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Abstract: The possible impact of topiramate against diabetic retinopathy (DREN) and its molec-
ular mechanisms in relation to the nod-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome has not been studied before. Thus, in the present study, we aimed to utilize a compu-
tational approach to investigate the possible protective effect of topiramate on experimental DREN
and explore its impact on NLRP3/interlukin-1β signaling and brain-derived neurotrophic factor
(BDNF) expression. Male albino mice were distributed to four experimental groups and assigned the
following categorizations: (i) saline, (ii) diabetic, (iii) diabetic + topiramate 10 mg/kg and (iv) diabetic
+ topiramate 30 mg/kg. We observed shrinkage of total retinal thickness and elevation in retinal
glutamate, malondialdehyde, NLRP3 and interlukin-1β but decreased glutathione (GSH) levels in the
diabetic mice. Additionally, retinal ultra-structures in the diabetic group showed abnormalities and
vacuolations in the pigmented epithelium, the photoreceptor segment, the outer nuclear layer, the
inner nuclear layer and the ganglion cell layer (GCL). Mice treated with topiramate 10 or 30 mg/kg
showed downregulation in retinal malondialdehyde, NLRP3 and interlukin-1β levels; improvements
in the retinal pathologies; enhanced immunostaining for BDNF and improved ultra-structures in
different retinal layers. Overall, the current results suggest topiramate as a neuroprotective agent for
DREN, and future studies are warranted to further elucidate the mechanism of its protective action.
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1. Introduction

Diabetic retinopathy (DREN) is among the devastating microvascular complications of
diabetes in adults of working age [1]. Oxidative stress (OXS) and inflammation have been
implicated in the retinal capillary basement membrane thickening and increased retinal
capillary permeability, ultimately leading to the development of DREN [2,3]. DREN is con-
sidered a microvascular disease, but neurodegeneration of the retina is also implicated in the
pathogenesis. Mitigating OXS was previously reported to decrease hyperglycemia-induced
neuronal damage [4]. In addition, proper glutamate metabolism was found to be crucial
for the maintenance of retinal health [5]. Diabetes could contribute to glutamate accumula-
tion in the retina, which eventually leads to the hyperexcitation of N-methyl-D-aspartate
receptors (NMDARs), enhancement of calcium influx and retinal neurodegeneration [6].

The nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome is an
essential mediator of host immune responses through the activation of caspase-1 and inter-
leukin 1β (IL-1β)/IL-18 [7], which aggravates glucose intolerance and insulin resistance [8].
Murakami et al. previously reported a critical role for calcium mobilization in activating the
NLRP3 inflammasome and demonstrated that blockage of calcium mobilization hinders
the NLRP3 inflammasome assembly [9]. In addition, NLRP3 inflammasome activation
resulted in oxidative stress and calcium signaling [10]. The elevation of cytosolic calcium
was crucial for NLRP3 inflammasome activation, and inhibition of calcium signaling dimin-
ished caspase-1 stimulation and IL-1β release in response to NLRP3 signaling [11]. Sodium
influx and chloride efflux were also involved in NLRP3 inflammasome stimulation. Hence,
blocking the sodium influx inhibits the activation of NLRP3 inflammasome [12].

The current strategies for the management of DREN include a combination of medical
interventions, laser therapy and surgical options. Systemic management of hyperglycemia,
dyslipidemia and hypertension is the most vital and efficient strategy for prevention of
both the development and progression of DREN [13]. At present, three drugs have been
approved by the US Food and Drug Administration for DREN, namely ranibizumab,
pegaptanib and aflibercept. They decrease the rate of retinal deterioration [5]. Ranibizumab
and aflibercept are administered as an intravitreal injection into the eye. The injection is
usually performed in a clinical setting by an ophthalmologist. The frequency and duration
of treatment depend on the severity of the condition and individual patient response [14,15].
Another effective drug is pegaptanib, which is primarily indicated for the treatment of
neovascular age-related macular degeneration and is not specifically approved for DREN.
Other anti-vascular endothelial growth factor (anti-VEGF) agents like ranibizumab and
aflibercept are preferred [16].

Topiramate, a sulfamate-substituted derivative of d-fructose, is currently used as
an antiepileptic drug and approved in several countries for prophylaxis of migraine in
different age groups [17,18] and was claimed to improve insulin resistance [19]. Topiramate
negatively modulates the voltage-activated sodium channels, blocks AMPA and kainate
glutamate receptors and negatively modulates the effects on L-type high voltage-activated
calcium channels. This contributes to its anticonvulsant, antinociceptive and neuroprotec-
tive activities. Moreover, topiramate inhibits programmed cell death, which is thought to
contribute to the pathogenesis of neurological diseases [20,21].

The aim of our study is to delineate a possible protective effect of topiramate against
neuronal degeneration in DREN by computational approach and by an experimental mouse
model and explore whether this effect may be related to inhibition of NLRP3/IL-1β/TNF-α
inflammatory signaling pathway.
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2. Materials and Methods
2.1. Computational Study for Potential Target Prediction of Topiramate Role in Treatment of DREN
2.1.1. Topiramate Predicted Targets

Isomeric SMILES and chemical formulation of topiramate were retrieved from Pub-
Chem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 7 March 2023). Genes targeted by
topiramate were anticipated using STITCH (http://stitch.embl.de/, accessed on 7 March
2023), through which we screened the target genes by setting “minimal required inter-
action score” as ‘high confidence (0.700)’. To expand the list, another set of predicted
targets was retrieved from Swiss Institute of Bioinformatics using the SwissTargetPredic-
tion tool (http://www.swisstargetprediction.ch/, accessed on 7 March 2023). Both lists
were combined, and duplicates were removed.

2.1.2. Targets (Genes/Proteins) Involved in Diabetic Retinopathy

Genes/Proteins targeted in diabetic retinopathy were identified from open-access pub-
lic databases. The datasets included in the analysis were obtained from Online Mendelian
Inheritance in Man (OMIM, https://omim.org/, accessed on 9 March 2023), STRING
database (https://string-db.org, accessed on 9 March 2023) using ‘Pathway/Process/Disease’
tool with high confidence 0.700 interaction score, DisGeNET (http://www.disgenet.org/,
accessed on 10 March 2023) and Therapeutic Target Database (TTD, https://db.idrblab.
net/ttd/, accessed on 10 March 2023). These revealed a total of 685 unique targets.

2.1.3. Data Analysis and Visualization

FunRich software (www.funrich.org) version 3.1.3 was accessed on 12 March 2023 and
used to construct a Venn diagram for visualizing the overlapping genes, while Cytoscape
version 3.9.1 was used to visualize the interaction between those overlapped genes after us-
ing the ClusterViz app, which generated the clusters via MCODE and visually categorized
them according to their combined score.

2.1.4. Enrichment Analysis

Two enrichment analyses were carried out. The first was to locate the cellular targets
of topiramate. The second one was carried out using the list of overlapping genes between
topiramate targets and diabetic retinopathy. Both were carried out using ShinyGO 0.77
software with homosapians as species and FDR cut-off set at 0.05.

2.2. Chemicals and Drugs

Alloxan used for induction of diabetes was purchased from SD Fine Chem Ltd.,
Mumbai, India. Topiramate was obtained from Tabuk Pharmaceutical Company, Riyadh,
Saudi Arabia.

2.3. Biological Study in Mice

All experiments were performed following the ethical guidelines of the Research Ethics
Committee at the Faculty of Medicine (research 5229#) at Suez Canal University (SCU).
In addition, we obtained approval from the Research Ethics Committee of the Faculty of
Pharmacy at Suez Canal University (202302RA8). We used males of Swiss albino mice
(body weight around 22 g, n = 5 per group) who were randomly allocated into 4 groups.
They were housed in a polyethylene cage in normal light/dark cycle with continuous
free access to food and water. Strict care and hygiene measures maintained a healthy
environment for the mice.

2.4. Induction of DM

We allocated the mice into groups:

• Group I (Saline control): Mice received intraperitoneal injections of saline (8 mL/kg).
• Group II (Diabetic control group): Mice received intraperitoneal injections of alloxan

(180 mg/kg). Development of diabetes was monitored by One Touch glucometer, and

https://pubchem.ncbi.nlm.nih.gov/
http://stitch.embl.de/
http://www.swisstargetprediction.ch/
https://omim.org/
https://string-db.org
http://www.disgenet.org/
https://db.idrblab.net/ttd/
https://db.idrblab.net/ttd/
www.funrich.org
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it was defined by attaining blood glucose levels higher than 200 mg/dL one-week
following alloxan administration [22,23].

• Groups III and IV (Diabetic mice treated with topiramate 10 and 30 mg/kg, respec-
tively) [24–26].

Animals with confirmed diabetes (fasting blood glucose > 11 mmol/L were considered
diabetic mice [27]. Following the development of diabetes, the mice were left for 9 weeks
to allow the development of DREN. After that, topiramate administration was initiated
in groups III and IV; topiramate was given by oral gavage every other day for 28 days.
After finishing the drug treatments, mice were sacrificed by cervical dislocation under
ketamine anesthesia. Then, the left eye of each mouse was dissected, and retinas were
isolated and frozen. One part of the frozen retinas was dipped in phosphate-buffered saline
(pH 7.4), homogenized using a GlasCol homogenizer and centrifuged to obtain the clear
supernatants, which were then used for ELISA measurements.

2.5. ELISA Assay of Glutamate, NLRP3, IL-1β and TNF-α in Retinal Homogenates

Supernatants of the retinal homogenates were used for quantitative measurements of
glutamate using an ELISA kit (#ab83389), IL-1β (#ab100768) and TNF-α (ab46070) obtained
from Abcam (Waltham, MA, USA) based on the instructions of the manufacturer. The
plates were read at 405 nm using a Stat Fax ELISA reader (model 2100, NE LabSystem,
Chestnut Hill, MA, USA).

2.6. Assessment of Lipid Peroxidation and Reduced Glutathione (GSH)

Lipid peroxidation is frequently utilized as an indication of cell membrane damage
caused by reactive oxygen species. One of the main peroxidation byproducts of polyunsatu-
rated fatty acids is malondialdehyde (MDA), which is widely used to measure OXS in tissue
samples [28]. We used Biodiagnostics spectrophotometric kit (Cairo, Egypt) based on the
thiobarbituric acid assay to determine MDA concentration in the retinal homogenates [29].
Thiobarbituric acid reacts with MDA at 95 ◦C, producing a product that can be measured
using a UV spectrophotometer at 534 nm. Second, GSH concentration was determined
using the Biodiagnostics GSH assay kit (Cairo, Egypt), and the absorbance of the sample
was measured at 405 nm against a tube containing a blank solution [30]. The color of the
product is in direct proportion to the GSH level.

2.7. Western Blotting for NLRP3 and IL-1β in Retinal Homogenates

We transferred the supernatants of retinal homogenate to new microcentrifuge tubes,
and 5 µL was utilized for determining the concentration of protein using assay kit from Bio-
Rad (Quick StartTM Bradford Protein). We loaded analogous concentrations of proteins on
a sodium dodecyl sulfate–polyacrylamide gel next to treatment with Bio-Rad 4× Laemmli
Sample Buffer (Hercules, CA, USA). After separation of proteins, the gel was then poured
into a nitrocellulose membrane and blocked with 5% Bio-Rad dried milk (USA) for 1 h.

Then, we washed the blocked membranes and incubated them with gentle agitation
with the selected primary antibodies against NLRP3 (1:500) and IL-1β (1:200) at 4 ◦C
overnight. Then, we washed the blots again and incubated them with horseradish per-
oxidase (HRP)-conjugated secondary antibody (goat anti-rabbit IgG H&L (HRP, ab6721)
and goat anti-mouse IgG H&L (HRP, ab205719). We visualized the protein bands with the
enhanced chemiluminescence ECL Advance TM Western blotting detection kit (Amersham
BioSciences, Buckinghamshire, UK). We quantified the intensity of immunoreactivity by
densitometry using ImageJ software version 1.53m (NIH, Bethesda, MD, USA).

2.8. Histological Staining by Hematoxylin–Eosin and Image Analysis

The right eyes were dissected and fixed in paraformaldehyde solution for 24 h. Next,
we removed the anterior segment of each eye, cleared the vitreous and left the eyecup
(optic nerve kept attached to the retina) for further fixation overnight. We embedded the
eyecups in paraffin blocks and started cutting multiple level serial sections from each
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block through the eye globe. We prepared 4–5 µm sections, deparaffinized the sections,
performed a hydration step and stained the sections with hematoxylin–eosin (H-E) to
identify the thickness of the retinal layers and pathological changes. Deparaffinizing retinal
slides were prepared by immersing them in absolute xylene for four minutes. After being
mordanted for 10 min with phosphomolybdic acid solution, they were quickly immersed in
methyl blue. Then, 1% acetic acid solution was added to slides for a couple of minutes after
cleaning in PBS for one minute [31]. Slides were examined under an optical microscope
(OLYMPUS BX50, Tokyo, Japan). Retinal examination was performed on sections showing
the whole retina at the level of optic disc and attachment of optic nerve to eye globe in order
to include same level of retina on each sample. Then, the images were captured at equal
distribution and investigated by using the ImageJ software (NIH, Bethesda, MD, USA). The
total thickness of retinas, as well as the thickness of the ONL and INL, was calculated as
the average lengths of at least six images from each animal.

2.9. Immunohistochemistry for Retinal BDNF

Retinal tissue sections of 4 µm were dewaxed and dehydrated through graded al-
cohols and covered by citrate buffer of pH = 6.0 at 92 ◦C for 15 min. Sections were then
immersed in 3% H2O2 solution for 12 min to inhibit endogenous peroxidases. Next, sections
were incubated with brain-derived neurotrophic factor (BDNF) antibody (1:100, YPA1962,
Biospes Co., Ltd., Chongqing, China) overnight in the refrigerator and then washed and
left to react with the secondary antibodies. 3,3′ diaminobenzidine (DAB) was utilized
as a chromogen (Genemed, Torrance, CA, USA), and finally, Mayer’s hematoxylin was
employed for counterstaining the tissues. We examined the slides under a light microscope,
captured microscopic images and estimated the percentage of the stained area using ImageJ
software version 1.54f (NIH, Bethesda, MD, USA).

2.10. Electron Microscopy

We cut parts of fresh retina specimen o into small pieces (0.5–1 mm3) and immediately
fixed them in 3% phosphate-buffered glutaraldehyde (pH 7.4) at 4 ◦C. After that, we
fixed the specimens in a freshly prepared 1% osmium tetroxide solution prepared in
phosphate buffer. Next, we performed a dehydration step using ascending ethanol alcohol
concentration followed by dehydration in absolute ethanol for 15 min twice. To complete
the dehydration, propylene oxide was cleared and the specimens were embedded in labeled
plastic capsules. Capsules were polymerized for 48 h at 60 ◦C. We trimmed the polymerized
block into a pyramid with a small trapezoid surface and prepared semithin sections (2 µm)
by LKB ultramicrotome. Then, we stained the sections with toluidine blue and inspected
them with a light microscope to overview the specimens and select the best sections for
further ultra-sectioning. Ribbons of ultra-thin silvery sections (0.5–1 µm) were collected.
The next step was mounting the sections on copper grids and keeping them in petri dishes,
followed by staining with urinal acetate for 20 min and lead citrate for 10 min. The grids
were examined and photographed by TEM (Jeol 100 CX, Tokyo, Japan) at the Electron
Microscopy Unit [32,33].

2.11. Statistical Analysis of the Data Sets

Results were arranged in tables and presented as mean ± S.D. Normality of distribu-
tion for each individual data set was compared by Shapiro–Wilk test. We compared the
data that showed Gaussian distribution by one-way analysis of variance (ANOVA) and
then Bonferroni’s post-hoc test. We used the GraphPad Prism program for applying the
statistical tests. The p values were two-sided, and p < 0.05 was set as an acceptable level
of significance.
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3. Results
3.1. Topiramate Predicted Targets

The combined analysis revealed 118 unique targets after duplicate removal. Those
represented the input for topiramate in the drug–disease analysis.

3.2. Targets (Genes/Proteins) Involved in DREN

The targets were retrieved from all data sets using the same search input (i.e., DREN).
This resulted in 685 unique targets after duplicate removal, as shown in Figure 1A.
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used databases (TTD; Therapeutic Drug Targets, OMIM; Online Mendelian Inheritance in Man, Dis-

Figure 1. Diagrammatic presentation of the bioinformatic analysis of the unique targets in the
drug–disease proposed relationship. (A) Venn diagram showing the overlapping genes between the
four used databases (TTD; Therapeutic Drug Targets, OMIM; Online Mendelian Inheritance in Man,
DisGeNet; Disease gene Network) in diabetic retinopathy. Analysis and figure construction were
performed using FunRich software version 3.1.3. (B) Venn Diagram showing the overlapping targets
of topiramate (small pink circle) and diabetic retinopathy (bigger blue circle) with duplicates removed.
It revealed 27 overlapping genes from the 685 diabetic retinopathy-related genes. Analysis and figure
construction were performed using FunRich software version 3.1.3. (C) Network with 26 nodes and
110 edges showing high interaction between the overlapped genes, including CASP1 & 8 and NF-κB.
Image was generated using Cytoscape version 3.9.1.

3.3. Data Analysis and Visualization

A Venn diagram was generated via FunRich and resulted in 27 overlapped genes
between topiramate and DREN, as shown in Figure 1B. Cytoscape generated a clustered
network in which the above 27 genes were used as input, and they all turned out to
be highly interactive (101 edges within the network) except for one (26 genes in total,
Figure 1C).

3.4. Enrichment Analysis

A hierarchical clustering tree was generated to summarize the cellular components
of topiramate targets generated from the combined predicted analysis performed earlier,
which comprised 118 targets. Surprisingly, it was highly localized in neuronal cells, ion
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channels and complexes. Figure 2 summarizes the correlation among significant pathways.
Pathways of analyzed genes are clustered together according to cellular GO components
with bigger dots indicating more significant p-values.
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Figure 2. A hierarchical clustering tree that summarizes the correlation among significant pathways.
Pathways of analyzed genes are clustered together according to cellular GO components with bigger
dots indicating more significant p-values. The figure was constructed using ShinyGO 0.77 software
(bioinformatics.sdstate.edu/go).

The second enrichment revealed that most of the overlapped genes are involved in
biological processes related to angiogenesis, blood vessel development and response to
cellular stress, all of which are hallmarks of diabetic retinopathy and are also targeted
by topiramate (Figure 3A). Also, to add more evidence, the molecular GO components
were analyzed and showed targets that are known to be involved in topiramate action and
affected in DREN as well, such as carbonate dehydratase and voltage-gated Na+ channels
(Figure 3B). KEGG enrichment analysis of the overlapped genes was finally performed to
explore the pathways enriched in both the drug and the disease. Topiramate was involved
in the IL-17 pathway, endocrine resistance, TNF signaling and lipid and atherosclerosis
(Figure 3C).

3.5. Topiramate Protected against DREN in Mouse Study
Topiramate Reduced the Level of Retinal Inflammatory Mediators

Diabetic mice showed high levels of NLRP3, IL-1β, TNF-α, glutamate and MDA
(Figure 4A–E) but low GSH versus the saline group (Figure 4F). Treatment with TPM 10 or
30 mg/kg did not suppress the high glutamate level (Figure 4A) but diminished NLRP3,
IL-1β, TNF-α and MDA (Figure 4B–E). In addition, TPM 10 or 30 mg/kg restored the
retinal GSH level (Figure 4F). In addition, Western blotting indicated 5.7-fold and 4.73-fold
increments (Figure 5A) in the retinal NLRP3 and IL-1β levels but reduced dose dependently
upon treatment with TPM 10 or 30 mg/kg (Figure 5B,C).

bioinformatics.sdstate.edu/go
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with bigger dots indicating more significant p-values. Charts were constructed using ShinyGO
0.77 software (bioinformatics.sdstate.edu/go). (A) Bubble Chart of 18 signaling biological pathways
related to existence and development of DREN. (B) Bubble Chart of the top 18 GO molecular signaling
pathways related to the molecular pathology of DREN and topiramate action. (C) Bubble Chart of the
top 20 pathways from KEGG enrichment analysis of the overlapped genes to explore the pathways
enriched in both the drug and the disease.
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Figure 4. Effect of topiramate on retinal NLRP3, IL-1β, TNF-α, glutamate, MDA and GSH in the
retinal homogenates (A–F). NLRP3: Nod-like receptor family pyrin domain containing 3, IL-1β:
interlukin-1β, TNF-α: tumor necrosis factor-α, MDA: malondialdehyde, GSH: reduced glutathione,
TPM: topiramate. Data in the figures are the means ± SD and analyzed by one-way ANOVA test and
post-hoc analysis at p < 0.05. #, ˆ, &: versus saline, diabetic mice and diabetic + TPM group.
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Figure 5. Effect of topiramate on the level of NLRP3 and IL-1β proteins in the retinal homogenates.
(A) Western blot gels for (1) saline, (2) diabetic, (3 and 4) diabetic + TPM 10 and 30 mg/kg groups.
NLRP3: Nod-like receptor family pyrin domain containing 3, IL-1β: interlukin-1β, TPM: topiramate.
(B,C) column charts for NLRP3 and IL-1β. Data in the figures are the means ± SD and analyzed
by one-way ANOVA test and post-hoc analysis at p < 0.05. #, ˆ, &: versus saline, diabetic mice and
diabetic + TPM group.
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3.6. Topiramate Protected Retinal Layers and Improved Total Retinal Thickness

In the current study, diabetic mice showed normally structured retinas showing regular
thickness of different retinal layers (Figure 6A). However, the diabetic group showed
disorganization in the ganglion cell layer (GCL) as well as degenerated and vacuolated
ganglion cells (Figure 6B). The diabetic + TPM 10 mg/kg group showed milder vacuolation
and fewer degenerated neurons in the GCL, pyknotic nuclei, and ballooning degeneration
(Figure 6C). However, the diabetic + TPM 30 mg/kg group showed organized layers and
restoration in retinal layer thickness and very mild vacuolization (Figure 6D). The retinal
thickness of retinal specimens from the study group is shown in Figure 6E, where the
diabetic group showed significantly smaller thickness while the diabetic + TPM 10 or
30 mg/kg groups showed greater thickness. More pathologic features in the diabetic group
are shown in Figure S1.
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Figure 6. Hematoxylin and eosin staining for retinal sections in the study groups. (A) Saline group
shows arranged layers in the retina: the ganglionic cell layer (GCL), the inner nuclear layer (INL), and
the outer nuclear layer (ONL) (400×). (B) The diabetic group shows disorganized GCL (yellow arrow)
and some degenerated and vacuolated ganglion cells (black arrows) (×400). (C) Diabetic + TPM
10 mg/kg group shows mild vacuolation and few degenerated ganglion cells (black arrows), py-
knotic nuclei (green arrow), and ballooning degeneration. (×400). (D) Diabetic + TPM 30 mg/kg
group shows organized layers and restoration in retinal layer thickness with mild vacuolization
(×400) (scale bar 50 µm). TPM: topiramate. (E) Mean total retinal thickness in the study groups.
(F,G) Mean ONL and INL thickness. Data in the figures are expressed as mean ± SD. #, ˆ: versus
saline, and diabetic mice, n = 5.
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3.7. Topiramate Improved the BDNF Level Diabetic Retinas and Optic Nerves

In the current study, immunostaining for BDNF in the retinas was different among
the study groups. The saline group showed moderate staining for BDNF in the retinas
(Figure 7A), whereas the diabetic group showed the lowest staining intensity (Figure 7B).
The diabetic + TPM 10 m/kg group showed mild–moderate staining (Figure 7C), but BDNF
staining was improved in the diabetic + TPM 30 mg/kg group (Figure 7D). Figure 7E
demonstrates the area of BDNF immunostaining in the study groups, and dose-dependent
significant improvements were detected in diabetic + TPM 10 and 30 mg/kg groups.
Similar results were obtained upon quantification of immunostaining for BDNF in the optic
nerves. The saline group showed moderate staining for BDNF (Figure 7F) whereas the
diabetic group showed weak staining (Figure 7G). The diabetic + TPM 10 m/kg group
showed mild–moderate staining (Figure 7H), but BDNF staining was improved in the
diabetic + TPM 30 mg/kg group (Figure 7I). Panel 8E demonstrates the area of BDNF
immunostaining in the optic nerves, and dose-dependent significant improvements were
detected in diabetic + TPM 10 and 30 mg/kg groups.
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Figure 7. Immunohistochemical staining for BDNF in retinal and optic nerve sections in the ex-
perimental groups. (A) Saline group: the granular cell layers showed strong and diffuse nuclear
positivity. (B) Diabetic group: the granular cell layers showed weak and mild nuclear positivity.
(C) Diabetic + TPM 10 mg/kg group: the granular cell layers showed moderate and focal nuclear
positivity. (D) Diabetic + TPM 30 mg/kg group: the granular cell layers showed strong and fo-
cal nuclear positivity (BDNF X200) (scale bar 100 µm). (E) Mean area of BDNF immunostaining.
(F–I) Microscopic images for BDNF immunostaining in the optic nerves in saline, diabetic,
diabetic +TPM 10 mg/kg and diabetic + TPM 30 mg/kg groups (BDNF ×200) (scale bar 100 µm).
(J) Mean area of BDNF immunostaining. TPM: topiramate, BDNF: brain-derived neurotrophic
factor. Data in the figures are expressed as mean ± SD. #, ˆ, &: versus saline, diabetic mice and
diabetic + TPM group at p < 0.05, n = 5.
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3.8. Topiramate Protected against Ultrastructural Pathology in Diabetic Retinas

The ultrastructural pathologies in the retinas are shown in Figures 8 and 9. Figure 8A1,A2
show a normal arrangement of the inner stacked membrane of the outer segment.
Figure 8B1,B2 show degenerated nuclei of pigmented epithelium and dissolution of pho-
toreceptor stacked membranes in the diabetic group. Figure 8C1,C2 from the diabetic + TPM
10 mg/kg group showed decreased vacuolation in outer segments and still degeneration of
stacked membrane of outer segments. Figure 8D1,D2 from the diabetic + TPM 30 mg/kg
group show nearly normal pigmented epithelium with normal nucleus shape arrangement
of outer segments.
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Figure 8. Micrographs taken by the transmission electron for the pigmented epithelium layer
and photoreceptor outer segment. (A1,A2) Images from the saline group show normal pig-
mented epithelium (PE) shape having normal arranged inner stacked membrane of outer segment.
(B1,B2) Diabetes group showing degenerated nucleus of pigmented epithelium, dissolution of pho-
toreceptor stacked membranes (arrow), with multi-vacuolation in outer segments (*) in between.
(C1,C2) Diabetic + TPM 10 mg/kg group shows decreasing vacuolation (*) in outer segments and still
degeneration (arrow) of stacked membrane of outer segments (D1,D2). Diabetic + TPM 10 mg/kg
group shows normal pigmented epithelia with normal nucleus shape arrangement of outer segments,
noticed improvement of its stacked membrane with few vacuoles (*).

Figure 9 shows transmission electron micrographs for the outer nuclear layer, inner
nuclear layer and GCL of different experimental groups. Regarding the outer nuclear
layer, the saline group (Figure 9A1) shows a normal pattern of cells, whereas the diabetic
group (Figure 9B1) shows different spots of harmed cells of the outer nuclear layer. The
diabetic + TPM 10 mg/kg group shows slight amelioration in outer nuclear cell shape
(Figure 9C1), while the diabetic + TPM 30 mg/kg group shows a normal outer nuclear
ultrastructure shape with a slightly round shape nucleus (Figure 9D1). Regarding the inner
nuclear layer, the saline group showed normal distribution and normal shape, and bipolar
cells of the inner nuclear layer enclosed in between Muller cells (Figure 9A2). The dia-
betic group showed massive inner nuclear cell damage (Figure 9B2). The diabetic + TPM
10 mg/kg group showed inner nuclear layer cells with typical size and shape and few
vacuolations (Figure 9C2). The diabetic + TPM 30 mg/kg group showed a regular distri-
bution of cells of the INL (Figure 9D2). Regarding the GCL, the saline group showed a
normal cell shape with a normal round nucleus (Figure 9A3), whereas the diabetic group
showed damaged ganglion cells (Figure 9B3). The diabetic + TPM 10 mg/kg group showed
few vacuoles and a normal outline (Figure 9C3). The diabetic + TPM 30 mg/kg group
showed ganglion cells with normal structures and smaller vacuolations (Figure 9D3). TPM:
topiramate, GCL: ganglion cell layer, INL: inner nuclear layer.
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Figure 9. Transmission electron micrograph of outer nuclear layer, inner nuclear layer and GCL.
(A1) Saline group show normal pattern of outer nuclear cells with normal highly condensed centrally
located chromatin (C). (B1) Diabetes group showing different spots of harmed cells of outer nuclear
layer (arrow) and swallow cells with abnormal distribution of chromatin material and few vacuoles
(*). (C1) Diabetic + TPM 10 mg/kg group showing slight amelioration in outer nuclear cells shape
with still degenerated cells (dotted arrow). (D1) Diabetic + TPM 30 mg/kg group showing normal
outer nuclear ultrastructure shape with slightly round shape nucleus as normal. (A2) Saline group
of inner nuclear cells (INC) showing normal distribution and normal shape, and bipolar cells of
inner nuclear layer enclosed in between Muller cells. (B2) Diabetes group showing massive inner
nuclear cell damage; most of cells show pleomorphic nuclei (*) and some necrotic cells (arrow) with
multi-vacuolation (dotted arrow). (C2) Diabetic + TPM 10 mg/kg group showing inner nuclear layer
cells restored their normal size and shape and few vacuolations (*). (D2) Diabetic + TPM 30 mg/kg
group showing nearly normal distribution of inner nuclear cells forming the typical shape of this
layer with normal intact cells. (A3) Saline group showing normal cell shape with normal round
nucleus. (B3) Diabetes group showing damaged ganglion cells with multiple vacuolations (*) and
ruptured cell membranes (arrow). (C3) Diabetic + TPM 10 mg/kg group shows few vacuoles and
normal outline cell shape. (D3) Diabetic + TPM 30 mg/kg group shows ganglion cells with regular
structure and smaller vacuolation. TPM: topiramate, GCL: ganglion cell layer.

4. Discussion

The antiepileptic drug topiramate has antioxidant and anti-inflammatory effects in
inflammatory conditions. In addition, it can improve glycemic control in experimental rats
and type 2 DM patients [34,35]. In this study, the computational study determined the poten-
tial target prediction of topiramate’s role in the treatment of DREN. Further, genes/proteins
targeted in DREN were identified; the combined analysis revealed 118 unique targets: those
represented the input for topiramate in the drug–disease analysis. Surprisingly, they were
highly localized in neuronal cells, ion channels and complexes. A Venn diagram showed
27 overlapped genes between topiramate and DREN. Analysis of the cellular component
revealed the involvement of NF-κB and the inflammasome. These data offered a rationale
for designing the experimental study.

To our knowledge, the protective effect of topiramate against DREN and its molecular
mechanisms in relation to NLRP3 inflammasome has not been elucidated yet. Moreover,
the effect of topiramate on BDNF remains to be determined. In the present study, we aimed
to investigate the possible protective effect of topiramate on DREN in mice and explore its
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underlying mechanisms, especially those associated with NLRP3/IL-1β signaling, OXS
and BDNF expression.

Pathology of DREN involves various ROS-producing processes, such as glucose auto-
oxidation, non-controlled endoplasmic reticulum stress, activation of the polyol pathway,
protein glycation and production of complex glycation end-products that activate the sig-
naling of the NLRP3 inflammasome pathway [36]. Indeed, increased MDA and decreased
GSH levels demonstrated the dysregulation of oxidant/antioxidant capacity [37–39].

In the current study, histopathological examination confirmed the development of
DREN by detecting vacuolar degeneration and disorganization of most ganglion cells.
However, topiramate treatment ameliorated the chronic hyperglycemia-induced histologi-
cal alterations with more pronounced effects observed with the 30 mg/kg dose than with
the 10 mg/kg dose. In agreement with this, Yoneda et al. [40] indicated that the systemic
treatment with topiramate prevented ischemia-induced histopathological and functional
disruption in rat retina in a dose-dependent manner. Another mechanism of retinal neu-
rodegeneration by glutamate excitotoxicity is through nitric oxide [41]. It enhances the
fragmentation of RGCs mitochondria, resulting in the upregulation of the NMDA receptor,
increased OXS and the initiation of neurodegeneration.

In diabetic mice, our results showed elevated levels of retinal glutamate, MDA, NLRP3,
TNF-α and IL-1β but reduced GSH. Inflammation mediates a crucial pathogenic role in
DREN. Low-grade inflammation has been identified extensively in diabetic patients and
animal studies. Inflammasomes, especially NLRP3, play a vital role in innate immunity
by stimulating caspase- 1, facilitating the production of IL-1β and the release of mature
cytokines. Additionally, inflammasomes control cell inflammatory necrosis (pyroptosis),
which triggers cellular inflammation during pathological inflammatory or stressful con-
ditions. The NLRP3 inflammasome is considered one of the most investigated members
of the NLR family. NLRP3 inflammasomes were demonstrated to have essential roles in
DREN pathogenesis [42,43].

Various complications of DM, such as DREN, may develop as a result of complex
interaction between inflammatory and metabolic changes [44]. The NLRP3 inflammasome
is thought to be activated during this process [45]. When stimulated, the NLRP3 protein
clumps with the apoptosis-associated speck-like protein comprised of a caspase-recruitment
domain (ASC) and procaspase-1. In turn, this activates procaspase-1 and releases the active
form of IL-1β and IL-18 that mediates the downstream inflammation cascade in DREN [46].
In line with previous reports, our results indicated that the overexpression of key NLRP3
inflammasomes is evident in diabetic retinas, and the activation of NLRP3 inflammasomes
led to the upregulation of the inflammatory cytokines, TNF-α and IL-1β.

Chronic hyperglycemia activates transcriptional factors that upregulate pro-inflammatory
molecules, causing low-grade inflammation in the retina [47]. This low-grade inflammatory
state increases the expression of intercellular adhesion molecule (ICAM)-1, which leads
to the release of cytokines, chemokines and proinflammatory and pro-angiogenic growth
factors in the retina [48]. Furthermore, the blood–retinal barrier is broken down by these
inflammatory mediators that lead to the development of intraretinal edema [49]. Low-
grade proinflammatory activity causes damage to pericytes around endothelial cells and the
weakening of endothelial walls, which triggers the progress of vascular abnormalities [50].

On the other hand, topiramate significantly lowered retinal NLRP3, TNF-α, IL-1β and
MDA and significantly increased retinal GSH in the treated diabetic group. In addition,
higher topiramate doses produced more significant improvement. Similarly, the antioxidant
and anti-inflammatory effects of topiramate in other tissues were observed. In agreement,
topiramate was reported to decrease lipopolysaccharide-stimulated IL-1β and IL-6 from
rat microglial cells in a dose-dependent manner [51]. Moreover, topiramate reduced lipid
peroxidation, IL-1β and TNF-α levels; increased the previously reduced glutathione levels
and exerted neuroprotective effects against methylphenidate-induced neurodegeneration
and spinal cord injury [52,53]. It also protected against indomethacin-induced gastric ulcers
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by inhibiting OXS in gastric tissue [54]. Nevertheless, to our best knowledge, this is the
first study to examine the effect of topiramate on NLRP3.

Furthermore, excitotoxicity is a pathologic phenomenon in which overstimulation of
glutamate receptors results in damaged neurons [55]. A large body of research suggests
that the vitreous and retina of both experimental animal models of diabetes and diabetic
patients have higher glutamate levels [56,57]. The impaired function of the glutamate
transporters on retinal Muller cells and, possibly, reduced expression of glutamine syn-
thase are suggested to be contributing factors to the higher glutamate levels [56]. Under
physiological conditions, light stimulation leads to the release of glutamate from the retinal
photoreceptors, bipolar cells and ganglion cells, leading to activation of NMDA receptors.
When NMDA are activated, depolarization of neuronal cells increases with the influx of
Ca2+ and Na+ into the cell; however, prolonged exposure of neurons to glutamate causes
cellular death by increasing the intracellular Ca2+, which, in turn, generates free radicals
and induces neuronal cell apoptosis [58]. Neuronal death, particularly retinal GCL death,
occurs in multiple retinal diseases, including DREN [59]. The protective effect of topiramate
on excitotoxic cell death has been previously highlighted. Topiramate is an AMPA-specific
glutamate receptor antagonist. Besides its antagonizing effect, it inhibits the activity of
voltage-gated Na+ and Ca2+ channels and blocks the influx of calcium into cells [60,61].

Immunostaining of the diabetic mice retina in our study displayed a decline in the
retinal BDNF level; a similar decline in DBNF was recorded in the retinas of diabetic
rodents [62] and the serum of DREN patients [63]. BDNF deficiency in DREN contributes to
an aberrant increase in autophagy via enhancing the expression of microtubule-associated
protein light chain 3 B (LC3B) (autophagosome involved in the degradation of gap junction
connexin leading to vascular cell death in the retina) [64]. BDNF is a neuroprotective
factor that may halt the pathogenesis and progression of DREN. BDNF provides a retinal
neuroprotective effect; it can suppress apoptosis and promote RGC regeneration in the
retina. Low BDNF levels are linked to retinal neovascularization in DREN patients. In
the early stages of DREN, it is thought that BDNF has its optimal concentration and best
neuroprotective effect [65].

Interestingly, topiramate promoted BDNF expression in the retinas of diabetic-treated
mice. In addition, a more pronounced effect was observed with the higher dose of topira-
mate. Indeed, topiramate treatment increased the BDNF gene in methylphenidate-induced
neurodegeneration. Topiramate interacts with AMPA/kainate, GABAA, NMDA, and α2-
adrenergic receptors to improve BDNF expression and provides neuroprotection against
methylphenidate-induced neurodegeneration [52]. Studies have reported the lack of a
direct effect of topiramate on NMDA receptors. However, the activity of NMDA receptor
subtypes was reported to be influenced by the activity of the AMPA receptor. Hence,
it is probable that topiramate has the ability to affect NMDA-induced actions [66]. The
binding of topiramate to vacant phosphorylation locations within one or more proteins that
contain the AMPA or kainate receptor complexes prevents phosphorylation and may show
allosteric modulatory action on channel activity. By this mechanism, topiramate could
mediate NMDA receptor activity through its action on AMPA receptors [60].

We have a justification for the schedule of topiramate dosing. A typical human
treatment dose of topiramate is 400 mg per day and can be given once or divided into
two doses. In the present study, two doses of topiramate (10 and 30 mg/kg) were used.
We can translate the mouse dose to the human equivalent by applying the Reagan–Shaw
method [67]. Using the formula: the human equivalent dose (in mg/kg) equals the animal
dose (in mg/kg) × animal (km)/human (km). The Km is a fixed factor for a 60 kg human
adult equals 37, and the Km for a 20 g mouse equals 3. Thus, the human equivalent of a
murine dose of 10 and 30 mg/kg are 48.6 and 145.8 mg for an average-sized, 60 kg adult
human. Therefore, all the selected doses in the present study are within the safe therapeutic
range recorded in humans.

Several studies documented the role of antioxidants in clinical and experimental
models of epilepsy and other disorders. Previous studies reported similar antioxidant
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and anti-inflammatory actions for topiramate. One study provided evidence that topira-
mate provides free radical scavenging activity in vitro in a dose-dependent manner [20].
Kubera et al. (2004) studied the impact of intraperitoneal topiramate (40 and 80 mg/kg)
on the fully developed kainate (15 mg/kg)-induced status epilepticus in rats and found
lessened lipid peroxidation in the cortex [68]. Another group investigated the effect of topi-
ramate and/or selenium on reduced lipoperoxidation in the cortex of pentylenetetrazole-
intoxicated rats [69]. Another study indicated that topiramate and vitamin E treatment
caused a decline in plasma lipoperoxidation levels and brain spike numbers, while topira-
mate produced increments in GSH-Px, GSH and latency to the first spike of EEG [70].

Topiramate pretreatment also reduced the contents of tissue malonaldehyde, enhanced
glutathione levels and increased the activity of superoxide dismutase, catalase and glu-
tathione peroxidase in gastric mucosa of rats subjected to indomethacin-induced peptic
ulcers [54]. Another research group showed recovery and enhanced immunoreactivities
and protein levels of antioxidant enzymes in the mice hippocampal dentate gyrus subjected
to D-galactose-induced neuroblast injury [71]. However, when topiramate is used as an
antiepileptic or migraine drug, it was not observed in patients concurrently affected by
diabetes whether it protects from DREN as well or not.

Together, our data suggested that topiramate may be a new therapeutic option for
DREN. The underlying mechanisms involve downregulating OXS and reducing NLRP3/IL-
1β signaling, which further decreases the inflammatory burden and promotes BDNF
production. Hence, topiramate neuroprotective in DREN and future studies is warranted
to further explore its protective mechanism and possible influence on retinal angiogenesis
and endothelial protection.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines11123202/s1. Supplementary Figure S1. Image shows
disorganized ganglion cell layer and vacuolation (panel A) and pyknotic nuclei (panel B) at high
power (400×).
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70. Nazıroğlu, M.; Kutluhan, S.; Uğuz, A.C.; Çelik, Ö.; Bal, R.; Butterworth, P.J. Topiramate and Vitamin E Modulate the Electroen-
cephalographic Records, Brain Microsomal and Blood Antioxidant Redox System in Pentylentetrazol-Induced Seizure of Rats.
J. Membr. Biol. 2009, 229, 131–140. [CrossRef]

71. Shen, H.; Wang, J.; Jiang, D.; Xu, P.; Zhu, X.; Zhang, Y.; Yu, X.; Won, M.-H.; Su, P.Q.; Yan, B.C. Topiramate Improves Neuroblast
Differentiation of Hippocampal Dentate Gyrus in the D-Galactose-Induced Aging Mice via Its Antioxidant Effects. Cell Mol.
Neurobiol. 2017, 37, 869–877. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.lfs.2017.01.002
https://www.ncbi.nlm.nih.gov/pubmed/28082019
https://doi.org/10.4103/1673-5374.221164
https://www.ncbi.nlm.nih.gov/pubmed/29323048
https://doi.org/10.1111/bcpt.13718
https://www.ncbi.nlm.nih.gov/pubmed/35261181
https://doi.org/10.1186/s43094-022-00425-5
https://doi.org/10.1155/2013/528940
https://doi.org/10.1007/s12640-019-00018-w
https://www.ncbi.nlm.nih.gov/pubmed/30830678
https://doi.org/10.3390/ijms14022559
https://doi.org/10.1111/j.1527-3458.2008.00041.x
https://doi.org/10.1371/journal.pone.0033519
https://doi.org/10.1111/bph.14665
https://doi.org/10.1177/1120672120944801
https://www.ncbi.nlm.nih.gov/pubmed/32686489
https://doi.org/10.1371/journal.pone.0211005
https://doi.org/10.1155/2020/1602739
https://www.ncbi.nlm.nih.gov/pubmed/32509339
https://doi.org/10.1523/JNEUROSCI.3080-07.2008
https://doi.org/10.1096/fj.07-9574LSF
https://www.ncbi.nlm.nih.gov/pubmed/17942826
https://doi.org/10.1007/s00232-008-9132-6
https://doi.org/10.1007/s00232-009-9177-1
https://doi.org/10.1007/s10571-016-0424-6

	Introduction 
	Materials and Methods 
	Computational Study for Potential Target Prediction of Topiramate Role in Treatment of DREN 
	Topiramate Predicted Targets 
	Targets (Genes/Proteins) Involved in Diabetic Retinopathy 
	Data Analysis and Visualization 
	Enrichment Analysis 

	Chemicals and Drugs 
	Biological Study in Mice 
	Induction of DM 
	ELISA Assay of Glutamate, NLRP3, IL-1 and TNF- in Retinal Homogenates 
	Assessment of Lipid Peroxidation and Reduced Glutathione (GSH) 
	Western Blotting for NLRP3 and IL-1 in Retinal Homogenates 
	Histological Staining by Hematoxylin–Eosin and Image Analysis 
	Immunohistochemistry for Retinal BDNF 
	Electron Microscopy 
	Statistical Analysis of the Data Sets 

	Results 
	Topiramate Predicted Targets 
	Targets (Genes/Proteins) Involved in DREN 
	Data Analysis and Visualization 
	Enrichment Analysis 
	Topiramate Protected against DREN in Mouse Study 
	Topiramate Protected Retinal Layers and Improved Total Retinal Thickness 
	Topiramate Improved the BDNF Level Diabetic Retinas and Optic Nerves 
	Topiramate Protected against Ultrastructural Pathology in Diabetic Retinas 

	Discussion 
	References

