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Abstract

Background: Acute and chronic brain damage in type 2 diabetes mellitus (DM) determines the need to investigate the neuroprotective
potential of glucose-lowering drugs. The purpose was to directly compare the neuroprotective effects of glucagon-like peptide-1 receptor
agonists (GLP-1RAs) with different duration of action and sodium-glucose cotransporter-2 inhibitors (SGLT-2i) in type 2 diabetic rats
with and without stroke. Methods: DM was modelled using high-fat diet and nicotinamide+streptozotocin protocol. The following
groups (n = 15 each) were formed: DM without treatment, treatment with liraglutide, dulaglutide, canagliflozin as well as control group
without DM and treatment. After 8 weeks, 10 rats from each group underwent middle cerebral artery occlusion. In the reperfusion period
neurological deficit, neuroglial damage markers and brain necrosis were evaluated. Brain slices from the remaining 5 animals in each
group were histologically examined for microglial activation and neuronal damage. Results: Brain damage was similar in “DM” and
“Control” (17.53 [14.23; 26.58] and 15.87 [13.40; 22.68] % of total brain volume, respectively). All study drugs diminished damage
volume comparingwith “DM” and “Control” whereas the necrosis volume in “DM+Liraglutide”was smaller than in “DM+Canagliflozin”
and did not significantly differ from “DM+Dulaglutide” (2.9 [1.83; 4.71], 6.17 [3.88; 8.88] and 4.57 [3.27; 7.90] %). The neurological
deficit was more prominent in “DM” than in “Control”, while all the drugs demonstrated similar positive effect. Neurofilament light
chains (NLC) did not differ between “DM” and “Control”. Dulaglutide and canagliflozin caused a marked decrease in NLC. Protein
S100BB level was similar in “DM” and “Control”. Liraglutide caused the largest S100BB decrease, while canagliflozin did not influence
it. In chronic brain ischaemia, all drugs increased the number of normal neurons, but GLP-1RAs had a more pronounced effect. DM
was accompanied by increased number of activated microglial cells in Cornu Ammonis (CA)1 hippocampal region. Both GLP-1RAs
reduced the number of Iba-1-positive cells, with dulaglutide being more effective than liraglutide, whereas canagliflozin did not affect this
parameter. Conclusions: GLP-1RAs and SGLT-2i have neuroprotective properties against acute and chronic brain damage in diabetic
rats, although the infarct-limiting effect of GLP-1RAs may be more pronounced. GLP-1RAs and SGLT-2i exert their protective effects
by directly influencing neuronal survival, whereas GLP-1RAs also affect microglia.
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1. Introduction
Ischemic stroke comprises one of the most serious

macrovascular complications and one of the major causes
of death in type 2 diabetic patients. The risk of stroke in
type 2 diabetes mellitus (DM) is twice as large as in the
general population and increases with DM duration [1].

Moreover, almost one in two people with type 2 dia-
betes mellitus (DM) has chronic brain dyscirculation. This
condition can be associated with more or less pronounced
cognitive deficits in the absence of focal neurological symp-
toms and can lead to a dramatic reduction in quality of life
and even life expectancy [2]. Chronic brain dyscircula-
tion or chronic brain damage can be characterized by cere-
bral atrophy, decrease in grey matter volume, dilatation of

the ventricles and subarachnoid space, decreased density of
the space surrounding the lateral ventricles - leukoariosis,
“periventricular space glow” [3]. Importantly, in chronic
brain damage small focal lacunar infarctions in the white
substantive and subcortical ganglia can be observed, so-
called microstrokes or silent strokes. Due to their volume,
they do not cause the classic symptoms of unilateral mo-
tor and sensory dysfunction, but their pathogenesis is very
similar to that of clinically manifest stroke [4].

Nowadays, the concept of the so-called glucose-
centric model of type 2 DM treatment has changed to a
disease-modifying model, in which the organ-protective
properties of glucose-lowering drugs are given priority.
Thus, according to existing guidelines [5,6], glucagon-
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like peptide-1 receptor agonists (GLP-1RAs) and sodium-
glucose co-transporter type 2 inhibitors (SGLT-2i) are the
two leading groups of glucose-lowering drugs with the
widest spectrum of pleotropic organ-protective effects, in-
cluding cardio- and nephroprotective properties. Never-
theless, data concerning neurotropic effects of the above-
mentioned drug classes remain limited. Thus, according
to the meta-analyses summarizing randomized controlled
trials (RCTs) results, only two drugs can certainly de-
crease ischemic stroke risk in type 2 diabetic patients—the
long-acting GLP-1RAs dulaglutide and injectable semaglu-
tide [7]. However, accumulating evidence suggests that
SGLT-2i inhibitors may favorably influence the course of
atrial fibrillation and thus protect against the cardioem-
bolic ischaemic stroke subtype [8,9], and the SGLT-2i
canagliflozin may reduce the risk of hemorrhagic stroke
[10]. Data on the impact of GLP-1RAs and SGLT-2i on
chronic brain dyscirculation are even more limited.

A number of experimental studies have demonstrated
the possibility of GLP-1RA liraglutide to decrease the brain
damage volume and neurological deficit in animals both
with DM and without it [11–14]. At the same time neu-
roprotective effect of long-acting GLP-1RA dulaglutide in
diabetic animals undergoing acute ischemic-reperfusion in-
jury is not fully elucidated, as well as experimental data
concerning potential influence of SGLT-2i on stroke are
very limited. To our knowledge, no experimental studies
have directly compared the neurotropic potential of GLP-
1RA and SGLT-2i in diabetic animals with stroke.

Furthermore, despite the growing interest in the po-
tential of novel glucose-lowering drugs to protect the cen-
tral nervous system (CNS), the potential mechanisms of this
effect remain not fully elucidated, both in the conditions of
acute and chronic brain damage. One of the pathogenetic
pathways of neuroprotection, in addition to direct effects
on neurons, may be the influence on microglial activation
and microglial damage [15].

Therefore, the aim of our study was to compare the
neuroprotective properties of GLP-1RAs with different du-
ration of action, liraglutide and dulaglutide, and SGLT-2i
canagliflozin in acute and chronic brain injury in diabetic
Wistar rats and to evaluate potential mechanisms, including
microglial involvement. We chose the low-selective SGLT-
2i canagliflozin for our study because it affects not only the
second type of sodium-glucose cotransporter, but also the
first type expressed in the CNS [16], and therefore this drug
may have a potential neuroprotective property.

2. Materials and Methods
2.1 Study Design and Experimental Groups

DM was modelled in male Wistar rats using high-fat
diet + nicotinamide/streptozotocin model as described in
our previous works [17]. Wistar rats (body weight 220–
250 g) underwent acclimatization period (14 days) during
which animals’ activity, skin and mucus membranes con-

dition, tail position and other behavioral and vital param-
eters were evaluated. Rats not having any abnormalities
were included into the further experiment. From the end of
acclimatization period and up to the end of the experiment
animals were kept on a high-fat diet (22% of saturated fats).

Four weeks after the start of high-fat diet nicoti-
namide solution (Sigma-Aldrich, Milwaukee, WI, USA)
230 mg/kg was injected i.p., followed by streptozotocin
(Sigma-Aldrich, Milwaukee, WI, USA) solution i.p. injec-
tion 60 mg/kg 15 min later. Glycemia was evaluated by
tail vein puncture using glucometer AccuCheck Performa
(Roche, Basel, Switzerland) on the 2nd and 3rd days af-
ter nicotinamide/streptozotocin injection. Animals whose
glycemic level, measured twice two different days, reached
11.1 mmol/L or more, were considered diabetic [18,19]. If
lower glycemia was found at least once, an oral glucose tol-
erance test (OGTT) was made. Glycemia was determined
fasting and 15, 30, 60 and 90 min after 40% glucose solu-
tion 3 g/kg intake using a gastric tube. When at any mea-
surement point during OGTT glycemia was 11.1 mmol/L
or more diabetes was confirmed, if hyperglycemia was less
prominent the diagnosis was not confirmed, and the data
from there rats were no longer taken and analyzed.

Four weeks after nicotinamide/streptozotocin injec-
tion animals were divided into the following groups (n =
15 each):

• “DM” — rats with DM that remained untreated
• “DM+CANA” — rats with DM that were adminis-

tered canagliflozin 25 mg/kg per os once daily
• “DM+LIRA” — rats with DM that were adminis-

tered liraglutide 0.06 mg/kg s.c. once daily
• “DM+DULA” — rats with DM that were adminis-

tered dulaglutide 0.12 mg/kg s.c. every 72 hours
Since the time nicotinamide/streptozotocin were in-

fected (4th week of the experiment) and up to the end of
the study we measured blood glucose level (BGL) using
AccuCheck Performa glucometer as described above every
week (daytime measurement, not a fasting one).

The certain treatment continued for 8 weeks, while an-
imals in “DM” group remined untreated for the same period
of time.

Besides the “Control” group was formed (n = 15)—
neither DM modelling nor any kind of treatment was per-
formed in these animals, they received standard chow.
Glycemia was also measured in this group every week.

If during the experiment any rat developed symptoms
typical for absolute insulin insufficiency (extensive weight
loss, polyuria) it was dropped out.

After 8 weeks 10 animals of each group underwent
stroke modelling while 5 animals were subjected to eu-
thanasia with the following brain extraction for immunohis-
tochemical assay. The experiment design is demonstrated
in Fig. 1.
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Fig. 1. Study design. After 4 weeks of high-fat diet male Wistar rats were subjected to nicotinamide 230 mg/kg and streptozotocin 60
mg/kg i.p. injection. Four weeks later rats were divided into groups “DM”, “DM+Canagloflozin (CANA)”, “DM+Liraglutide (LIRA)”,
“DM+Dulaglutide (DULA)” (n = 15 each) to receive respective treatment for the following 8 weeks. Rats in “Control” group were fed
with standard chow and did not receive medications. In 16 weeks of study 10 animals of each group were subjected to 30-min filament
middle cerebral artery occlusion. After 48 hours of reperfusion neurological deficit using Garcia J.H. scores was measured, blood samples
for neuroglial markers were obtained and brain damage volume was calculated by staining in 1% triphenyltetrazolium chloride solution.
Other 5 animals of each group were subjected to immunohistochemical study of brain preparations for normal and pathologic neurons
count (Nissl staining) and for microglial activation (immunohistochemical reaction to Iba-1). NA, nicotinamide; Strept., streptozotocin;
DM, diabetes mellitus.

2.2 Transient Focal Brain Ischemia
Transient focal brain ischemia was modelled in anes-

thetized rats (Zoletil + Xylazine i.m.) using the Koizumi
and Longa method—30-minute intravascular left middle
cerebral artery (MCA) occlusion [20]. Briefly, the model in
based on the insertion of a 20–22 mm long thread (Doccol
Corporation, Sharon, MA, USA) into the internal carotid
artery and moving it to the MCA mouth occluding it. This
leads to the development of ischemia in the arterial pool
which is the most common localization of ischemic stroke
in people. An occlusion-induced regional blood flow de-
crease was confirmed by means of Doppler ultrasound
(MinimaxDoppler-Kmodel NB, Saint-Petersburg, Russia).
We used the trepanation window to reach the left MCA cor-
tical branch. If Doppler showed the linear blood flow ve-
locity worsening for 70% or more, in comparison with the
baseline value, we confirmed ischemia development in the
curtain pool. After the 30-minute ischemia the occluder was
taken away and the reperfusion period started.

Throughout ischemia modelling and thereafter, until
anesthesia ended, the animals’ rectal temperature wasmain-
tained at 37.0 °C by means of a thermostatic table.

After 48 hours, neurological status was measured in
all animals with the help of Garcia scores [21]. This scale
consists of sensory and motor parameters, that allow to dis-
tinguish neurological impairments in animals that were sub-
jected to stroke modelling. In Garcia scores a normal ani-
mal gets 18 points and an animal withmaximal neurological
deficit gets 3 points.

After neurological status assessment, the animals were
anesthetized and blood samples from caudal vein were
taken, centrifugated, aliquoted, serum samples were frozen
for measurement of neurofilament light chains (NLC) level
(Enzyme-linked Immunosorbent AssayKitFor Neurofila-
ment, Light Polypeptide (NEFL), Cloud-Clone corp., Katy,
TX, USA) as a neuronal damage marker and S100BB
(Enzyme-linked Immunosorbent AssayKitFor S100 Calci-
umBindingProtein (S100), Cloud-Clone corp., Katy, TX,
USA) concentration as a glial damage marker. After eu-
thanasia the brains were extracted for determining the brain
damage volume. Five brain slices, 2 mm thick each, were
put into 1% triphenyltetrazolium chloride solution (MP
Biomedicals, Santa Ana, CA, USA) for 15 min at 37 °C and
pH 7.4. Thereafter both sides were photographed with an
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Olympus C4000 digital camera paired with an MBS10 mi-
croscope (BioLab, Moscow, Russian Federation). The re-
ceived images were processed using ImageJ version 1.54j
(https://imagej.net/ij/) and Adobe Photoshop 8.0 software
(San Jose, CA, USA), which allow calculating the necro-
sis zone area. Then, by summing all the results, the brain
damage volume was calculated in relation to the total brain
volume (in %).

2.3 Immunohistochemical Investigations
The rest 5 animals in each group after 8-week treat-

ment were euthanized; the brain was taken away with the
preservation of the pia mater and arachnoid mater, fixed
in zinc-ethanol-formaldehyde [22], dehydrated, and em-
bedded in paraffin. Histological and immunohistochemical
studies were performed on 5-µm frontal sections of the te-
lencephalon at –3.36 mm± 0.12 mm from the bregma [23].
To assess morphological condition of neurons in the Cornu
Ammonis (CA)1 hippocampus zone, sections were stained
with toluidine blue using the Nissl method. Microglia were
evaluated in the forebrain compartments by immunohisto-
chemical labeling with goat polyclonal antibodies to Iba-1
at a dilution of 1:1000 (Abcam, Cambridge, UK). VEC-
TASTAIN Universal Quick HRP kit (Vector Labs, Vector
Laboratories, Inc., Newark, CA, USA) was the secondary
reagents. The HRP label was revealed with the help of di-
aminobenzidine chromogen (DAB+; Agilent Technologies,
Santa Clara, CA, USA).

2.4 Statistic Analysis
Statistical data analysis was performed using the IBM

SPSS Statistics-22 software package (IBM, Chicago, IL,
USA) and Statistica-10 (Statsoft, Tulsa, OK, USA). Results
were obtained with nonparametric methods. Intergroup
differences significance was measured by means of the
Kruskal–Wallace and Mann–Whitney nonparametric tests
for independent samples, using nonparametric ANOVA (a
post-hoc pairwise multiple comparison of groups using the
Dunn’s test). All values are presented as “median [25%;
75%]”. Significance was reached at p < 0.05.

2.5 Ethics Approval
All experimental manipulations were performed in ac-

cordance with the Guide for the Care and Use of Laboratory
Animals (NIH publication No. 85–23, revised 1996) and
the European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Pur-
poses. The study protocol was approved by Institutional
Animal Care and Use Committee of Almazov National
Medical Research Centre (Protocol Number PZ_22_2, Feb
16 2022). All efforts were performed to protect the lab-
oratory animals and minimize their suffering throughout
the study. The experiments complied with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines (https://arriveguidelines.org/).

3. Results
We succeeded in modeling DM in 57 out of 60 rats,

while DM criteria were not reached in the 3 animals: their
BGL during OGTT reached the maximum values of 10.1,
10.7 and 10.9 mmol/L respectively, therefore they were ex-
cluded from the further experiment. For this reason, we
had to include 3 more animals to maintain the stated sam-
ple size. None of the rats developed clinical manifestations
typical for absolute insulin insufficiency throughout the ex-
periment.

3.1 Blood Glucose Level Dynamics
The BGL dynamics are shown in Fig. 2. For ease of

analysis, we plotted blood glucose levels for every other
week. All the rats in the diabetic groups had similarly
elevated glycemic levels in the beginning. The start of
therapy with canagliflozin, liraglutide and dulaglutide was
characterized by BGL decrease and the glycemic profile
remained normal in all the treatment groups throughout
the rest of the experiment, with no differences between
groups. In addition, BGL in “DM+CANA”, “DM+LIRA”
and “DM+DULA” groups did not differ from that in “Con-
trol” group.

Fig. 2. Blood glucose level dynamics. *p < 0.05 comparing
with “Control”, # p< 0.05 comparing with “DM”. Glycemic level
in all diabetic groups was higher than in “Control” group. All
the study drugs (canagliflozin, liraglutide and dulaglutide) caused
glycemic profile normalization; BGL in “DM+Canagliflozin”,
“DM+Liraglutide” and “DM+Dulaglutide” groups did not differ
between each other and with “Control” group. Strept., streptozo-
tocin; DM, diabetes mellitus; BGL, blood glucose level.

3.2 Canagliflozin, Liraglutide and Dulaglutide Influence
on Functional, Morphological and Biochemical
Parameters in Acute Brain Injury
3.2.1 Neurological Deficit and Brain Damage Volume

As mentioned above, neurological status 48 hours af-
ter acute cerebral ischemia was evaluated using the J.H.
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Garcia scale, that includes motor and sensory parameters
and were the healthy animal receives 18 points and the most
severe neurological deficit is described as 3 points.

Animals in “DM” group had more prominent neuro-
logical deficit than in “Control” (8.0 [4.0; 9.0] and 12.0
[10.0; 15.0] points, respectively, p = 0.02). All study treat-
ments resulted in a significant improvement in neurologi-
cal status. Thus, the neurological deficit in “DM+CANA”,
“DM+LIRA” and “DM+DULA”was smaller than in “DM”
(p = 0.000, p = 0.005 and p = 0.000, respectively) and even
in “Control” group (except for “DM+DULA” where neu-
rological deficit tended to be smaller than in “Control”, p
= 0.077). Importantly, there were no between-group differ-
ences between treatment groups (Fig. 3).

Fig. 3. Neurological deficit by Julio H. Garcia scale 48 hours
after acute brain ischemia. *p< 0.05 comparingwith “Control”,
# p< 0.05 comparing with “DM”. Neurological deficit was harder
in “DM” in comparison with “Control”. Neurological status was
significantly better in “DM+Canagliflozin”, “DM+Liraglutide”
and “DM+Dulaglutide” comparing with “DM” and with “Con-
trol” (except for “DM+DULA”). No differences were observed
between the study drugs. DM, diabetes mellitus.

Brain damage volume was similarly big in “Con-
trol” and “DM” groups (17.53 [14.23; 26.58] % and 15.87
[13.40; 22.68] % of total brain volume, respectively, p =
0.631). All the study drugs diminished brain damage vol-
ume comparing with “DM” and “Control”. Importantly,
brain necrosis volume in “DM+LIRA” was smaller than in
“DM+CANA” (2.9 [1.83; 4.71] % and 6.17 [3.88; 8.88] %,
respectively, p = 0.015) and did not significantly differ from
that in “DM+DULA” (2.9 [1.83; 4.71] % and 4.57 [3.27;
7.90] %, respectively, p = 0.165) (Fig. 4A,B).

3.2.2 Biochemical Neuroglial Damage Markers
NLC level was similarly high in “Control” and “DM”

groups (p = 0.963). Both the SGLT-2i canagliflozin

and the long-acting GLP-1RA dulaglutide were associ-
ated with a decrease in this parameter (p = 0.029 com-
paring “DM+CANA” and “DM”, p = 0.026 comparing
“DM+DULA” and “Control”). However, liraglutide had
no effect on NLC concentration (Fig. 5A).

Similarly, S100BB levels were high in both “Con-
trol” and “DM” with no differences between the groups (p
= 0.113). Both GLP-1RAs caused a decrease in S100BB
compared to “Control”, although the effect of liraglutide
was significantly more pronounced than that of dulaglutide
(p = 0.035). On the other hand, canagliflozin did not influ-
ence S100BB concentration (Fig. 5B).

3.3 Canagliflozin, Liraglutide and Dulaglutide Influence
on Neurons Structure and Microglia Activation in Chronic
Brain Injury, Immunohistochemical Assay Results
3.3.1 Nissl Staining

A study of rat brain paraffin sections stained with tolu-
idine blue using the Nissl method showed that in “Control”
group neurons in the CA1 hippocampal zone were arranged
densely in several rows, forming one layer of cells called the
stratum pyramidale. These cells had a light, large nucleus
and 1–2 metachromatically colored nucleoli. A uniformly
distributed chromatophilic substance was clearly visible in
the cytoplasm of the neuronal cell bodies. The initial seg-
ments of neuronal dendrites were often visible, extending
into the stratum radiatum (Fig. 6A).

In the “DM” group hypo- and hyperchromatic neu-
rons, as well as swollen (or edematous) neurons, were iden-
tified (Fig. 6B,C). Throughout the CA1 zone a large number
of wrinkled neurons were observed – cells with pronounced
signs of hyperchromatosis, uneven borders and a decrease
in the cytoplasm and cell nuclear volume (Fig. 6C). There
were also cells with cleared cytoplasm and the absence of
chromatophilic substance (Fig. 6C, arrowhead). Rarely,
shadow cells were found - cells in which toluidine blue
staining was almost completely absent both in the cyto-
plasm and in the nucleus (Fig. 6C, asterisk). In the “DM”
group, a decrease in the number of neurons was often ob-
served in the pyramidal layer of the CA1 zone - neurons lo-
cated in several rows could alternate with neurons located
in 1–2 rows, while areas were observed where neurons were
absent and the pyramidal layer was interrupted.

In the “DM+CANA” group, similar to the “DM”
group, neurons were characterized by the presence of hypo-
and hyperchromatic nuclei throughout the entire examined
area (Fig. 6D). In the “DM+CANA” group wrinkled neu-
rons were less common than in the “DM” group. Swollen
cells and shadow cells were also found (Fig. 6D1).

In the “DM+LIRA” group most neurons had normal
morphology. However, there were cells with signs of hy-
perchromatosis, often these cells had a polygonal shape. In-
dividual cells showed signs of swelling. Rarely individual
neurons or groups of neurons were located outside the pyra-
midal layer (Fig. 6E,E1).
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Fig. 4. Brain damage caused by ischemia-reperfusion injury. (A) Brain damage volume measurement results presented as dot plots
with median values. (B) Representative images of brain slices stained with triphenyltetrazolium chloride. *p < 0.05 comparing with
“Control”, # p < 0.05 comparing with “DM”, § p < 0.05 comparing with “DM+Canagliflozin”. Brain damage volume in “DM” was
as large as in “Control”. All the study drugs reduced the damage volume comparing with “DM” and “Control”, while necrosis volume
in “DM+Liraglutide” was smaller than in “DM+CANA” and not significantly different from that in “DM+Dulaglutide”. DM, diabetes
mellitus.

In both the “DM+DULA” and the “DM+LIRA”
groups, the vast majority of cells did not show pathological
changes. There were individual wrinkled neurons and cells
with signs of hyperchromatosis or swelling (Fig. 6F,F1).

Statistical analysis showed that the number of neurons
with normal unaltered structure was lowest in the “DM”
group. Administration of all the study drugs was associated
with an increased number of normal cells while higher level
was seen in the “DM+LIRA” and “DM+DULA” groups
with no difference between them (Fig. 7A). The number
of pathological cells was mostly similar in all the groups
(Fig. 7B). We also calculated the ratio of normal to patho-
logical cells and found that animals in the “DM” group had
the lowest ratio, while all study drugs increased this ratio
and the “DM+DULA” group was even characterized by a
normal/pathological cell ratio similar to that in the “Con-
trol” group (Fig. 7C).

3.3.2 Microglial Activation, Immunohistochemical
Reaction to Iba-1

An immunohistochemical study of microglial cells in
the CA1 hippocampus zone in the stratum radiatum layer
revealed that in the “Control” group microglia were repre-
sented by the ramified type (Fig. 8, Control). These cells

had a small cell body (and therefore cell bodies were rarely
visible) and long, thin branching processes. In “DM” group
microglia were characterized by a large cell body and of-
ten short and thick processes suggesting that microglia here
were represented by activated forms (Fig. 8, DM). The
number of microgliocytes also increased dramatically. In
the “DM+CANA” group microglia were characterized by
transitional forms. Cell bodies were small, but larger in size
compared to “Control” group. The processes were long and
strongly branched, slightly thicker compared to the “Con-
trol” (Fig. 8, DM+CANA). The number of microgliocytes
was comparable to “DM” group. In the “DM+LIRA” and
“DM+DULA” groups microglia were of the ramified type
(Fig. 8, DM+LIRA, DM+DULA). The number of cells in
the “DM+DULA” group was comparable to the “Control”
group.

Statistical analysis confirmed the data described
above: DM was characterized by an increased number of
immunopositive cells. Canagliflozin treatment did not de-
crease the number of immunopositive cells compared to
the “DM” group. On the other hand, both GLP-1RAs re-
duced the number of activated microgliocytes compared to
the “DM” group, with dulaglutide beingmore effective than
liraglutide (Fig. 9).
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Fig. 5. Neurofilament light chains and S100BB protein concentrations 48 hours after ischemia-reperfusion injury. (A) Neuro-
filament light chains (ng/mL) level, (B) S100BB protein (pg/mL) level. *p < 0.05 comparing with “Control”, # p < 0.05 comparing
with “DM”, ¶ p< 0.05 between “DM+Liraglutide” and “DM+Dulaglutide”. Neurofilament light chains level did not differ in “DM” and
“Control”. Dulaglutide and canagliflozin administration caused prominent NLC decrease while liraglutide did not influence this param-
eter. Protein S100BB level was similar in “DM” and “Control” groups. Both liraglutide and dulaglutide administration was associated
with S100BB decrease whereas liraglutide caused the largest S100BB decrease, on the other hand canagliflozin did not significantly
influence it. NLC, neurofilament light chains; DM, diabetes mellitus. The green * is the statistic outlier.

4. Discussion
Our study was aimed to investigate the influence of

diabetes mellitus on the severity of brain damage in condi-
tions of acute and chronic brain ischemia as well as to hold
the direct comparison of GLP-1RAs and SGLT-2i neuro-
protective properties under these conditions.

In clinical practice, DM is known to be a major cause
of acute cardiovascular accidents such as myocardial in-
farction and stroke, leading to significant disability or even
death much more frequently than in the general population
[24]. Surprisingly, the experimental data are not so unam-
biguous. Thus, it has been shown that the infarction area in
diabetic animals was even smaller than in nondiabetic an-
imals [25]. The explanation for such a phenomenon could
be some kind of metabolic preconditioning that takes place
in hyperglycemic conditions. Conversely, there are a num-
ber of experimental studies showing an outstanding nega-
tive impact of hyperglycemia in organ damage volume, in-
cludingmyocardial infarction and stroke, and poor outcome
[26–28]. In our experiment brain damage volume was simi-
lar in untreated diabetic and non-diabetic animals, whereas
the neurological deficit was more pronounced in diabetic
animals, implying a worse recovery after stroke and there-
fore potentially a worse outcome.

To compare the neuroprotective effects of glucose-
lowering drugs, we chose liraglutide and dulaglutide as two
GLP-1RAs with different durations of action. According
to RCTs, liraglutide has demonstrated the potential to re-
duce all-cause mortality, cardiovascular mortality and the

incidence of myocardial infarction, without a certain im-
pact on the risk of stroke. In contrast, dulaglutide is one
of the long-acting GLP-1RAs that can reduce the risk of
non-fatal stroke [29]. Interestingly, there is a large body of
experimental work focusing on the neuroprotective effect
of liraglutide in both diabetic and non-diabetic rats, used
before or after stroke [11,12,14,30]. Thus, liraglutide has
demonstrated anti-ischemic properties in experimental con-
ditions. On the contrary, we have not found any data on
the neuroprotective potential of dulaglutide in stroke con-
ditions in diabetic rats. Part of the rats in our experiment
received canagliflozin as a non-selective SGLT-2i, which
means that this drug suppresses not only the second type of
sodium-glucose cotransporter, which is mainly found in the
kidneys, but also the first type, which is widely expressed
in the CNS and vascular endothelium [16]. In this context,
as mentioned above, canagliflozin could be a perspective
drug to realize neuroprotective properties. Surprisingly, al-
though there are some publications on the neuroprotective
properties of other SGLT-2i, for example the highly selec-
tive empagliflozin [31,32], we could not find any work on
the effect of canagliflozin in transient brain ischemia.

To our knowledge, our study is the first direct com-
parative investigation of the neuroprotective properties of
GLP-1RAs and SGLT-2i in acute brain ischemia in diabetic
rats.

Previously, our group performed a similar direct com-
parative study of SGLT-2i and GLP-1RA neuroprotective
effects in stroke, but in non-diabetic conditions [33]. Such a
model of non-diabetic rats undergoing stroke helps to phe-
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Fig. 6. Neurons of Cornu Ammonis (CA)1 zone of rat hippocampus. Nissle staining. “Control” group (A); diabetes mellitus, “DM”
(B,C); diabetes mellitus + canagliflozin, “DM+CANA” (D,D1), diabetes mellitus + liraglutide, “DM+LIRA” (E,E1); diabetes mellitus
+ dulaglutide, “DM+DULA” (F) (D,E,F — lower magnification, D1,E1,F1 — higher magnification). Arrows point at expanded cells
(B,D1), shriveled neurons (C,F1), hyperchromatosis (D,F,E1), neurons outside the pyramidal layer (E). Arrowheads point at hypochro-
matosis (C,D1) and expanded cell (E1). Asterisk indicates shadow cells (C) and empty area between neurons (D1). Scale bar 20 µm
(A–F) and 5 µm (D1–F1). In the “Control” group neurons in the CA1 hippocampus zone were arranged densely in several rows, forming
one layer of cells called the stratum pyramidale. These cells had a light, large nucleus and 1–2 metachromatically colored nucleoli. In the
“DM” group there were hypo- and hyperchromatic, swollen, wrinkled neurons; in the pyramidal layer of CA1 zone neurons number was
decreased, neurons located in several rows alternated with neurons located in 1–2 rows, areas were observed where neurons were absent
and the pyramidal layer was interrupted. In the “DM+CANA” group, there were hypo- and hyperchromatic nuclei throughout the entire
studied area, wrinkled neurons were less common than in “DM” group. In the “DM+LIRA” most neurons had normal morphology but
there were cells with signs of hyperchromatosis, often with polygonal shape. In “DM+DULA” group most cells did not have pathologi-
cal changes. There were single wrinkled neurons and cells with signs of hyperchromatosis or swelling. SO, stratum oriens; SP, stratum
pyramidale; SR, stratum radiatum.
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Fig. 7. Number of normal, pathological cells and normal/pathological cells ratio of CA1 zone of rat hippocampus, Nissl staining.
(A) number of normal cells/mm2, (B) number of pathological cells/mm2, (C) normal cells/pathological cells ratio. *p< 0.05 comparing
with “Control”, # p < 0.05 comparing with “DM”, § p < 0.05 comparing with “DM+CANA”, ¶ p < 0.05 between “DM+LIRA” and
“DM+DULA”. Number of pathological cells was mostly similar in all groups. “DM” was characterized by the lowest value of normal
cells and the lowest normal/pathological cells ratio. Canagliflozin, liraglutide and dulaglutide administration led let to increase in both
these parameters while GLP-1RA liraglutide and dulaglutide had more prominent effect.

nomenologically confirm the presence of neuroprotective
potential of some substances - in this situation, glucose-
lowering drugs.

The current study held in diabetic rats helps to mimic
the conditions close to the real-life ones. We succeeded in
reaching similarly satisfactory glycemic profile in all treat-
ment groups so that glycemic level did not differ signifi-
cantly between the canagliflozin, liraglutide and dulaglu-
tide treatment groups. We believe this allows us to ana-
lyze pleotropic neuroprotective effects of these drugs with-
out strong association with glycemic control.

We found out that canagliflozin, liraglutide and du-
laglutide all reduced the brain damage volume and neuro-
logical deficit in transient ischemia-reperfusion injury. Al-

though all three drugs had a similar beneficial effect on neu-
rological status, the infarct-limiting property of liraglutide
was more pronounced than that of canagliflozin and did not
differ from that of dulaglutide, suggesting that GLP-1RAs
may be more protective than SGLT-2i in acute ischemic
stroke. However, these data need to be investigated further
to understand whether this is a drug-effect or a class-effect.

A possible explanation for the more pronounced
infarct-limiting property of GLP-1RAs may be related to
the broader expression of GLP-1 receptors in the CNS than
that of SGLT-2. For example, GLP-1 receptors are found
in the frontal cortex, thalamus, hypothalamus, hippocam-
pus, cerebellum and substantia nigra–regions known to be
involved in the regulation of energy homeostasis and au-
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Fig. 8. Microglia of stratum radiatumof rat hippocampal CA1 zone. Immunohistochemical reaction to Iba-1. Effects of DM (diabetes
mellitus), canagliflozin (DM+CANA), liraglutide (DM+LIRA) and dulaglutide (DM+DULA) on microglia activation. Arrows point at
Iba-1+-cells. Scale bar 20 µm. In the “Control” group microglia were represented by the ramified type characterized by a small cell body
and long, thin branching processes. In the “DM” group microglia were characterized by a bigger number of cells, larger cell body, short
and thick processes typical for activated forms. In the “DM+CANA” group microglia were characterized by transitional forms. In the
“DM+LIRA” and “DM+DULA” groups microglia were of the ramified type.

tonomic functions [34]. Moreover, GLP-1 receptors are
also present in the dorsal vagus complex, particularly in
the nucleus of the solitary tract, and to a lesser extent in
the subfornical organ and area postrema [35]. GLP-1RA
are known to realize their protective effect in ischemic con-
ditions through several ways including activation of anti-
apoptotic genes and suppression of proapoptotic ones [36].
Anti-ischemic properties of SGLT-2i are much less stud-

ied and the specific mechanisms require further investiga-
tion. Nevertheless, low-selective SGLT-2i might by more
promising regarding ischemic conditions as this is SGLT-1
activation during stroke that realizes proinflammatory ac-
tion, increases ischemia-reperfusion injury and decreases
neuronal survival [16].

Ischemia-reperfusion injury in our study was associ-
ated with increase in neurofilament light chains indepen-
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Fig. 9. Number of immunopositive cells (activated microglio-
cytes) in stratum radiatum of rat hippocampal CA1 zone,
immunohistochemical reaction to Iba-1. *p < 0.05 compar-
ing with “Control”, # p < 0.05 comparing with “DM”, § p
< 0.05 comparing with “DM+Canagliflozin”, ¶ p < 0.05 be-
tween “DM+Liraglutide” and “DM+Dulaglutide”. DM was char-
acterized by increased number of immunopositive cells — acti-
vated microgliocytes. Canagliflozin treatment did not decrease
immunopositive cells number in comparison with “DM” group,
while both GLP-1RAs decreased activated microgliocytes num-
ber comparing with the “DM” group, with dulaglutide being more
effective than liraglutide. DM, diabetes mellitus.

dently on glycemic profile which resulted in similar in-
crease of this parameter in both control group and untreated
diabetic group. NLC are the proteins comprising predom-
inantly large-caliber myelinated axons and are the part of
a complex called neurofilament [37]. Increased levels of
NLC can be observed in biological fluids, including blood,
in various conditions associated with nervous system dam-
age, such as neurodegenerative diseases and traumatic brain
injury [38]. It has been reported that serum NLC level
correlates with the infarct volume in patients with acute
ischemic stroke [39] and can be a biochemical predictor
of unfavorable outcome and secondary neurodegeneration
development after stroke [40]. In our study NLC level
was lower in animals treated with canagliflozin and long-
acting GLP-1RA dulaglutide. Surprisingly, liraglutide did
not have similar action. The positive effect of both SGLT-
2i and long-acting GLP-1RAs on NLC levels suggests that
these drugs have a direct effect on neuronal tissue survival.

Another potential mechanism involved in ischemic
stroke may be related to microglial damage. Microglia are
resident CNS immune cells that act as critical sensors, ef-
fectors and regulators of CNS homeostasis under normal
and pathological conditions [41]. In acute damage such as
ischemic stroke microglia play a crucial role in a number
of pathophysiological pathways leading to the activation of
complement system and reactive oxygen species release.
During the course of stroke, microglia undergo severe mor-

phological changes and participate in neuroinflammation
and at the same time in the regeneration process, thus re-
alizing both alternating and beneficial effects [42].

To assess the microglial component of the damage,
we measured serum levels of S100BB. S100 are the brain
glial proteins produced mainly by astrocytes. Cerebral
S100 is a combination of two closely related family pro-
teins: S100A1 (S100α) and S100BB (S100β). Due to their
ability to regulate a number of proteins activity, S100A1
and S100BB are involved in the transduction of signals
that control energy metabolism enzymes activity in brain
cells, calcium homeostasis, cell cycle, cytoskeletal func-
tions, transcription, proliferation and cell differentiation,
their motility, secretory processes, structural organization
of biomembranes [43]. The biological role of S100BB se-
creted by astrocytes is thought to be different: at physio-
logical (nanomolar) concentrations the neurotrophic effect
predominates, which occurs for example during CNS devel-
opment or neural regeneration, whereas at high (micromo-
lar) concentrations the possible neurotoxic effects dominate
[44]. During brain injury, including ischemic stroke, S100
readily crosses the damaged blood-brain barrier and can be
found elevated in the bloodstream [45]. Recent studies have
demonstrated the role of S100BB protein in acute ischemic
stroke. It has been reported that serum S100BB elevation
is positively correlated with the extent of brain damage and
worse outcome [46]. In our study, S100BB was elevated
after ischemia-reperfusion injury in both untreated groups,
control and diabetic, suggesting a microglial damage com-
ponent in the pathogenesis of acute ischemic stroke. Both
GLP-1RAs, liraglutide and dulaglutide, reduced S100BB,
with liraglutide having the most pronounced effect. At
the same time, canagliflozin did not affect this parameter.
We can therefore assume that GLP-1RAs reduce astroglial
damage, whereas SGLT-2i do not have such an effect. Tak-
ing into account that liraglutide demonstrated an outstand-
ing infarct-limiting effect and caused S100BB but not NLC
decrease, we can assume that this drug exerts its neuropro-
tective effect in acute stroke mainly by affecting microglia
rather than neurons themselves. However, this idea needs
further confirmation.

We also investigated the CNS damage in the condi-
tions of chronic brain ischemia using DM model itself as-
suming that long-standing diabetes is characterized by the
kind of CNS lesion by the mechanism of “silent” strokes
as described earlier. Immunohistochemical assay approved
that DM is characterized by pathological changes in the
neurons. All the study drugs administration was associ-
ated with increased number of cells with unchanged struc-
ture, while GLP-1RAs had more pronounced effect, with-
out differences between liraglutide and dulaglutide. This
finding suggests direct positive influence of SGLT-2i and
especially GLP-1RAs on neurons structure. Besides, we
revealed pathological microglial activation in DM animals
which was diminished by both GLP-1RAs with dulaglu-
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tide being more effective, whereas SGLT-2i canagliflozin
did not realize this effect.

Thus, it can be assumed that microglial damage and
pathological hyperactivation are involved in the pathogen-
esis of both acute and chronic brain damage. GLP-1RA
can diminish microglial reaction while protective effect of
SGLT-2i lies aside from the influence on microglia.

5. Conclusions
We can conclude that ischemic stroke course might

be more severe in the presence of DM which represents in
worse neurological outcome. Brain ischemia independently
on the presence of DM is accompanied by both neuronal
and glial damage. In acute ischemia-reperfusion injury both
GLP-1RAs and SGLT-2i are neuroprotective while GLP-
1RAs pleotropic effect might be more prominent as this
group of drugs has more pronounced infarct-limiting effect.
Microglia damage and pathological activation are parts of
acute and chronic brain damage pathogenesis. We can sug-
gest that both GLP-1RAs and SGLT-2i in acute stroke and
in chronic brain damage have direct positive influence on
neuronal structure and survival while only GLP-1RAs also
decrease microglial damage and pathological hyperactiva-
tion.

Availability of Data and Materials
All datasets on which the conclusions of a manuscript

depend are included in the article in the form of graphic ma-
terial including individual values or boxplots. Additional
information is available from the corresponding author on
reasonable request.

Author Contributions
DK, TV and TK designed the research study. AS,

OF, NT, AI, DS and OK performed the research. AS,
OF, DS and OK analyzed the data. AS and DS wrote the
manuscript. All authors contributed to editorial changes
in the manuscript, read and approved the final manuscript.
All authors have participated sufficiently in the work and
agreed to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate
All experimental procedures were performed in accor-

dance with the Guide for the Care and Use of Laboratory
Animals (NIH publication No. 85–23, revised 1996) and
the European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific Pur-
poses. The study protocol was approved by Institutional
Animal Care and Use Committee of Almazov National
Medical Research Centre (Protocol Number PZ_22_2, Feb
16 2022). All efforts were performed to protect the labo-
ratory animals and minimize their suffering throughout the
study. The experiments complied with the ARRIVE guide-
lines (https://arriveguidelines.org/).

Acknowledgment
Not applicable.

Funding
This research was funded by the Ministry of Health of

Russian Federation, agreement no. 124021600064-8.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Mosenzon O, Cheng AY, Rabinstein AA, Sacco S. Diabetes and

Stroke: What Are the Connections? Journal of Stroke. 2023; 25:
26–38.

[2] Dove A, Shang Y, Xu W, Grande G, Laukka EJ, Fratiglioni L,
et al. The impact of diabetes on cognitive impairment and its
progression to dementia. Alzheimer’s & Dementia: the Journal
of the Alzheimer’s Association. 2021; 17: 1769–1778.

[3] Roy B, Ehlert L, Mullur R, Freeby MJ, Woo MA, Kumar R, et
al. Regional Brain Gray Matter Changes in Patients with Type 2
Diabetes Mellitus. Scientific Reports. 2020; 10: 9925.

[4] Herderscheê D, Hijdra A, Algra A, Koudstaal PJ, Kappelle LJ,
vanGijn J. Silent stroke in patients with transient ischemic attack
or minor ischemic stroke. The Dutch TIA Trial Study Group.
Stroke. 1992; 23: 1220–1224.

[5] Davies MJ, Aroda VR, Collins BS, Gabbay RA, Green J,
Maruthur NM, et al. Management of Hyperglycemia in Type 2
Diabetes, 2022. A Consensus Report by the American Diabetes
Association (ADA) and the European Association for the Study
of Diabetes (EASD). Diabetes Care. 2022; 45: 2753–2786.

[6] ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM,
Bruemmer D, et al. 2. Classification and Diagnosis of Diabetes:
Standards of Care in Diabetes-2023. Diabetes Care. 2023; 46:
S19–S40.

[7] Giugliano D, Scappaticcio L, Longo M, Bellastella G, Esposito
K.GLP-1 receptor agonists vs. SGLT-2 inhibitors: the gap seems
to be leveling off. Cardiovascular Diabetology. 2021; 20: 205.

[8] Pandey AK, Okaj I, Kaur H, Belley-Cote EP, Wang J, Oraii A, et
al. Sodium-Glucose Co-Transporter Inhibitors and Atrial Fibril-
lation: A Systematic Review andMeta-Analysis of Randomized
Controlled Trials. Journal of the American Heart Association.
2021; 10: e022222.

[9] Li HL, Lip GYH, Feng Q, Fei Y, Tse YK,WuMZ, et al. Sodium-
glucose cotransporter 2 inhibitors (SGLT2i) and cardiac arrhyth-
mias: a systematic review and meta-analysis. Cardiovascular
Diabetology. 2021; 20: 100.

[10] Tsai WH, Chuang SM, Liu SC, Lee CC, Chien MN, Leung CH,
et al. Effects of SGLT2 inhibitors on stroke and its subtypes in
patients with type 2 diabetes: a systematic review and meta-
analysis. Scientific Reports. 2021; 11: 15364.

[11] Zhu H, Zhang Y, Shi Z, Lu D, Li T, Ding Y, et al. The Neuro-
protection of Liraglutide Against Ischaemia-induced Apoptosis
through the Activation of the PI3K/AKT and MAPK Pathways.
Scientific Reports. 2016; 6: 26859.

[12] Briyal S, Shah S, Gulati A. Neuroprotective and anti-apoptotic
effects of liraglutide in the rat brain following focal cerebral is-
chemia. Neuroscience. 2014; 281: 269–281.

[13] Deng C, Cao J, Han J, Li J, Li Z, Shi N, et al. Liraglutide Ac-
tivates the Nrf2/HO-1 Antioxidant Pathway and Protects Brain
Nerve Cells against Cerebral Ischemia in Diabetic Rats. Compu-
tational Intelligence and Neuroscience. 2018; 2018: 3094504.

[14] Filchenko I, Simanenkova A, Chefu S, Kolpakova M, Vlasov T.
Neuroprotective effect of glucagon-like peptide-1 receptor ago-

12

https://arriveguidelines.org/
https://www.imrpress.com


nist is independent of glycaemia normalization in type two di-
abetic rats. Diabetes & Vascular Disease Research. 2018; 15:
567–570.

[15] Dordoe C, Huang W, Bwalya C, Wang X, Shen B, Wang H, et
al. The role of microglial activation on ischemic stroke: Modu-
lation by fibroblast growth factors. Cytokine & Growth Factor
Reviews. 2023; 74: 122–133.

[16] Pawlos A, Broncel M, Woźniak E, Gorzelak-Pabiś P. Neuropro-
tective Effect of SGLT2 Inhibitors. Molecules (Basel, Switzer-
land). 2021; 26: 7213.

[17] Simanenkova AV, Fuks ОS, Timkina NV, Karonova TL, Tsyba
DL, Kirik ОV, et al. An Experimental Study of the Neuroprotec-
tive Effect of Sodium–Glucose Cotransporter Type 2 Inhibitors.
Journal of Evolutionary Biochemistry and Physiology. 2022; 58:
1540–1553.

[18] Adeyi AO, Idowu BA, Mafiana CF, Oluwalana SA, Ajayi OL,
Akinloye OA. Rat model of food-induced non-obese-type 2 di-
abetes mellitus: comparative pathophysiology and histopathol-
ogy. International Journal of Physiology, Pathophysiology and
Pharmacology. 2012; 4: 51–58.

[19] Zhang M, Lv XY, Li J, Xu ZG, Chen L. The characterization of
high-fat diet and multiple low-dose streptozotocin induced type
2 diabetes rat model. Experimental Diabetes Research. 2008;
2008: 704045.

[20] Koizumi J, Yoshida Y, Nakazawa T, Ooneda G. Ехреrimеntаl
studiеs of isсhеmiс brаin еdеmа: I: А nеw ехреrimеntаl modеl
of сеrеbrаl еmbolism in whiсh rесirсulаtion саn introduсеd into
thе isсhеmiс аrеа. Japanese Journal of Stroke. 1986; 8: 1–8. (In
Japanese)

[21] Garcia JH, Wagner S, Liu KF, Hu XJ. Neurological deficit and
extent of neuronal necrosis attributable to middle cerebral artery
occlusion in rats. Statistical validation. Stroke. 1995; 26: 627–
634; discussion 635.

[22] Korzhevskii DE, Sukhorukova EG, Kirik OV, Grigorev IP. Im-
munohistochemical demonstration of specific antigens in the hu-
man brain fixed in zinc-ethanol-formaldehyde. European Jour-
nal of Histochemistry: EJH. 2015; 59: 2530.

[23] Paxinos G, Watson Ch. The Rat Brain in Stereotaxic Coordi-
nates. 4th edn. Acad Press: San Diego. 1998.

[24] Chen R, Ovbiagele B, Feng W. Diabetes and Stroke: Epidemi-
ology, Pathophysiology, Pharmaceuticals and Outcomes. The
American Journal of theMedical Sciences. 2016; 351: 380–386.

[25] Galagudza MM, Nekrasova MK, Syrenskii AV, Nifontov EM.
Resistance of the myocardium to ischemia and the efficacy of is-
chemic preconditioning in experimental diabetes mellitus. Neu-
roscience and Behavioral Physiology. 2007; 37: 489–493.

[26] Marfella R, D’Amico M, Di Filippo C, Piegari E, Nappo F, Es-
posito K, et al. Myocardial infarction in diabetic rats: role of
hyperglycaemia on infarct size and early expression of hypoxia-
inducible factor 1. Diabetologia. 2002; 45: 1172–1181.

[27] Simanenkova AV, Minasian SM, Karonova TL, Vlasov TD,
Timkina NV, Khalzova АK, et al. Comparative evaluation
of empagliflozin, canagliflozin and sitagliptin cardioprotective
properties in rats with experimental type 2 diabetes mellitus. Di-
abetes Mellitus. 2021; 24: 111–121. (In Russian)

[28] Yang H, Ma S, Liu Y, Li Y, Wu W, Han E, et al. Poor outcome
of experimental ischemic stroke in type 2 diabetic rats: impaired
circulating endothelial progenitor cells mobilization. Journal of
Stroke and Cerebrovascular Diseases: the Official Journal of
National Stroke Association. 2015; 24: 980–987.

[29] Kristensen SL, Rørth R, Jhund PS, Docherty KF, Sattar N, Preiss
D, et al. Cardiovascular, mortality, and kidney outcomes with
GLP-1 receptor agonists in patients with type 2 diabetes: a sys-
tematic review and meta-analysis of cardiovascular outcome tri-

als. The Lancet. Diabetes & Endocrinology. 2019; 7: 776–785.
[30] Sato K, Kameda M, Yasuhara T, Agari T, Baba T, Wang F, et al.

Neuroprotective effects of liraglutide for stroke model of rats.
International Journal of Molecular Sciences. 2013; 14: 21513–
21524.

[31] Abdel-Latif RG, Rifaai RA, Amin EF. Empagliflozin alleviates
neuronal apoptosis induced by cerebral ischemia/reperfusion
injury through HIF-1α/VEGF signaling pathway. Archives of
Pharmacal Research. 2020; 43: 514–525.

[32] Al Mudhafar AM, Abed FN, Abosaooda M, Al-Mudhafar RH,
Hadi NR. Neuroprotective Effect of Empagliflozinon Cerebral
Ischemia/Reperfusion Injury in Rat Model. Annals of the Ro-
manian Society for Cell Biology. 2021; 4876–4887.

[33] Simanenkova AV, Fuks OS, Timkina NV, Tikhomirova PA,
Vlasov TD, Karonova TL. Neuroprotective effects of glucose-
lowering drugs in rat focal brain ischemia-reperfusion model.
Arterial Hypertension. 2023; 29: 579–592. (In Russian)

[34] Athauda D, Foltynie T. The glucagon-like peptide 1 (GLP) re-
ceptor as a therapeutic target in Parkinson’s disease: mecha-
nisms of action. Drug Discovery Today. 2016; 21: 802–818.

[35] Cabou C, Burcelin R. GLP-1, the gut-brain, and brain-periphery
axes. The Review of Diabetic Studies: RDS. 2011; 8: 418–431.

[36] Yang X, Qiang Q, Li N, Feng P, Wei W, Hölscher C. Neuropro-
tective Mechanisms of Glucagon-Like Peptide-1-Based Thera-
pies in Ischemic Stroke: An Update Based on Preclinical Re-
search. Frontiers in Neurology. 2022; 13: 844697.

[37] Yuan A, Rao MV, Veeranna, Nixon RA. Neurofilaments and
Neurofilament Proteins in Health and Disease. Cold Spring Har-
bor Perspectives in Biology. 2017; 9: a018309.

[38] Coppens S, Lehmann S, Hopley C, Hirtz C. Neurofilament-
Light, a Promising Biomarker: Analytical, Metrological and
Clinical Challenges. International Journal of Molecular Sci-
ences. 2023; 24: 11624.

[39] Ahn JW, Hwang J, Lee M, Kim JH, Cho HJ, Lee HW, et al.
Serum neurofilament light chain levels are correlated with the
infarct volume in patients with acute ischemic stroke. Medicine.
2022; 101: e30849.

[40] Pekny M, Wilhelmsson U, Stokowska A, Tatlisumak T, Jood
K, Pekna M. Neurofilament Light Chain (NfL) in Blood-
A Biomarker Predicting Unfavourable Outcome in the Acute
Phase and Improvement in the Late Phase after Stroke. Cells.
2021; 10: 1537.

[41] Deng W, Mandeville E, Terasaki Y, Li W, Holder J, Chuang AT,
et al. Transcriptomic characterization of microglia activation in
a rat model of ischemic stroke. Journal of Cerebral Blood Flow
and Metabolism: Official Journal of the International Society of
Cerebral Blood Flow and Metabolism. 2020; 40: S34–S48.

[42] Zhao SC, Ma LS, Chu ZH, Xu H, Wu WQ, Liu F. Regulation
of microglial activation in stroke. Acta Pharmacologica Sinica.
2017; 38: 445–458.

[43] Rothoerl RD, Brawanski A, Woertgen C. S-100B protein serum
levels after controlled cortical impact injury in the rat. Acta Neu-
rochirurgica. 2000; 142: 199–203.

[44] Donato R. S100: a multigenic family of calcium-modulated pro-
teins of the EF-hand type with intracellular and extracellular
functional roles. The International Journal of Biochemistry &
Cell Biology. 2001; 33: 637–668.

[45] Kaca-Oryńska M, Tomasiuk R, Friedman A. Neuron-specific
enolase and S 100B protein as predictors of outcome in is-
chaemic stroke. Neurologia i Neurochirurgia Polska. 2010; 44:
459–463.

[46] Selçuk Ö, Yayla V, Çabalar M, Güzel V, Uysal S, Gedikbaşi A.
The Relationship of Serum S100B Levels with Infarction Size
and Clinical Outcome in Acute Ischemic Stroke Patients. Noro
Psikiyatri Arsivi. 2014; 51: 395–400.

13

https://www.imrpress.com

	1. Introduction 
	2. Materials and Methods
	2.1 Study Design and Experimental Groups
	2.2 Transient Focal Brain Ischemia
	2.3 Immunohistochemical Investigations
	2.4 Statistic Analysis 
	2.5 Ethics Approval 

	3. Results
	3.1 Blood Glucose Level Dynamics
	3.2 Canagliflozin, Liraglutide and Dulaglutide Influence on Functional, Morphological and Biochemical Parameters in Acute Brain Injury
	3.2.1 Neurological Deficit and Brain Damage Volume
	3.2.2 Biochemical Neuroglial Damage Markers 

	3.3 Canagliflozin, Liraglutide and Dulaglutide Influence on Neurons Structure and Microglia Activation in Chronic Brain Injury, Immunohistochemical Assay Results 
	3.3.1 Nissl Staining
	3.3.2 Microglial Activation, Immunohistochemical Reaction to Iba-1


	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

