ISSN 0030-0675 (Print); ISSN 2412-8740 (English ed. Online); Journal of Ophthalmology (Ukraine) - 2024 - Number 3 (518)

Experimental Studies

https://doi.org/10.31288/oftalmolzh202433339

The state of S100-positive glia and the effect on it on the GABA-
benzodiazepine receptor agonist, carbacetam, in diabetic retinopathy

S. V. Ziablitsev

Bogomolets National Medical
University

Kyiv (Ukraine)

Keywords

diabetic retinopathy,
neurodegeneration, benzodiazepine
receptors, immunohistochemistry,
streptozotocin, Mdller cells, S100
protein, retina

Introduction

, D. B. Zhupan

Purpose: To determine the state of S100-positive glia and the effect on it of the gamma-
aminobutyric acid (GABA)-benzodiazepine receptor agonist, carbacetam, in early
experimental diabetic retinopathy (DR).

Material and Methods: DR was induced in 30 Wistar male rats (age, 3 months) by single
intraperitoneal injection of 50 mg streptozotocin (STZ)/ kg body weight. These were
assigned to two treatment groups (30 units of insulin only and 30 units of insulin plus
carbacetam at a dose of 5 mg/ kg body weight in 0.5 mL of saline, respectively) and
a control group of untreated diabetic rats, of 10 animals each. In addition, five intact
animals were used to assess the retina at baseline conditions. Mouse anti-S100 protein
monoclonal antibodies (Thermo Fisher Scientific) were used for immunohistochemical
studies.

Results: In the intact retina, there was S100-positive staining in multiple polymorphous
cells in the inner nuclear layer (INL) and glial fibers surrounding ganglion neurons like a
collar. The intensity of S100 staining of Miiller cells significantly increased, and their long
radial processes were clearly visualized in early untreated DR. Particularly, intensive
staining was observed in the outer nuclear layer (ONL), at the junction of this layer
with the rod and cone layer, and in the ganglion layer. On day 28 of the experiment,
microaneurysms were observed in the inner retina, with high S100 staining intensity in
fibers which adhered to them. Animal treatment with insulin only resulted in a reduction in
S100 staining intensity, whereas animal treatment with insulin plus carbacetam inhibited
S100 protein expression and prevented the development of retinal microaneurysms, with
only solitary Miiller cells in the INL and the plexus in the ganglion cell layer exhibiting
weak staining.

Conclusion: The GABA-benzodiazepine receptor agonist, carbacetam, was found
to have an inhibiting effect on the expression of S100 protein and formation of retinal
microaneurysms in early DR associated with STZ-induced diabetes in rats.

Diabetes mellitus (DM), when poorly controlled
or untreated, can lead to numerous serious diabetic
complications, such as diabetic retinopathy (DR),
neuropathy, nephropathy, etc. [1]. DR affects almost
one-third of diabetics and remains the leading cause of
blindness in working-age adults [2].

Classically, the disease refers to progressive retinal
microvascular changes leading to tissue ischemia, increased
permeability, neovascularization, and macular edema [3].
According to recent studies, DR is not only a diabetic
microvascular complication, but also a neurodegenerative
disease with a complex multifactorial pathogenesis [4].
Early Treatment Diabetic Retinopathy (ETDRS) grading
is based on the microvascular changes in the posterior

pole as imaged by seven-field color fundus photography
and does not take into account neurodegenerative lesions
that can develop before the onset of vasculopathy [5].
Impaired axonal transmission and merabolic pathways,
loss of energy due to neuronal mitochondrial damage,
protein misfolding, neuroinflammation, viral mutations,
DNA mutations and other factors have been reported to
facilitate the development of neurodegenerative disorders
[6]. Neuronal dysfunction in DR is an independent
patophysiological mechanism that evolves simultaneously
with angiopathy [7].
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The excitotoxicity of excessive glutamate, the most
important neurochemical mechanism in DR, increases
metabolism and induces apoptosis via activation of the
caspase cascade by overloading cells with calcium [8].
Glutamate-mediated excitatory synaptic transmission and
gamma-aminobutyric acid (GABA)-mediated inhibitory
synaptic transmission are important for maintaining the
excitatory/inhibitory balance in the nervous system [9].
GABA receptor subunits have been found in all retinal
neurons, including amacrine and ganglion cells [10].
Reduced activity of retinal GABAergic receptors was
found under diabetic conditions, and GABA-A receptor
agonist induced retinal ganglion cell death [11].

S-100 calcium-binding proteins are members of a
heterogenous family of proteins able to buffer intracellular
Ca2+ ion concentration [12]. They regulate proliferation,
differentiation, apoptosis, inflammation and migration
of immune cells. Thus, S-100 proteins enhance and
macrophage infiltration in a mouse model of DR. In
addition, the findings of a study by Lim and colleagues
[13] suggested that plasma A100AS8 and S100A9 levels are
correlated with the progression of DR in T2DM patients.

Given the established deficit of GABA-ergic mediation
in DR, it seems promising to utilize GABA receptor
agonists (e.g., benzodiazepines) to remedy this deficit
in DR [14]. Carbacetam, a [-carboline derivative and a
carboline isostere (1-0x0-3,3,6-trimethyl-1,2,3,4-tetra-
hydro-indolo[2,3-c] quinolin), is a benzodiazepine which
was developed at the Institute of Physical Organic and
Coal Chemistry of the National Academy of Sciences of
Ukraine. The preparation has anti-amnestic, anti-xiolytic,
anti-hypoxic, anti-edematous and anti-shock effects and
may be considered a promising neuroprotector [15, 16].

The purpose of the study was to determine the state
of S100-positive glia and the effect on it of the GABA-
benzodiazepine receptor agonist carbacetam in early
experimental DR.

Material and Methods

All animal experiments were performed in compliance
with EU 2010/63 Directive, Helsinki Declaration, and
the Law of Ukraine on Protection of Animals from Cruel
Treatment No. 3447-IV dated February 21, 2006, as
amended on August 8, 2021. Animals were maintained
under vivarium conditions and fed on a standard diet.

DR was induced in 30 Wistar male rats (age, 3 months;
weight, 140-160 g) by single intraperitoneal injection of
50 mg streptozotocin (STZ, Sigma-Aldrich, Shanghai,
China)/ kg body weight [17]. These were assigned to two
treatment groups and a control group of untreated diabetic
rats, of 10 animals each. The controls received 0.5 mL
of saline, treatment group 1 received 30 units of insulin
(Actrapid HM Penfill, Novo Nordisk A/S, Bagsvaerd,
Denmark) only, and treatment group 2 received 30 units of
insulin plus carbacetam at a dose of 5 mg/ kg body weight
in 0.5 mL of saline. Insulin only or insulin plus carbacetam
were administered intraperitoneally beginning on day 7

after STZ injection and continuing every other day for 28
days. In addition, five intact animals were used to assess
the retina at baseline conditions.

Carbacetam was synthesized at Department of
Biologically Active Compounds, the Litvinenko Institute
of Physical Organic and Coal Chemistry of the National
Academy of Sceinces of Ukraine, headed by S.L. Bogza,
Dr Sc (Chem), Senior Researcher.

Tail vein blood samples were taken to assess fasting
blood glucose levels using Accu-Chek Instant Test Strips
(Accu-Chek, Roche, Mannheim, Germany) and an Accu-
Chek Instant blood glucose meter. In all groups, blood
glucose levels were consistently high throughout the
follow-up period. At day 28, mean blood glucose levels
for the controls and treatment groups 1 and 2 were 29.32
+ 1.25 mmol/L, 17.02+1.03 mmol/L and 14.38+1.25
mmol/L, respectively, with no significant difference (p <
0.05) between the treatment groups and controls.

Animals were euthanized with an overdose of thiopental
(75 mg/ kg body weight) and decapitated on days 7, 14
and 28 after STZ injection. The globes were fixed with
10% neutral buffered formalin and paraffinized. Paraffin
blocks were sectioned serially at a thickness of 2-3 um on
a rotary microtome HM 325 (Thermo Shandon, Runcorn,
UK). Mouse anti-S100 protein monoclonal antibodies
(Thermo Fisher Scientific, Waltham, MA) were used for
immunohistochemical studies. Sections were stained with
hematoxylin. Microscopy was performed and images
were collected on an optical microscope (ZEISS Axio
Imager A2; Carl Zeiss Microscopy Deutschland GmbH,
Oberboken, Germany). Investigated slides were assigned
a score of 0 (no staining), 1 (weak staining), 2 (moderate
staining) or 3 (strong staining) [18].

Statistical analyses were conducted using Statistica 10.0
software (StatSoft, Tulsa, OK, USA). Data are presented
as mean and standard deviation. Exact Fisher test and
analysis of variance (ANOVA) were used to comparisons
of mean sample values. The level of significance p < 0.05
was assumed.

Results

The morphology of the intact retina was significant
for a clear distinction between layers and immunospecific
staining of S100-positive cells and cell processes, with
these cells and processes having a staining score of 2-3
(Fig. 1; Fig 2. a, b). The polymorphic cells of the retinal
inner nuclear layer (white arrows in Fig. 1) were the most
intensively stained and morphologically similar to Miiller
cells, amacrine and bipolar cells, and horizontal neurons
[12]. Only the proximal portions of the processes of these
cells were positively stained. Glial cells surrounding
ganglion neuron bodies (black arrows in Fig. 1) like a
collar were also intensively stained.

Atday 7 in the control group, intensive positive staining
was still present only in the cells located in the inner
nuclear layer, mostly in the middle of this layer (white
arrows in Fig. 2c). These cells were morphologically
similar to Miiller cells. In addition, staining was marginal
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Fig. 1. Photomicrograph of representative results of
immunohistochemistry staining for S100 protein in an intact
rat retina preparation. Additional hematoxylin staining.
Microscopic magnification, x400.

Note immunopositive staining of glial fibers in the ganglion
cell layer (black arrows) and multiple polymorphous S100-
positive cells in the inner nuclear layer.

Day 7, control

Fig. 2. Photomicrographs of representative results of immunohistochemistry staining for S100 protein in rat retina preparations
made before diabetes induction (a, b) and on day 7 (c, d), day 14 (e, f, g) and day 28 (h, i, j, k) . Additional hematoxylin staining.
Magnifications, x200 (a, c, j) and x400 (b, d, e, f, g, h, i, k). Note S100-positive cells in the inner nuclear layer (white arrows)
and S100-positive portions of retinal pigment epithelial cells extending to the outer nuclear layer (black cells) in c; radial glial
fibers in the outer retinal layers (white arrows) in d; and microaneurysms on the inner retinal surface (black arrow) and swirling
of S100-positive glial fibers around aneurysms (white arrows) in h
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in portions of some retinal pigment epithelium (RPE)
cells extending into the outer nuclear layer (black arrows
in Fig. 2c). Intensive staining was present on Miiller cell
processes as they traversed the outer nuclear layer (white
arrows in Fig. 2d).

At day 14 in the control group, the staining intensity
was maximal, with the cells having a staining score as high
as 4 (Fig. 2e). Intensive staining was observed in the outer
nuclear layer, at the junction of this layer with the rod and
cone layer, and in the ganglion layer. At this time point, a
general reduction in staining intensity was characteristic
for the retina of the animals treated with insulin only as
well as those treated with insulin plus carbacetam (Fig.
2f,g). Some Miiller cells, filaments and solitary polygonal
cells with processes in the outer retina exhibited a staining
score of 1 to 2.

At day 28, in the control group, pathological
angiogenetic lesions, microaneurysms (black arrow in
Fig. 2h) with enlarged vessels appeared, sometimes
with multiple gaps between them, arranged closely and
enclosed inside a thick perivascular membrane, which
corresdponded to nonproliferative DR (microangiomas
and punctuate hemorrhages [12]). Intensively stained
S100-positive processes (white arrows in Fig. 2h) were
located closely to microaneurysms. Staining was less
intensive in the retina of animals treated with insulin (Fig.
2h) compared to controls, with the morphology generally
similar to the previous time point: there were intensively
stained large cells with processes in the inner nuclear
layer, radial cell processes of the outer plexiform layer,
and solitary cells and twisted filaments in the outer nuclear
layer.

The least intensive staining was in the retina of animals
treated with carbacepam (Fig. 2j,k). Solitary Miiller cells
in the inner nuclear layer and fibers in the plexus in the
ganglion cell layer exhibited a staining score of 1 to 2. In
addition, no aneurysms were seen in the inner retina of
animals treated with carbacepam.

The calculation of the distribution of inner nuclear
layer cells with different S100 staining intensity scores on
day 28 confirmed the obtained results (Fig. 3).

Most (85 £ 6.4%) inner nuclear cells in the retina of
control animals had a staining score of 2 to 3, whereas
most (66 = 4.8%) inner nuclear cells in the retina of
animals treated with insulin had a staining score of 1 to 2,
and most (57 £ 3.6%) inner nuclear cells in the retina of
animals treated with carbacetam had a staining score of 0
to 1 (p <0.05).

Therefore, the development of early DR is characterized
by an increase in the intensity of staining for S100 protein
in Miiller cells in the inner nuclear layer, the nerve fiber
plexus in the ganglion cell layer, and radial fibers in the
outer retinal layer and RPE layer. The use of insulin only
reduced these manifestations in diabetic rat retina, whereas
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Fig. 3. Histogram for the distribution of inner nuclear layer
cells with different S100 staining intensity scores in the
control group versus groups treated with insulin only and
insulin plus carbacetam on day 28.

Note: *, significant difference compared with controls (p <
0.05)

the use of insulin plus carbacetam prevented the activation
of S100-positive retinal glia in diabetic rat retina.

Discussion

Chronic  hyperglycemia, oxidative stress and
accumulation of advanced glycation end products (AGEs)
and glutamate are major mechanisms of retinal nerve cell
damage leading to the development of diabetic retinal
neurodegeneration [5, 19]. The hallmarks of diabetes-
induced neuroglial degeneration, which include reactive
gliosis, diminished retinal neuronal function and neural-
cell apoptosis, have been observed to occur before overt
microangiopathy in experimental models of diabetic
retinopathy and in the retina of diabetic donors [20]. When
assessed with eletroretinography, neurons of all retinal
layers (ganglion, bipolar, amacrine and photoreceptor
cells) exhibited functional changes well before retinal
microangiopathy was detected by fundus photography
[20].

Cellular pathology in DR involves at least nine types
of retinal cells, including photoreceptors, horizontal
and bipolar cells, amacrine cells, retinal ganglion cells,
glial cells (Miiller cells, astrocytes, and microglia),
endothelial cells, pericytes, and RPE cells [4]. Of the
several mechanisms associated with glial damage,
the most important is glutamate excitotoxicity, which
increases metabolism and induces apoptosis via activation
of the caspase cascade. A trigger of this damage is the
accumulation of intracellular calcium, which allows to
consider the activation of expression of calcium-binding
proteins as a reflection of protective mechanisms as well as
a marker of calcium overload of neural cells [21].

In the current rat study, we found specific features of
the distribution of S100 protein expression in the retina at
baseline (before inducing diabetes). The intensive staining
of multiple polymorphous cells in the inner nuclear layer
confirmed the constitutive nature of the expression of
S100, the protein which is involved in the regulation of
neural cell functions [12]. Only the proximal portions of
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the processes of these cells were positively stained, which
indicated mostly somatic localization of S100.

It is likely that the intensively stained nerve fibers that
formed a collar surrounding ganglion cells were of astrocyte
origin. In response to metabolic stress under hyperglycemic
conditions,  astrocytes  produce  proinflammatory
interleukins, chemokines, cyclooxigenase-2, and multiple
growth factors which are involved in the activation of
microglia and recruiting monocytes/macrophages, T-cells
and dendritic cells, thus contributing to inflammation [22].
Retinal astrocytes normally express glial fibrillary acidic
protein (GFAP), and GFAP expression in astrocytes is
significantly higher than in Miiller cells [23].

In our previous rat study on STZ-induced early DR
[24], at baseline, both individual GFAP-positive cells and
their processes were found only in the retinal ganglion cell
layer and retinal nerve fiber layer, and individual scattered
GFAP-positive cells (likely, Miiller cells) alone were found
in the retinal inner nuclear layer. With DR progression,
clear GFAP-positive radial fibers appeared, which were
seen running through the retinal inner plexiform layer to
the outer nuclear layer, were numerous GFAP-positive cells
with processes were seen. It is likely that this description
reflects the changes in the involvement of Miiller cells:
normally, GFAP is weakly expressed in these cells, but its
expression in them increases in diabetes [25].

Unlike GFAP, the S100 protein had a rather high
level of expression in retinal neural cells in normal rats.
Subsequent DR development was accompanied by
overexpression of both GFAP and S100 in the retinal inner
layers. This reflected their excessive activation and, given
that they likely produced proinflammatory and growth
factors (an overexpression of vascular endothelial-derived
growth factor under conditions of this study has been
reported previously [26]), it was possible that this was the
cause of the early development of microaneurysms on the
inner retinal surface found in the control group at day 28.

Throughout the experiment, in the control group, an
increase in S100 expression was most pronounced in
Miiller cells, large neurons in the retinal inner nuclear
layer and their clearly seen transretinal processes. The
spread of S100-positive staining on long radial processes
indicated a significant calcium overload and corresponded
to the activation of retinal apoptosis [24].

The increase in S100-positive staining in Miiller cells
can be explained also by models of retinal glutamate
excitotoxicity in diabetes [27]. DM alters the glutamate-
glutamine balance between glian cells and neurons
through reduced activity of glutamine synthetase in Miiller
cells, which not only hampers the capacity of these cells
to convert the excess of glutamate into glutamine, but
also impairs glutamate oxidation to alpha-katoglutarate,
leading to extracellular glutamate accumulation.
Glutamate transporters are involved in maintaining
extracellular glutamate at a low level to protect neurons
from excitotocic damage. Glutamate/aspartate transporter
(GLAST), the main glutamate transporter expressed by

Miiller cells, accounts for at least 50% of glutamate uptake
in the mammalian retina [28].

Of note is the disappearance of multiple polymorphic
S100-positive cells in the inner nuclear layer in the
development of DR. It has been reported on focal
degeneration of amacrine cells with reduced amplitude
in electroretinographic oscillatory potentials in diabetes
[29]. We have previously demonstrated the activation of
apoptosis of the cells in this retinal layer [30]. Therefore,
reduced activity and possibly death of these cells occurred
already in early stages of experimental DR.

Upregulation of glutamate receptors’ [N-methyl-
D-aspartate  receptor (NMAR)l and GIuE2/3]
immunoreactivities was observed in the gangion,

amacrine and bipolar cells as well as in the inner and outer
plexiforma layers in STZ-induced diabetes in rats [31].
Immunoreactivity of calcium-binding proteins (calbindin
and parvablumin) was also concomitantly increased.

This could explain the activation of S100 expression in
the form of marginal staining of the RPE cells extending
to the junction of the outer nuclear layer and rod and cone
layer. It is likely that the activation of S100 expression
in the RPE cells reflected a compensatory response to
calcium accumulation in photoreceptors.

It was demonstrated in the current study that the
restoration of GABA-ergic mediation of the state of S100-
positive glia through the use of the benzodiazepine receptor
agonist, carbacetam, can be utilized as an option for
pathogenetic correction of diabetic neuronal dysfunction.
The use of both insulin and carbacetam reduced S100
expression in the cells of the inner nuclear layer and radial
processes of Miiller cells.

The protective effect of carbacetam was most
pronounced at day 28, with solitary Miiller cells in the
outer nuclear layer and nerve fiber plexus in the ganglion
cell layer exhibiting a staining score of 1 to 2. Apparently,
the use of carbacetam prevented pathogenetic processes
leading to neurodegeneration in DR. This was indicated by
the absence of aneurysms in the inner retinal layer in the
eyes of animals treated with carbacetam. These findings
add to our previous reports [24, 26], highlighting the value
of S100-positive glia and demonstrating the positive effect
of carbacetam in diabetes.

The use of GABA analogs has been acknowledged as
an approach for the prevention of diabetic neuropathy:
pregabalin, a structural derivative of GABA, was the first
drug to receive Food and Drug Administration (FDA)
approval for treating diabetic neuropathic pain [32].
A study by Ali and colleagues [32] demonstrated that
pregabalin improved GABAergic control and alleviated
retinal neuroinflammation, apoptosis and oxidative stress.
In our study, carbacetam demonstrated the properties
similar to pregabalin. Therefore, the restoration of GABA-
ergic mediation is a sound pathogenetic approach to the
management of diabetic retinal neuronal dysfunction.

By this way of reasoning, we conclude that, in early DR
under conditions of STZ-induced diabetes, S100 staining
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intensity significantly increased in Miiller cells, with clear
visualization of their long radial processes. At day 28 of
the experiment, microaneurysms were observed in the
inner retina, with high S100 staining intensity in fibers
which adhered to them. Animal treatment with insulin only
resulted in a reduction in S100 staining intensity, whereas
animal treatment with insulin plus carbacetam inhibited
S100 protein expression and prevented the development
of retinal microaneurysms.

10.

11.

12.

References

Solomon SD, Chew E, Duh EJ, Sobrin L, Sun JK, VanderBeek
BL, Wykoff CC, Gardner TW. Diabetic Retinopathy: A
Position Statement by the American Diabetes Association.
Diabetes Care. 2017 Mar;40(3):412-418. doi: 10.2337/dc16-
2641.

Wong TY, Sabanayagam C. Strategies to Tackle the Global
Burden of Diabetic Retinopathy: From Epidemiology to
Artificial Intelligence. Ophthalmologica. 2020;243(1):9-20.
doi: 10.1159/000502387.

Duh EJ, Sun JK, Stitt AW. Diabetic retinopathy: current
understanding, mechanisms, and treatment strategies.
JCI Insight. 2017 Jul 20;2(14):¢93751. doi: 10.1172/jci.
insight.93751.

Ren J, Zhang S, Pan Y, Jin M, Li J, Luo Y, Sun X, Li G.
Diabetic retinopathy: Involved cells, biomarkers, and
treatments. Front Pharmacol. 2022 Aug 9;13:953691. doi:
10.3389/fphar.2022.953691.

Abramoff MD, Fort PE, Han IC, Jayasundera KT, Sohn
EH, Gardner TW. Approach for a Clinically Useful
Comprehensive Classification of Vascular and Neural
Aspects of Diabetic Retinal Disease. Invest Ophthalmol Vis
Sci. 2018 Jan 1;59(1):519-527. doi: 10.1167/iovs.17-21873.
OuGY, Lin WW, Zhao WJ. Neuregulins in Neurodegenerative
Diseases. Front Aging Neurosci. 2021 Apr 9;13:662474. doi:
10.3389/fnagi.2021.662474.

Van de Kreeke JA, Darma S, Chan Pin Yin JMPL, Tan
HS, Abramoff MD, Twisk JWR, Verbraak FD. The spatial
relation of diabetic retinal neurodegeneration with diabetic
retinopathy. PLoS One. 2020 Apr 16;15(4):¢0231552. doi:
10.1371/journal.pone.0231552.

Eggers ED. Visual Dysfunction in Diabetes. Annu Rev Vis Sci.
2023 May 10. doi: 10.1146/annurev-vision-111022-123810.
Fang W, Huang X, Wu K, Zong Y, Yu J, Xu H, Shi J, Wei
J, Zhou X, Jiang C. Activation of the GABA-alpha receptor
by berberine rescues retinal ganglion cells to attenuate
experimental diabetic retinopathy. Front Mol Neurosci. 2022
Aug 9;15:930599. doi: 10.3389/fnmol.2022.930599.

Sawant A, Ebbinghaus BN, Bleckert A, Gamlin C, Yu WQ,
Berson D, Rudolph U, Sinha R, Hoon M. Organization and
emergence of a mixed GABA-glycine retinal circuit that
provides inhibition to mouse ON-sustained alpha retinal
ganglion cells. Cell Rep. 2021 Mar 16;34(11):108858. doi:
10.1016/j.celrep.2021.108858.

Okumichi H, Mizukami M, Kiuchi Y, Kanamoto T.
GABA A receptors are associated with retinal ganglion
cell death induced by oxidative stress. Exp Eye Res. 2008
May;86(5):727-33. doi: 10.1016/j.exer.2008.01.019.
Aragona M, Briglia M, Porcino C, Mhalhel K, Cometa M,
Germana PG, Montalbano G, Levanti M, Laura R, Abbate
F, Germana A, Guerrera MC. Localization of Calretinin,
Parvalbumin, and S100 Protein in Nothobranchius guentheri

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Retina: A Suitable Model for the Retina Aging. Life (Basel).
2023 Oct 13;13(10):2050. doi: 10.3390/1ife13102050.

Lim RR, Vaidya T, Gadde SG, Yadav NK, Sethu S, Hainsworth
DP, Mohan RR, Ghosh A, Chaurasia SS. Correlation between
systemic SI00A8 and S100A9 levels and severity of diabetic
retinopathy in patients with type 2 diabetes mellitus.
Diabetes Metab Syndr. 2019 Mar-Apr;13(2):1581-1589. doi:
10.1016/j.dsx.2019.03.014.

Al-Kuraishy HM, Al-Gareeb Al, Saad HM, Batiha GE.
Benzodiazepines in Alzheimer's disease: beneficial
or detrimental effects. Inflammopharmacology. 2023
Feb;31(1):221-230. doi: 10.1007/s10787-022-01099-4.
Kmet OG, Ziablitsev SV, Filipets ND, Kmet TI, Slobodian
XV. Carbacetam effect on behavioral reactions in
experimental Alzheimer’s disease. Archives of the Balkan
Medical Union. 2019 March; 54(1):124-129. doi: 10.31688/
ABMU.2019.54.1.17.

Kmet OG, Ziablitsev SV, Filipets ND. Peculiarities of the
antioxidant protection and nitrogen oxide systems of the
brain in rats with experimental type 2 diabetes mellitus
after carbacetam administration. International Journal of
Endocrinology. 2019;15(5):376-380. doi: 10.22141/2224-
0721.15.5.2019.180040. in Ukrainian.

Kresyun NV, Son GA, Godlevskii LS. To mechanisms
of retinopathy development in streptozotocin-induced
diabetes against electrical stimulation of brain structures.
J Ophthalmol (Ukraine). 2017;4:51-54. doi.org/10.31288/
oftalmolzh201745154.

Dabbs D. Diagnostic Immunohistochemistry, 4th Edition.
Theranostic and genomic applications. 2014.

Lynch SK, Abramoff MD. Diabetic retinopathy is a
neurodegenerative disorder. Vision Res. 2017 Oct;139:101-
107. doi: 10.1016/j.visres.2017.03.003.

Sim6 R, Stitt AW, Gardner TW. Neurodegeneration in
diabetic retinopathy: does it really matter? Diabetologia.
2018 Sep;61(9):1902-1912. doi: 10.1007/s00125-018-4692-
1.

Celikbilek A, Akyol L, Sabah S, Tanik N, Adam M, Celikbilek
M, Korkmaz M, Yilmaz N. S100B as a glial cell marker in
diabetic peripheral neuropathy. Neurosci Lett. 2014 Jan
13;558:53-7. doi: 10.1016/j.neulet.2013.10.067.

Riibsam A, Parikh S, Fort PE. Role of Inflammation in
Diabetic Retinopathy. Int J Mol Sci. 2018 Mar 22;19(4):942.
doi: 10.3390/ijms19040942.

Cheung AK, Fung MK, Lo AC, Lam TT, So KF, Chung SS,
Chung SK. Aldose reductase deficiency prevents diabetes-
induced blood-retinal barrier breakdown, apoptosis, and
glial reactivation in the retina of db/db mice. Diabetes. 2005
Nov;54(11):3119-25. doi: 10.2337/diabetes.54.11.3119.
Ziablitzev SV, Zhupan DB, Dyadyk OO. [The influence of
a benzodiazepine receptor agonist on the state of glia in the
diabetic retinopathy]. Fiziol Zh. 2023; 69(6): 33-42. https://
doi.org/10.15407/f269.06.033. Ukrainian.

Lelyte I, Ahmed Z, Kaja S, Kalesnykas G. Structure-Function
Relationships in the Rodent Streptozotocin-Induced Model
for Diabetic Retinopathy: A Systematic Review. J Ocul
Pharmacol Ther. 2022 May;38(4):271-286. doi: 10.1089/
jop.2021.0128.

Ziablitsev SV, Zhupan DB, Tykhomyrov AO, Dyadyk OO.
Benzodiazepine receptor agonist Carbacetam modulates the
level of vascular endothelial growth factor in the retina of
rats with streptozotocin-induced diabetes. Ukr Biochem J.
2023.;6(95):20-29. doi: 10.15407/ubj95.06.021.

38



ISSN 0030-0675 (Print); ISSN 2412-8740 (English ed. Online); Journal of Ophthalmology (Ukraine) - 2024 - Number 3 (518)

27.

28.

29.

30.

31

32.

Bogdanov P, Corraliza L, Villena JA, Carvalho AR, Garcia-
Arumi J, Ramos D, Ruberte J, Simé R, Hernandez C. The
db/db mouse: a useful model for the study of diabetic retinal
neurodegeneration. PLoS One. 2014 May 16;9(5):¢97302.
doi: 10.1371/journal.pone.0097302.

Sarthy VP, Pignataro L, Pannicke T, Weick M, Reichenbach
A, Harada T, Tanaka K, Marc R. Glutamate transport by
retinal Muller cells in glutamate/aspartate transporter-
knockout mice. Glia. 2005 Jan 15;49(2):184-96. doi:
10.1002/glia.20097.

Midena E, Torresin T, Longhin E, Midena G, Pilotto E,
Frizziero L. Early Microvascular and Oscillatory Potentials
Changes in Human Diabetic Retina: Amacrine Cells and the
Intraretinal Neurovascular Crosstalk. J Clin Med. 2021 Sep
7;10(18):4035. doi: 10.3390/jcm10184035.

Ziablitsev SV, Vodianyk VV. Retinal apoptosis and the
effect of tyrosine kinase inhibition in experimental diabetes.
Journal of Ophthalmology (Ukraine). 2023;5(514):34-40.
doi: 10.31288/oftalmolzh202353440.

.Ng YK, Zeng XX, Ling EA. Expression of glutamate

receptors and calcium-binding proteins in the retina of
streptozotocin-induced diabetic rats. Brain Res. 2004 Aug
20;1018(1):66-72. doi: 10.1016/j.brainres.2004.05.055.

Ali SA, Zaitone SA, Dessouki AA, Ali AA. Pregabalin
affords retinal neuroprotection in diabetic rats: Suppression
of retinal glutamate, microglia cell expression and apoptotic

cell death. Exp Eye Res. 2019 Jul;184:78-90. doi: 10.1016/j.
exer.2019.04.014.

Disclosures

Received: 05.02.2024
Accepted: 04.05.2024

Corresponding author: Sergiy V. Ziablitsev, Professor
and Chief, Department of Pathophysiology, Bogomolets
National Medical University, Kyiv, Ukraine, e-mail:
zsv1965@gmail.com

Author contributions: S.V.Z.: conceptualization, design,
data analysis and interpretation, drafting the manuscript,
writing, reviewing, D.B.Zh.: conceptualization, design,
study conduct and data collection, drafting the manuscript,
writing, reviewing. All authors analyzed the results and
approved the final version of the manuscript.

Disclaimer. The opinions presented in this article are
those of the authors and do not necessarily represent those
of their institutions.

Conflict of interest. The authors state that there are no
conflicts of interests to disclose.

Sources of support. This study was initiated by the
Department of Pathophysiology, Bogomolets National
Medical University, Kyiv, Ukraine, and was fully financially
supported by the budget program of the Ministry of Health
of Ukraine (state registration number, 0122U001308).

39



