the filtered list of enriched drugs. Visualization of the associations between
gene and drug was performed using Cytoscape with a prefuse-directed layout based on
the centrality metric of edge betweenness [94]. We chose to color drug nodes with red and
gene nodes with green. Node size correlated with closeness centrality hub in which the
largest nodes had the highest closeness to better visualize potential hub nodes. Genes with
less than three drug connections were not included in the visualization.

We also generated a gene-pathway network from the functional enrichment of the
neuroprotective gene list. Using the Lynx database system, enrichment analysis was
performed for Gene Ontology (GO), disease, and pathway databases [95]. Seven of the top
significant pathways (FDR adjusted p value < 1.52 × 10−14) from the enrichment analysis
were selected for construction of a gene-pathway network. Visualization and analysis of
the network was achieved by Cytoscape again using a prefuse force directed layout on
edge betweenness with nodal size reflecting closeness centrality [94]. Pathway nodes are
colored in blue whereas drug nodes are colored in green.

5. Conclusions

Overall, our study identified drugs and molecules potentially relevant to neuro-
protection. Many of these compounds such as metformin and statins have well-known

http://toppgene.cchmc.org/


Int. J. Mol. Sci. 2022, 23, 12648 11 of 15

pharmacodynamics and safety profiles which make them strong candidates for repurposing
and further investigation. The identification of natural and pharmacologic antioxidants
in our analysis also may support the hypothesis that oxidative stress contributes to the
pathogenesis of retinal neurodegeneration in aging. In particular, the ectopic production
of free radicals in rod photoreceptor cells implicated in various retinal disorders have
been blunted by many of the top compounds identified from our analysis, including anti-
diabetics such as metformin and natural polyphenols such as curcumin. While limitations
exist, this model of using advanced bioinformatics tools and drug-gene association studies
can help uncover novel domains of investigation and direct more targeted preclinical and
clinical research. As our systems biology approach uses an unbiased method to predict
therapeutic targets, this study can serve as a guide to identify future preclinical/clinical
targets and repurposable drugs. The accuracy of predictive mathematical computer models
of the drug-targets-relationship will only improve as more studies with multi-omics data
concerning retinal neuroprotection becomes available. This study emphasizes the impor-
tance of a computational and bioinformatic approach in furthering our understanding of
unsolved processes such as retinal neuroprotection, and we hope that this methodology
can be applied to other complex, multifactorial conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232012648/s1.
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45. Salehi, B.; Venditti, A.; Sharifi-Rad, M.; Kręgiel, D.; Sharifi-Rad, J.; Durazzo, A.; Lucarini, M.; Santini, A.; Souto, E.B.; Novellino, E.;
et al. The Therapeutic Potential of Apigenin. Int. J. Mol. Sci. 2019, 20, 1305. [CrossRef]

46. McCormack, D.; McFadden, D. A review of pterostilbene antioxidant activity and disease modification. Oxidative Med. Cell.
Longev. 2013, 2013, 575482. [CrossRef]

47. Al-Dosari, D.I.; Ahmed, M.M.; Al-Rejaie, S.S.; Alhomida, A.S.; Ola, M.S. Flavonoid Naringenin Attenuates Oxidative Stress,
Apoptosis and Improves Neurotrophic Effects in the Diabetic Rat Retina. Nutrients 2017, 9, 1161. [CrossRef]

48. Mandal, M.N.; Patlolla, J.M.; Zheng, L.; Agbaga, M.P.; Tran, J.T.; Wicker, L.; Kasus-Jacobi, A.; Elliott, M.H.; Rao, C.V.; Anderson,
R.E. Curcumin protects retinal cells from light-and oxidant stress-induced cell death. Free Radic. Biol. Med. 2009, 46, 672–679.
[CrossRef]

49. Kowluru, R.A.; Kanwar, M. Effects of curcumin on retinal oxidative stress and inflammation in diabetes. Nutr. Metab. 2007, 4, 8.
[CrossRef]

50. Liu, L.; Zuo, Z.; Lu, S.; Liu, A.; Liu, X. Naringin attenuates diabetic retinopathy by inhibiting inflammation, oxidative stress and
NF-κB activation in vivo and in vitro. Iran J. Basic Med. Sci. 2017, 20, 813–821. [CrossRef]

51. Zhang, Y.; Yang, Y.; Yu, H.; Li, M.; Hang, L.; Xu, X. Apigenin Protects Mouse Retina against Oxidative Damage by Regulating the
Nrf2 Pathway and Autophagy. Oxid. Med. Cell. Longev. 2020, 2020, 9420704. [CrossRef] [PubMed]

52. Muangnoi, C.; Ratnatilaka Na Bhuket, P.; Jithavech, P.; Supasena, W.; Paraoan, L.; Patumraj, S.; Rojsitthisak, P. Curcumin diethyl
disuccinate, a prodrug of curcumin, enhances anti-proliferative effect of curcumin against HepG2 cells via apoptosis induction.
Sci. Rep. 2019, 9, 11718. [CrossRef] [PubMed]

53. Mazzolani, F.; Togni, S. Oral administration of a curcumin-phospholipid delivery system for the treatment of central serous
chorioretinopathy: A 12-month follow-up study. Clin. Ophthalmol. 2013, 7, 939–945. [CrossRef] [PubMed]

54. Mehta, R. Effect of Oral Curcumin Supplementation in Dry Age-Related Macular Degeneration (AMD) Patient. Available online:
https://clinicaltrials.gov/ct2/show/NCT04590196 (accessed on 22 August 2022).

55. Han, Y.; Xie, H.; Liu, Y.; Gao, P.; Yang, X.; Shen, Z. Effect of metformin on all-cause and cardiovascular mortality in patients with
coronary artery diseases: A systematic review and an updated meta-analysis. Cardiovasc Diabetol. 2019, 18, 96. [CrossRef]

56. Kasznicki, J.; Sliwinska, A.; Drzewoski, J. Metformin in cancer prevention and therapy. Ann. Transl. Med. 2014, 2, 57. [CrossRef]
57. Samaras, K.; Makkar, S.; Crawford, J.D.; Kochan, N.A.; Wen, W.; Draper, B.; Trollor, J.N.; Brodaty, H.; Sachdev, P.S. Metformin Use

Is Associated With Slowed Cognitive Decline and Reduced Incident Dementia in Older Adults With Type 2 Diabetes: The Sydney
Memory and Ageing Study. Diabetes Care 2020, 43, 2691–2701. [CrossRef]

58. Han, J.; Li, Y.; Liu, X.; Zhou, T.; Sun, H.; Edwards, P.; Gao, H.; Yu, F.S.; Qiao, X. Metformin suppresses retinal angiogenesis and
inflammation in vitro and in vivo. PLoS ONE 2018, 13, e0193031. [CrossRef]

59. Mori, A.; Ishikawa, E.; Amano, T.; Sakamoto, K.; Nakahara, T. Anti-diabetic drug metformin dilates retinal blood vessels through
activation of AMP-activated protein kinase in rats. Eur. J. Pharmacol. 2017, 798, 66–71. [CrossRef]

60. Altmann, C.; Schmidt, M.H. The Role of Microglia in Diabetic Retinopathy: Inflammation, Microvasculature Defects and
Neurodegeneration. Int. J. Mol. Sci. 2018, 19, 110. [CrossRef]

61. Zeng, X.X.; Ng, Y.K.; Ling, E.A. Neuronal and microglial response in the retina of streptozotocin-induced diabetic rats. Vis.
Neurosci. 2000, 17, 463–471. [CrossRef]

62. Luodan, A.; Zou, T.; He, J.; Chen, X.; Sun, D.; Fan, X.; Xu, H. Rescue of Retinal Degeneration in rd1 Mice by Intravitreally Injected
Metformin. Front. Mol. Neurosci. 2019, 12, 102. [CrossRef]

63. Fan, Y.P.; Wu, C.T.; Lin, J.L.; Hsiung, C.A.; Liu, H.Y.; Lai, J.N.; Yang, C.C. Metformin Treatment Is Associated with a Decreased
Risk of Nonproliferative Diabetic Retinopathy in Patients with Type 2 Diabetes Mellitus: A Population-Based Cohort Study. J.
Diabetes Res. 2020, 2020, 9161039. [CrossRef] [PubMed]

64. Blitzer, A.L.; Ham, S.A.; Colby, K.A.; Skondra, D. Association of Metformin Use With Age-Related Macular Degeneration: A
Case-Control Study. JAMA Ophthalmol. 2021, 139, 302–309. [CrossRef] [PubMed]

http://doi.org/10.1172/JCI132990
http://doi.org/10.3390/coatings10010036
http://doi.org/10.3390/antiox9111031
http://www.ncbi.nlm.nih.gov/pubmed/33105786
http://doi.org/10.1159/000329470
http://www.ncbi.nlm.nih.gov/pubmed/21811051
http://doi.org/10.1089/dia.2011.0172
http://www.ncbi.nlm.nih.gov/pubmed/22044044
http://doi.org/10.5301/EJO.2010.6212
http://www.ncbi.nlm.nih.gov/pubmed/21218388
http://doi.org/10.3390/ijms20061305
http://doi.org/10.1155/2013/575482
http://doi.org/10.3390/nu9101161
http://doi.org/10.1016/j.freeradbiomed.2008.12.006
http://doi.org/10.1186/1743-7075-4-8
http://doi.org/10.22038/IJBMS.2017.9017
http://doi.org/10.1155/2020/9420704
http://www.ncbi.nlm.nih.gov/pubmed/32509154
http://doi.org/10.1038/s41598-019-48124-1
http://www.ncbi.nlm.nih.gov/pubmed/31406217
http://doi.org/10.2147/OPTH.S45820
http://www.ncbi.nlm.nih.gov/pubmed/23723686
https://clinicaltrials.gov/ct2/show/NCT04590196
http://doi.org/10.1186/s12933-019-0900-7
http://doi.org/10.3978/j.issn.2305-5839.2014.06.01
http://doi.org/10.2337/dc20-0892
http://doi.org/10.1371/journal.pone.0193031
http://doi.org/10.1016/j.ejphar.2017.01.003
http://doi.org/10.3390/ijms19010110
http://doi.org/10.1017/S0952523800173122
http://doi.org/10.3389/fnmol.2019.00102
http://doi.org/10.1155/2020/9161039
http://www.ncbi.nlm.nih.gov/pubmed/32377525
http://doi.org/10.1001/jamaophthalmol.2020.6331
http://www.ncbi.nlm.nih.gov/pubmed/33475696


Int. J. Mol. Sci. 2022, 23, 12648 14 of 15

65. Evangelho, K.; Mogilevskaya, M.; Losada-Barragan, M.; Vargas-Sanchez, J.K. Pathophysiology of primary open-angle glaucoma
from a neuroinflammatory and neurotoxicity perspective: A review of the literature. Int. Ophthalmol. 2019, 39, 259–271. [CrossRef]

66. Rossino, M.G.; Dal Monte, M.; Casini, G. Relationships Between Neurodegeneration and Vascular Damage in Diabetic Retinopathy.
Front. Neurosci. 2019, 13, 1172. [CrossRef]

67. Watanabe, K.; Asano, D.; Ushikubo, H.; Morita, A.; Mori, A.; Sakamoto, K.; Ishii, K.; Nakahara, T. Metformin Protects against
NMDA-Induced Retinal Injury through the MEK/ERK Signaling Pathway in Rats. Int. J. Mol. Sci. 2021, 22, 4439. [CrossRef]

68. Hasanvand, A. The role of AMPK-dependent pathways in cellular and molecular mechanisms of metformin: A new perspective
for treatment and prevention of diseases. Inflammopharmacology 2022, 30, 775–788. [CrossRef]

69. Li, Q.; Zhuang, Q.K.; Yang, J.N.; Zhang, Y.Y. Statins excert neuroprotection on cerebral ischemia independent of their lipid-
lowering action: The potential molecular mechanisms. Eur. Rev. Med. Pharmacol. Sci. 2014, 18, 1113–1126.

70. Trapani, L.; Segatto, M.; Pallottini, V. New compounds able to control hepatic cholesterol metabolism: Is it possible to avoid statin
treatment in aged people? World J. Hepatol. 2013, 5, 676–684. [CrossRef]

71. Pfrieger, F.W. Outsourcing in the brain: Do neurons depend on cholesterol delivery by astrocytes? Bioessays 2003, 25, 72–78.
[CrossRef]

72. Mysore, Y.; del Amo, E.M.; Loukovaara, S.; Hagström, M.; Urtti, A.; Kauppinen, A. Author Correction: Statins for the prevention
of proliferative vitreoretinopathy: Cellular responses in cultured cells and clinical statin concentrations in the vitreous. Sci. Rep.
2021, 11, 980. [CrossRef] [PubMed]

73. Vavvas, D.G.; Daniels, A.B.; Kapsala, Z.G.; Goldfarb, J.W.; Ganotakis, E.; Loewenstein, J.I.; Young, L.H.; Gragoudas, E.S.; Eliott,
D.; Kim, I.K.; et al. Regression of Some High-risk Features of Age-related Macular Degeneration (AMD) in Patients Receiving
Intensive Statin Treatment. eBioMedicine 2016, 5, 198–203. [CrossRef] [PubMed]

74. Loukovaara, S.; Sahanne, S.; Takala, A.; Haukka, J. Statin use and vitreoretinal surgery: Findings from a Finnish population-based
cohort study. Acta Ophthalmol. 2018, 96, 442–451. [CrossRef] [PubMed]

75. Tuuminen, R.; Yegutkin, G.G.; Jalkanen, S.; Loukovaara, S. Simvastatin use associated with low intraocular ADP levels in patients
with sight-threatening diabetic retinopathy. Graefes Arch. Clin. Exp. Ophthalmol. 2016, 254, 1643–1644. [CrossRef] [PubMed]

76. Tuuminen, R.; Sahanne, S.; Loukovaara, S. Low intravitreal angiopoietin-2 and VEGF levels in vitrectomized diabetic patients
with simvastatin treatment. Acta Ophthalmol. 2014, 92, 675–681. [CrossRef]

77. Kang, E.Y.; Chen, T.H.; Garg, S.J.; Sun, C.C.; Kang, J.H.; Wu, W.C.; Hung, M.J.; Lai, C.C.; Cherng, W.J.; Hwang, Y.S. Association of
Statin Therapy With Prevention of Vision-Threatening Diabetic Retinopathy. JAMA Ophthalmol. 2019, 137, 363–371. [CrossRef]

78. Yuan, Y.; Wang, W.; Shang, X.; Xiong, R.; Ha, J.; Zhang, L.; Zhu, Z.; He, M. Association between statin use and the risks of
glaucoma in Australia: A 10-year cohort study. Br. J. Ophthalmol. 2021, ahead of print. [CrossRef]

79. Sang, N.; Stiehl, D.P.; Bohensky, J.; Leshchinsky, I.; Srinivas, V.; Caro, J. MAPK signaling up-regulates the activity of hypoxia-
inducible factors by its effects on p300. J. Biol. Chem. 2003, 278, 14013–14019. [CrossRef]

80. Ruan, Y.; Jiang, S.; Gericke, A. Age-Related Macular Degeneration: Role of Oxidative Stress and Blood Vessels. Int. J. Mol. Sci.
2021, 22, 1296. [CrossRef]

81. Baynes, J.W. Role of oxidative stress in development of complications in diabetes. Diabetes. 1991, 40, 405–412. [CrossRef]
[PubMed]

82. Kowluru, R.A.; Chan, P.S. Oxidative stress and diabetic retinopathy. Exp. Diabetes Res. 2007, 2007, 43603. [CrossRef] [PubMed]
83. Bruschi, M.; Bartolucci, M.; Petretto, A.; Calzia, D.; Caicci, F.; Manni, L.; Traverso, C.E.; Candiano, G.; Panfoli, I. Differential

expression of the five redox complexes in the retinal mitochondria or rod outer segment disks is consistent with their different
functionality. FASEB Bioadv. 2020, 2, 315–324. [CrossRef]

84. Calzia, D.; Barabino, S.; Bianchini, P.; Garbarino, G.; Oneto, M.; Caicci, F.; Diaspro, A.; Tacchetti, C.; Manni, L.; Candiani, S.; et al.
New findings in ATP supply in rod outer segments: Insights for retinopathies. Biol. Cell. 2013, 105, 345–358. [CrossRef] [PubMed]

85. Calzia, D.; Oneto, M.; Caicci, F.; Bianchini, P.; Ravera, S.; Bartolucci, M.; Diaspro, A.; Degan, P.; Manni, L.; Traverso, C.E.; et al.
Effect of polyphenolic phytochemicals on ectopic oxidative phosphorylation in rod outer segments of bovine retina. Br. J.
Pharmacol. 2015, 172, 3890–3903. [CrossRef] [PubMed]

86. Ravera, S.; Caicci, F.; Degan, P.; Maggi, D.; Manni, L.; Puddu, A.; Nicolò, M.; Traverso, C.E.; Panfoli, I. Inhibitory Action of
Antidiabetic Drugs on the Free Radical Production by the Rod Outer Segment Ectopic Aerobic Metabolism. Antioxidants 2020, 9,
1133. [CrossRef]

87. Gu, H.; Huang, Z.; Chen, G.; Zhou, K.; Zhang, Y.; Chen, J.; Xu, J.; Yin, X. Network and pathway-based analyses of genes associated
with osteoporosis. Medicine 2020, 99, e19120. [CrossRef]

88. Hu, Y.; Pan, Z.; Hu, Y.; Zhang, L.; Wang, J. Network and Pathway-Based Analyses of Genes Associated with Parkinson’s Disease.
Mol. Neurobiol. 2017, 54, 4452–4465. [CrossRef]

89. Tao, C.; Sun, J.; Zheng, W.J.; Chen, J.; Xu, H. Colorectal cancer drug target prediction using ontology-based inference and network
analysis. Database 2015, 2015, bav015. [CrossRef]

90. Boyle, E.; Shuai Weng, J.G.; Sherlock, G. GO: TermFinder–open Source Software for Accessing Gene Ontology Information
and Finding Significantly Enriched Gene Ontology Terms Associated with a List of Genes. Bioinformatics 2004, 20, 3710–3715.
[CrossRef]

91. Chen, J.; Bardes, E.E.; Aronow, B.J.; Jegga, A.G. ToppGene Suite for gene list enrichment analysis and candidate gene prioritization.
Nucleic Acids Res. 2009, 37, W305–W311. [CrossRef]

http://doi.org/10.1007/s10792-017-0795-9
http://doi.org/10.3389/fnins.2019.01172
http://doi.org/10.3390/ijms22094439
http://doi.org/10.1007/s10787-022-00980-6
http://doi.org/10.4254/wjh.v5.i12.676
http://doi.org/10.1002/bies.10195
http://doi.org/10.1038/s41598-020-80127-1
http://www.ncbi.nlm.nih.gov/pubmed/33441813
http://doi.org/10.1016/j.ebiom.2016.01.033
http://www.ncbi.nlm.nih.gov/pubmed/27077128
http://doi.org/10.1111/aos.13641
http://www.ncbi.nlm.nih.gov/pubmed/29338115
http://doi.org/10.1007/s00417-016-3349-3
http://www.ncbi.nlm.nih.gov/pubmed/27084086
http://doi.org/10.1111/aos.12363
http://doi.org/10.1001/jamaophthalmol.2018.6399
http://doi.org/10.1136/bjophthalmol-2021-318789
http://doi.org/10.1074/jbc.M209702200
http://doi.org/10.3390/ijms22031296
http://doi.org/10.2337/diab.40.4.405
http://www.ncbi.nlm.nih.gov/pubmed/2010041
http://doi.org/10.1155/2007/43603
http://www.ncbi.nlm.nih.gov/pubmed/17641741
http://doi.org/10.1096/fba.2019-00093
http://doi.org/10.1111/boc.201300003
http://www.ncbi.nlm.nih.gov/pubmed/23659850
http://doi.org/10.1111/bph.13173
http://www.ncbi.nlm.nih.gov/pubmed/25917043
http://doi.org/10.3390/antiox9111133
http://doi.org/10.1097/MD.0000000000019120
http://doi.org/10.1007/s12035-016-9998-8
http://doi.org/10.1093/database/bav015
http://doi.org/10.1093/bioinformatics/bth456
http://doi.org/10.1093/nar/gkp427


Int. J. Mol. Sci. 2022, 23, 12648 15 of 15

92. Davis, A.P.; Grondin, C.J.; Johnson, R.J.; Sciaky, D.; Wiegers, J.; Wiegers, T.C.; Mattingly, C.J. The Comparative Toxicogenomics
Database: Update 2021. Nucleic Acids Res. 2021, 49, D1138–D1143. [CrossRef] [PubMed]

93. Kuhn, M.; von Mering, C.; Campillos, M.; Jensen, L.J.; Bork, P. STITCH: Interaction networks of chemicals and proteins. Nucleic
Acids Res. 2007, 36, D684–D688. [CrossRef] [PubMed]

94. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]
[PubMed]

95. Sulakhe, D.; Balasubramanian, S.; Xie, B.; Feng, B.; Taylor, A.; Wang, S.; Berrocal, E.; Dave, U.; Xu, J.; Börnigen, D.; et al. Lynx: A
database and knowledge extraction engine for integrative medicine. Nucleic Acids Res. 2013, 42, D1007–D1012. [CrossRef]

http://doi.org/10.1093/nar/gkaa891
http://www.ncbi.nlm.nih.gov/pubmed/33068428
http://doi.org/10.1093/nar/gkm795
http://www.ncbi.nlm.nih.gov/pubmed/18084021
http://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://doi.org/10.1093/nar/gkt1166

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Literature Search and Data Extraction 
	Discovering Potential Neuroprotection Therapeutic Targets via Enrichment Analysis 
	Narrowing down Drugs/Chemicals Useful in Neuroprotection 
	Visualization of Networks 

	Conclusions 
	References

