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Abstract

Background: Ischemic stroke is the leading cause of mortality and disability worldwide with more than half of survivors liv-
ing with serious neurological sequelae; thus, it has recently attracted a lot of attention in the field of medical study. Purpose:
The aim of this study was to determine the effect of naringin supplementation on neurogenesis and brain-derived neurotrophic
factor (BDNF) levels in the brain in experimental brain ischemia—reperfusion. Study design: The research was carried out on
40 male Wistar-type rats (10-12 weeks old) obtained from the Experimental Animals Research and Application Center of
Selcuk University. Experimental groups were as follows: (1) Control group, (2) Sham group, (3) Brain ischemia—reperfusion
group, (4) Brain ischemia—reperfusion + vehicle group (administered for 14 days), and (5) Brain ischemia—reperfusion + Nar-
ingin group (100 mg/kg/day administered for 14 days). Methods: In the ischemia—reperfusion groups, global ischemia was
performed in the brain by ligation of the right and left carotid arteries for 30 min. Naringin was administered to experimental
animals by intragastric route for 14 days following reperfusion. The training phase of the rotarod test was started 4 days
before ischemia—reperfusion, and the test phase together with neurological scoring was performed the day before and 1, 7,
and 14 days after the operation. At the end of the experiment, animals were sacrificed, and then hippocampus and frontal
cortex tissues were taken from the brain. Double cortin marker (DCX), neuronal nuclear antigen marker (NeulN), and BDNF
were evaluated in hippocampus and frontal cortex tissues by Real-Time qPCR analysis and immunohistochemistry methods.
Results: While ischemia—reperfusion increased the neurological score values, DCX, NeuN, and BDNF levels decreased
significantly after ischemia in the hippocampus and frontal cortex tissues. However, naringin supplementation restored the
deterioration to a certain extent. Conclusion: The results of the study show that 2 weeks of naringin supplementation may
have protective effects on impaired neurogenesis and BDNF levels after brain ischemia and reperfusion in rats.
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Introduction

Stroke is a disease condition defined as the interruption
of blood flow to the brain due to a clot or embolism or the
rupture of a blood vessel in the brain, which then leads to
neurological disorders (Ojaghihaghighi et al., 2017). Cur-
rently, a surgical thrombectomy procedure is performed
to apply a thrombolytic agent such as tissue plasminogen
activator (tPA) or to mechanically remove the blood clot
(thrombus) for the treatment of ischemic stroke (Prab-
hakaran et al., 2015). However, the timeframe available
for these treatments is very narrow, and survivors often
exhibit limited functional recovery as well as a high degree
of morbidity (Dorado et al., 2014). Therefore, there is an
urgent need for new treatment modalities that can lead
to better functional recovery and reduced morbidity. To
this end, brain repair processes through endogenous neu-
rogenesis after stroke have been a particular subject of
research. Ischemic injury triggers low-level endogenous
neurogenesis in the subventricular (SVZ) and subgranular
(SGZ) zones, followed by the migration of neuroblasts
to the injury site (Rahman et al., 2021). Therefore, many
studies have been conducted to improve stroke-induced
neurogenesis by applying appropriate exogenous factors
that play a role in the proliferation, migration, and syn-
aptic integration of neural stem/progenitor cells, and thus
in motor and cognitive functional recovery after stroke
(Marques et al., 2019). Adult neurogenesis is the process
of proliferation and differentiation of neural stem/progeni-
tor into either neurons or glia cells (astrocytes and micro-
glial cells), then migration, maturation, and integration
of newly born cells into the previously developed neural
network (Bartkowska et al., 2022). Neural stem/progenitor
cells and substances required for neurogenesis are found
in neurogenic niches in the mammalian brain, including
the human brain (Culig et al., 2022). The neurogenic niche
refers to the local micro-environment containing neural
stem/progenitor cells that are self-renewing and have the
potential to differentiate into different cell types (glial cells
and neurons) (Accogli et al., 2020). Neurogenesis has been
studied much more extensively in two well-known regions,
the SGZ of the hippocampal dentate gyrus and the SVZ of
the lateral ventricles (Hagg, 2009). The function of newly
born neurons is dependent on the region in which they
generate, such as newly born granule cells in the SGZ
have a role in hippocampal-dependent learning and mem-
ory (Terranova et al., 2019), pattern separation (Treves
et al., 2008), cognitive flexibility (Garthe et al., 2016),
and forgetting (Anacker et al., 2018). Neurogenesis in the
hippocampus can be modulated by environmental factors
such as social, sensory, motor, and cognitive enrichment,
voluntary physical activity, and hippocampal-dependent

@ Springer

learning tasks, such as eye-blink conditioning and spa-
tial navigation learning in the Morris water maze test,
enhance hippocampal neurogenesis, in contrary factors
such as physical and psychosocial stressors and depression
cause a reduction in hippocampal neurogenesis. In addi-
tion, various endogenous factors such as developmental
morphogens, neurotrophic factors, and neurotransmitters
have been reported to influence hippocampal neurogen-
esis. (Lieberwirth et al., 2016). Brain-derived neurotrophic
factor (BDNF) is the best-studied neurotrophic factor in
concern with adult neurogenesis and stroke-induced neu-
rogenesis (Leal et al., 2017). Both endogenous and exoge-
nous BDNF enhance the proliferation, survival, migration,
and maturation of neural stem/progenitor cells in the SVZ
and SGZ (Bath et al., 2012; Bekinschtein et al., 2011).
Low BDNF levels are associated with an increased risk
of stroke, worse functional outcomes, and higher mor-
tality (Kotlega et al., 2017). After induction of ischemic
stroke in animals, the elevation of BDNF levels by vari-
ous endogenous and exogenous factors has been associated
with increased neurogenesis and thus learning, memory,
and functional improvement (Kim et al., 2014; Ni et al.,
2020; Wang et al., 2004).

The administration of flavonoids stimulates neurogenesis
via various pathways in the brain under physiological condi-
tions and after ischemic stroke (Calis et al., 2020; Cichon
et al., 2020). Naringin, a natural flavonoid extract from
grapefruit and orange, is well known for its anti-inflamma-
tory and antioxidant activities (Zhao & Liu, 2021). Recent
studies have shown that naringin has a positive effect on
neurogenesis and BDNF levels in both physiological and
pathological conditions (Gao et al., 2022a).

The present study aimed to determine the effect of 2-week
administration of naringin on neurogenesis in focal brain
ischemia—reperfusion in rats.

Materials and Methods
Animals

This study was carried out in the Experimental Medicine
Application and Research Center of Selcuk University
and all animal experimental methods and protocols were
approved by the Ethics Committee of the same center (dated
31.12.2021, reference number: 2021-55). Forty Wistar male
rats (10-12 weeks old) with an average weight of 300—400 g
(350 g) were used in this study. Animals had free access to
a standard diet and water ‘ad libitum’ before and during the
experiments, and they were kept in an environment with
an average temperature of 22 +2 °C with a normal 12/12-h
light/dark cycle. All efforts were made to minimize the
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number of animals used and reduce their suffering during
the experiments.

Molecular analyses of the study were performed in Selcuk
University Medical Faculty Molecular Physiology Labora-
tory, histological analyses were performed in the Selcuk
University Medical Faculty Histology Laboratory.

Bilateral Common Carotid Arteries Occlusion/
Reperfusion (BCCAo/r) Model Establishment

Two-vessel occlusion model (2VO) was used to generate
experimental global brain ischemia in rats. Surgical pro-
cedures performed with minor changes as reported in the
previous study of the same authors (Caliskan et al., 2016).
In brief, the animals were first anesthetized by intraperito-
neal (i.p.) administration of ketamine HCI (60 mg/kg) and
xylazine (5 mg/kg). Then anesthetized rats were placed in a
supine position on the operating table, and a cervical inci-
sion was made in the ventral midline to expose the right and
left common carotid arteries.

After the bilateral common carotid arteries were carefully
isolated from surrounding tissues, ligation was performed
for 30 min to induce global cerebral ischemia. After 30 min,
the ligation was untied, and the incision was closed after the
re-establishment of blood flow was confirmed visually. To
determine the effect of anesthesia and surgical manipulation
on the results, later the right and left common carotid arter-
ies were carefully isolated in the sham animals, the neck
incision was closed without occlusion.

Before BCCAo/r
BCCAo/r 30min

Animal Grouping and Drug Administration

40 male Wistar rats were randomly divided into 5 groups
as follows: (1) Control (n=06), (2) Sham (n=06), (3)
Ischemia—Reperfusion (I/R) (n=9), (4) Ischemia—Reperfu-
sion+ Vehicle (I/R+ V) (n=9), and (5) Ischemia—Reperfu-
sion + Naringin (I/R+N) (n=10). Animals in the /R+V
group received 0.25% sodium carboxymethyl-cellulose
(CMC-Na) as a vehicle for 2 weeks. For animals in the
I/R +N group, naringin was dissolved in 0.25% CMC-Na at
a dose of 100 mg/kg and administered by intragastric route
once daily for consecutive 14 days after BCCAo/r (Fig. 1).

Neurological Evaluation

We evaluate the motor functions of the rats one day before
BCCAOo/r establishment, to determine the baseline before the
insult, and at 1, 7, and 14 days after the insult to identify the
success of the BCCAo after reperfusion and assess the sever-
ity of the injury and whether it changes with the naringin
administration over 14 days. Rats were scored on a scale
of 0-3 (normal score, 0; maximal deficit score, 3) accord-
ing to the Bederson scoring system as previously described
(Bederson et al., 1986).

The neurological evaluation system is as follows: 0: No
functional defects, 1: Variable degrees of forepaw flexion,
2: Variable degrees of forepaw flexion with minimal or no
resistance to lateral pressure, 3: Variable degrees of forepaw
flexion, minimal, or no resistance to lateral pressure and
circling behavior on walking.

After BCCAo/r

\

—— |

1.Day 2.Day 3.Day 4.Day 0 1.Day

|

7.Day 14.Day  15.Day
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| ||

Rotarod Rotarod Rotarod Rotarod Rotarod Rotarod Rotarod Euthanasia
Training Training Training  Test Test Test Test
+ + + +
Neurological Neurological Neurological Neurological
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Vehicle/Naringin
administration

Fig. 1 Timeline of the study. Plan of performing rotarod tests and neurological scoring before and after bilateral common carotid artery occlu-

sion/reperfusion (BCCAo/r)
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Rotarod Test

Motor function was assessed using an accelerating rotarod
(Commat Ltd. TURKEY). All animals were given 3 con-
secutive days of 5-min training sessions and then tested on
the fourth day before BCCAo/r to determine baseline per-
formance. Rats were first accommodated to the apparatus by
placing them on a steady rod. Then, the rod was started at
4 rpm and accelerated linearly to 40 rpm within 300 s. Rats
that fell in the training sessions were positioned again on
the rotating rod until the session was completed for 5 min.
The average latency to fall off the rotating rod was recorded
for each rat in seconds for three trials. The test was repeated
after BCCAo/r at days 1, 7, and 14.

Immunohistochemical Analysis

For DAPI and anti-NeuN markers, 40 hippocampus and
40 frontal cortex samples from rats were fixed with 4%
paraformaldehyde. The desired cross-sectional surface
was angled and carefully embedded into the cryomatrix.
Serial sections of 5 pm thickness were taken on the cryostat
device (Thermo Shandon Cryostat 210160 GB). Sections
were treated first with PBS and then with Triton X100 for
10 min in a humidity box. After that, they were washed 3
times for 5 min each with PBS then incubated with the block
solution for 30 min at room temperature and the remaining
excess liquid was aspirated. For immunohistochemical labe-
ling, samples were incubated with the primary antibody of
rat anti-NeuN (ab279297) (1/100 diluted) for 24 h at 4 °C
then incubated with the secondary antibody (DyLight 550
(ab96888) (1/100 diluted) for 2 h in the dark at room tem-
perature. After the final wash with PBS, the sections were
covered with a fluorescent occlusion medium with DAPI
(Fluoroshield with DAPI, F6057, Sigma-Aldrich, USA).
Examined under an Olympus BX51 Trinocular fluores-
cence microscope, the determined areas were recorded
with a DP72 camera by randomly selecting 4 areas from
each at 40X magnification. Field validation was done with
DAPI nucleus dye. The ratio of anti-NeuN labeled cells to
total cells in the recorded images was calculated using the
Image J (National Institutes of Health, Bethesda, MD, USA)
program.

Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR) Analysis

Total RNA from the hippocampus and frontal cortex tis-
sues was first isolated using a commercial kit (Bio Basic;
Canada) to determine the expression of DCX and BDNF
genes by Real-Time qPCR analysis. The mRNA in total
RNA obtained in the previous step was converted to cDNA
using the commercial kit (OneScript Plus, ABM; Canada)
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Table1 Primers used for real-time quantitative polymerase chain
reaction RT-qPCR

Gene Primer sequence Function

DCX forward 5''TGGATGCATCAAAGGTGT Target Gene
GT-3'

DCX back 5''TGCCAAACATACCAGTCC Target Gene
AA-3’

BDNF advanced 5'-GGGTGAAACAAAGTG Target Gene
GCTGT-3'

BDNF back 5'-ATGTTGTCAAACGGCACA Target Gene
AA-3’

GAPDH next 5'-GGGCCAAAAGGGTCATCA Reference Gene
TC-3'

GAPDH back 5'-AACCTGGTCCTCAGTGTA Reference Gene
GC-3'

according to the protocol. Nanodrop (SMA 1000, Merin-
ton, China) was used to determine the amount and purity of
cDNA obtained. Primers used for the analysis of target gene
expression at the mRNA level were obtained from the manu-
facturer (Sentebiolab, Turkey) and presented in (Table 1).
GAPDH synthesized by Oligomer (Turkey) company was
used as a reference gene.

A ready commercial kit (BlasTaq 2X qPCR Master Mix,
ABM, Canada) was used for PCR reactions. All reactions
were performed using the CFX Connect Real-Time PCR
Detection System (Bio-Rad, USA). gqPCR analysis results
were evaluated using the 2722 method developed by Livak
and Schmittgen (Livak & Schmittgen, 2001).

Statistical Analysis

The conformity of the quantitative data in the groups to the
normal distribution was examined with the single-sample
Kolmogorov—Smirnov test. In addition, a one-way analysis
of variance was used to compare the quantitative values for
each group in different time sections. P <0.05 value was
accepted as the statistical significance limit in the study.

Results

Naringin Improved Neurological Function After
Ischemia/Reperfusion

The intragroup and intergroup variations in neurologi-
cal recovery among animals are shown in Table 2. When
the intragroup evaluation was made, it was determined
that group 3, 4, and 5 post-op values showed a signifi-
cant increase compared to pre-op values. When the inter-
group evaluation was made, it was seen that there was no
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Table 2 Intragroup and

. : . Groups Pre-op Post-op1 Post-op7 Post-op14

intergroup neurologic scoring

results (Mean +SD) (Mean+SD) (Mean +SD) (Mean +=SD)
Control 0,00+£0,00 ¢, z 0,00+£0,00 ¢, z 0,00+£0,00 ¢, z 0,00+£0,00 ¢, z
Sham 0,00+£0,00 ¢, z 0,00+£0,00 ¢, z 0,00+£0,00 ¢, z 0,00+£0,00 ¢, z
/R 0,00+£0,00 ¢, z 2,00+£0,50 a, x 2,11+£0,33 a, x 2,55+0,52 a, x
I/R + Vehicle 0,00+0,00c, z 2,33+0,50 a, x 2,22+044 a, x 2,44+0,52 a, x
I/R + Naringin 0,00+0,00c, z 1,80+0,78 a, y 1,60+0,84a,y 1,10+031 b,y
*a,b,c shows the statistical difference in the same row (a>b>c¢) (P <0.001); x,y,z shows the statistical dif-
ference in the same column (x>y>z) (P <0.001). I/R led to increasing neurologic score levels, however,
naringin supplementation improved neurologic score levels especially on days 7th and 14th after BCCAo/r

Neurological scoring
35

Control Sham

m Post-Opl

Fig.2 *a,b,c shows the statistical difference within the same group
(a>b>c) (P<0.001); x,y,z shows the statistical difference in groups
(x>y>z) (P<0.001). I/R led to increasing neurologic score levels,

difference in the pre-op evaluation, but there was a signifi-
cant increase in post-op values in the I/R groups compared
to the control and sham groups. However, neurologic score
values showed a significant improvement after naringin
supplementation (P <0.001) (Fig. 2, Table 2). Considering
the neurological scoring results, the scoring of the control
and sham groups did not change on the 1st, 7th, and 14th
days of pre-op and post-op. However, while neurologic
scores increased in the I/R groups, naringin supplementa-
tion prevented this increase.

a, X
|
25 a, X
2
1.5
1
0.5
0
I/R

a, X
a, x
a, X
a'ya,y
' iiby

I/R+Vehicle I/R+Naringin

m Post-Op7 m®Post-Opl4

however, naringin supplementation improved neurologic score levels
especially on days 7th and 14th after BCCAo/r

Naringin Improved Motor Function After Ischemia/
Reperfusion

Rotarod test results are shown in Table 3. In the compari-
son of the groups, it was determined that I/R significantly
reduced latency to fall values in groups 3, 4, and 5. How-
ever, in Group 5, 2 weeks of naringin supplementation
increased the latency to fall values that reduced due to I/R
back to control values on days 7th and 14th after BCCAo/r
(P<0.001) (Table 3, Fig. 3).
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Table 3 Intragroup and

. Groups Pre-op Post-op1 Post-op7 Post-op14
intergroup rotarod test results
(Mean +=SD) (Mean+SD) (Mean +SD) (Mean +SD)
Control 121,17 £21,40 115,17 +£21,69 116,83 +£30,84 108,97 +30,83
a, X a, X a, X a, X
Sham 152,83 +16,76 130,83 +28,68 137,50+31,91 114,50+31,88
a, X a, X a, X a, X
I/R 136,00 +40,62 85,00+25,38 96,67 +19,68 89,33 +25,60
a, X b,y b,y b,y
I/R + Vehicle 114,00+ 19,48 91,67 +28,84 84,44 +23,83 84,33 +24,08
a, X b,y be,y b,y
I/R + Naringin 122,50+42,33 74,50+23,51 116,00+33,81 113,50+33,54
a, X b,y a, X a, X

*a,b,c shows the statistical difference in the same row, x,y,z shows the statistical difference in the same col-
umn (a>b>c; x>y>) (P<0.001). I/R led to increasing rotarod test values, however, naringin supplemen-
tation increased rotarod test values back to control levels on the 7th and 14th days after BCCAo/r

Rotarot test
a

a

200

a X

a
180 a a a
x @ X a
160 X x b
140 Y
120
100
80
60
40
20
0
Control Sham I/R+Vehicle I/R+Naringin
EPre-Op ®mPost-Opl ®Post-Op7 Post-Op14

Fig.3 *a,b,c shows the statistical difference within the same group;
x,y,z shows the statistical difference in the groups (a>b>c; x>y>)
(P<0.001). I/R led to increasing rotarod test values, however, nar-

Naringin Improved Neurogenesis After Ischemia/
Reperfusion

The expression levels of the DAPI (marker expressed by
all nucleated cells) and the anti-NeuN antibody (expressed
by mature neurons) in the frontal cortex and hippocampus
tissues are shown in Tables 4 and 5; Figs. 4, 5, 6, and 7.

@ Springer

ingin supplementation increased rotarod test values back to control
levels on the 7th and 14th days after BCCAo/r

According to the data obtained, cell proliferation in the
frontal cortex (indicated by the DAPI marker) and mature
neuron numbers (indicated by the NeuN marker) were at a
similar level in groups 1 and 2, and the level of these param-
eters decreased in groups 3 and 4. In the Naringin-supple-
mented group, cell proliferation and neuronal maturation
showed a significant enhancement represented by increased
DAPI and NeuN marker levels to control levels.
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Table 4 The expression level of DAPI and NeuN markers in the fron-
tal cortex

Groups DAPI (Mean+SD) NeuN (Mean + SD)
Control 105,53+ 14,75 a 56,31+ 10,06 ab
Sham 112,92+8,23 a 53,60+ 13,46 ab

I/R 90,90+ 15,65 b
I/R + Vehicle 98,56+17,69 b
I/R 4+ Naringin 125,66 +28,25 a

38,54+13,87 ¢
41,41+£8,59 ¢
53,57+11,62 a

Different letters in the same column are statistically significant
(a>b>c; P<0.001). I/R led to reducing DAPI and NeuN marker
levels in groups 3 and 4 on the 15th day after BCCAo/r, but naringin
supplementation has enhanced the deteriorated levels of DAPI and
NeuN back to control levels

Table 5 The expression level of DAPI and NeuN marker in the hip-
pocampus

Groups DAPI (Mean+SD) NeuU (Mean +SD)
Control 152,46 +15,59 ab 117,71+12,82 a
Sham 165,25+33,86 ab 121,96 +26,03 a
I/R 128,62 +20,79 ¢ 94,18+27,19b
I/R + Vehicle 130,41 +£30,93¢ 95,93+28,70 b
I/R + Naringin 218,30+41,74 a 138,73+31,16 a

Different letters in the same column are statistically significant
(a>b>c; P<0.001). I/R led to reduced levels of DAPI and NeuN
markers in groups 3 and 4 on the 15th day after BCCAo/r, but these
levels have improved back to control levels with naringin supplemen-
tation in group 5

Based on the data obtained from the hippocampus, the
DAPI and NeuN marker levels were the same as the results in
the frontal cortex. The DAPI and NeuN markers were at close
levels in the control and sham groups. 14 days after BCCAofr,
DAPI and NeuN marker levels were low in I/R and I/R + Vehi-
cle groups. However, naringin supplementation for 2 weeks
restored low values to control levels.

The expression level of DCX gene (gene expressed by
newly born neurons) assessed by RT-qPC in the frontal cortex
and hippocampus tissues is shown in Table 6; Figs. 8 and 9.

Based on the data obtained from both the frontal cortex
and hippocampus, there was no statistical variation in DCX
gene expression between the control and sham groups. The
DCX gene expression level was low in ischemia-induced
groups (I/R and I/R + Vehicle) and this deterioration was
recovered with naringin supplementation (group 5) and
increased to the control group level.

Naringin Improved BDNF Levels After Ischemia/
Reperfusion

The expression level of the BDNF gene in the frontal cortex
and hippocampus tissues is presented in (Table 7; Figs. 10,

11). According to the data provided above regarding BDNF
gene expression in both the frontal cortex and hippocam-
pus tissues, no difference could be detected between control
and sham groups, while in I/R and I/R 4+ Vehicle groups it
reduced on 15th day after BCCAo/r. However, with naringin
supplementation, BDNF gene expression increased back to
control levels.

Discussion

Effect of Naringin on Neurological and Motor
Functions After Ischemia/Reperfusion

When we look at the findings of the study in general, it is
seen that ischemia—reperfusion in rats caused functional
damage as expected. This functional damage was observed
in both neurological scoring (increased score values) and
rotarod test (decreased latency time of falling). Another
important result of this study is that ischemia—reperfusion
caused a significant decrease in BDNF levels as well as neu-
rogenesis, depending on the ischemia—reperfusion time. On
the other hand, a 2-week naringin supplementation restored
the deteriorated neurogenesis and BDNF levels due to
ischemia—reperfusion.

When the neurological score values of the experimental
groups were examined, ischemia—reperfusion significantly
increased these values, while naringin supplementation sig-
nificantly suppressed them. Many flavonoids have been used
in numerous studies to demonstrate their effect on neuronal
and functional recovery after stroke. Flavonoids exert their
Neuroprotective effects via interaction with various intracel-
lular pathways essential for controlling neuronal survival,
differentiation, migration, regeneration, and neurogen-
esis (Spencer et al., 2009). (—)-Epigallocatechin-3-gallate
(EGCG), a flavonoid found in abundant in green tea, was
administered to mice subjected to 60-min focal cerebral
ischemia by intracerebroventricular injection for 2 weeks
starting from day 14 after reperfusion. Twenty-eight days
after ischemia, EGCG treatment increased cell prolifera-
tion and migration to the ischemic striatum, and functional
improvement was observed (Zhang et al., 2017).

Administration of naringin at different doses to experi-
mental animal models of ischemia—reperfusion induced for
variable durations of time has demonstrated a positive effect
on neurological function. Naringin (80, 120, or 160 mg/
kg) has been reported to reduce neurologic deficit scoring
when given as a single dose via the femoral vein to rats sub-
jected to a 2-h focal cerebral ischemia (Feng et al., 2018).
In another study, intragastric administration of naringin
(25, 50, and 100 mg/kg) for 7 days before exposure to 2-h
global cerebral ischemia improved neurologic function in
rats after ischemia—reperfusion injury (Wang et al., 2021).
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Fig.4 Fluorescent images with
immunolabeling to demonstrate
neurogenesis in the frontal cor-

Groups DAPI

NeuN Merged

tex. DAPI (blue) column shows
all nucleated cells (neurons and
glia) in frontal cortex tissue,
NeuN (red) column shows
mature neurons in frontal cortex
tissue, DAPI and NeuN images
combined (pink) are shown

in merged column. Arrows
indicate mature neurons as

Control

examples (X40 Magnification;
1 bar: 20 pm)

Sham

I/R

I/R+V

I/R+N

Moreover, pre-treatment of naringin (5 mg/Kg) for 7 days
reduced neurologic defect scores and apoptosis of neurons
in the hippocampus in rats subjected to middle cerebral
artery occlusion (Yang et al., 2020). In rats who received
7-day treatment of naringin (50-100 mg/kg) prior to 30-min
bilateral common carotid arteries occlusion, the neurologi-
cal function significantly improved after 24 h of reperfusion
(Gaur et al., 2009). In our study, the fact that intragastric nar-
ingin treatment (100 mg/kg) for 14 days after ischemia—rep-
erfusion showed a significant improvement in neurological
scores is similar to the studies mentioned above.

To evaluate the motor coordination and balance of experi-
mental animals, we performed the rotarod test which was
first described by Dunham and Miya for assessing motor
coordination in rodents (Dunham & Miya, 1957) by record-
ing the time spent by the animals on the rotating rod (latency
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to fall) (Lubrich et al., 2022). According to the test, in I/R
and I/R + Vehicle groups, latency to fall decreased signifi-
cantly, while 2 weeks of naringin treatment brought the
results closer to the control and sham groups’ results. Mice
that experienced experimental stroke by occluding the left
middle cerebral artery showed a reduced latency to fall
compared to control and sham-operated mice on day 1 after
ischemia indicating that ischemia had induced a marked
deficit in motor coordination and balance. However, there
was no significant difference between the two groups on
day 7 due to an increase in time spent on the rotarod by the
ischemic group, demonstrating recovery of performance on
this task with time (Hunter et al., 2000). In another study,
rats with ischemic lesions were subjected to the rotarod test
on the 7th, 14th, 21st, and 28th days after ischemia. At post-
operative day 7, the ischemic groups showed significantly



NeuroMolecular Medicine (2024) 26:4

Page9of17 4

Fig.5 Levels of DAPI and anti-
NeuN antibodies in the frontal
cortex in experimental groups.

While the number of cells 180
stained with DAPI and NeuN

was unchanged in the control 160
and sham groups, it decreased

in the I/R and I/R + solvent 140
groups, but increased signifi-

cantly with naringin supplemen- 120
tation (a>b>c; P<0.001)

o

o

o

o

Control

lower values than the sham group. After the 14th postopera-
tive day, the values in the ischemia group remained signifi-
cantly lower than the values in the sham group until the post-
operative 28th day, and the ischemic group did not show any
improvement in motor dysfunction (Tamakoshi et al., 2023).

In another experimental study, it was found that the
enriched environment supported the recovery of limb func-
tion in mice subjected to focal cerebral ischemia, as assessed
by the modified neurological severity score and the rotarod
test at 3, 7, 14, and 21 days after ischemia (Shi et al., 2023).
In the studies where brain ischemia—reperfusion was per-
formed, it was seen that the improvement in limb function
led to the emergence of different responses depending on
the experimental model difference. The decrease in latency
to fall in the rotarod test, which was induced by occluding
the two common carotid arteries for 30 min and continued
for 2 weeks after reperfusion, was restored to pre-ischemic
levels in the naringin-treated group, especially on the post-
op 7th and 14th days. This result shows the effectiveness of
naringin treatment at the dose and duration applied in our
experiment.

Effect of Naringin on Neurogenesis After Ischemia/
Reperfusion

Other parameters we examined in our study were DAPI,
NeuN, and DCX as indicators of neurogenesis. While all
these mentioned parameters were significantly suppressed
with ischemia-reperfusion, intragastric naringin treatment
at a dose of 100 mg/kg for 2 weeks increased the reduced
values back to their normal levels and even above them.

b
b
100
8
6
4
2
0

Sham

Frontal Cortex

I/R+Vehicle I/R+Naringin

EDAPI ® Anti-NeuN

Altman and Das (Altman & Das, 1965) were the first to
identify adult neurogenesis in the dentate gyrus of the hip-
pocampus since then, many studies have been conducted
to detect neurogenesis in other brain regions. Later, it was
determined that focal ischemia can trigger neurogenesis in
the usual neurogenic niches, i.e., subventricular zone (SVZ)
of the lateral ventricle and the subgranular zone (SGZ) of
the dentate gyrus (Jhelum et al., 2022; Wiltrout et al., 2007).
Now it is believed that many regions of our brain (eg, hypo-
thalamus, neocortex, striatum, amygdala, etc.) are capable of
neurogenesis and maintains this ability throughout adult life
(Bellenchi et al., 2013; Gu et al., 2000; Kuhn et al., 2018).
And also Kreuzberg et al. (Kreuzberg et al., 2010) have
reported that Post-stroke-generated SVZ-derived neuro-
blasts migrated to the cortex and survived for at least 35 days
representing 2% of BrdU-positive cells in peri-infarct area,
where they differentiate into mature neurons. Thus, stroke
enhances SVZ neurogenesis and attracts newborn neurons
to the injury zone. As stated in the above publications, since
the migration of newborn neurons to different brain regions
and maturation in those regions occur during the neurogen-
esis process, we aimed to determine the effect of 2-week
naringin treatment after focal brain ischemia—reperfusion on
neurogenesis in the hippocampus and frontal cortex.

DCX is widely used as an indicator of neurogenesis and a
marker for labeling newly born neurons (Bregere et al., 2017;
Couillard-Despres et al., 2005). DCX has been detected in
the axons and dendrites of newly born granule cells in the
early stages of cell proliferation up to the postmitotic phase
and has been accepted as a marker of immature granule cells
since it disappears from mature granule cells (Plumpe et al.,
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Groups DAPI

NeuN

Merged

Control

Sham

I/R

I/R+V

I/R+N

Fig.6 Fluorescent images with immunolabeling to demonstrate
neurogenesis in the hippocampus. The DAPI (blue) column shows
all nucleated cells (neurons and glia) in the hippocampus tissue, the
NeuN (red) column shows mature neurons in the hippocampus tissue,

2006). NeuN is a nuclear protein that is expressed almost
exclusively in mature neurons of the peripheral and central
nervous system (Mullen et al., 1992). NeuN is distributed
in the nuclei of mature neurons in nearly all parts of the

@ Springer

the merged (pink) version of the DAPI and NeuN images is shown
in the merged column. Arrows indicate mature neurons as examples
(X40 Magnification; 1 bar: 50 um)

vertebrate nervous system, therefore, it has been accepted
as a reliable marker of mature neurons (Duan et al., 2016).
The effects of different flavonoids on neurogenesis have
been investigated in different studies that have been carried
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Fig.7 Levels of DAPI and anti-NeuN antibodies in the hippocam-
pus in experimental groups. While the number of cells stained with
DAPI and NeuN did not change in the control and sham groups, it

out before. Indeed, rats subjected to a 60-min focal cere-
bral ischemia, treated with EGCG (2.5 mg/kg) for 14 days
resulted in a high number of newly born DCX-labeled cells
in the hippocampus (Ortiz-Lopez et al., 2016). The effect of
7,8-dihydroxyflavone (7,8-DHF), a flavone derivative, was
studied both in vivo and in vitro in a mouse model of Down
syndrome. In vitro, neural stem/progenitor cell culture from

Table 6 The expression level of the DCX gene in the frontal cortex
and Hippocampus

Groups Frontal Cortex Hippocampus

(2 ~A2C Mean + SD) (2742 Mean + SS)
Control 1,24+0,97 a 1,41+0,30 ab
Sham 1,02+0,79 a 1,48+0,38 ab
/R 0,53+0,21b 0,85+0,36 ¢
I/R + Vehicle 0,53+0,29b 0,58+0,25¢
I/R + Naringin 1,20+0,60 a 2,23+0,98 a

Different letters in the same column are statistically significant
(a>b>c; frontal cortex: P<0.03; Hippocampus: P<0.001). DCX
gene expression in the frontal cortex and hippocampus was at the
same level in the control and sham groups. In I/R and I/R + Vehicle
groups, the DCX gene expression level decreased on the 15th day
after BCCAo/r but with naringin supplementation, the DCX gene
expression level rose back to control levels

I/R+Vehicle
Anti-NeuN

I/R+Naringin

decreased in the I/R and I/R +solvent groups, but increased signifi-
cantly with naringin supplementation (a>b>c; P<0.001)

SVZ treated with 7,8-DHF showed no increase in prolifera-
tion, but increased differentiation of neural stem/progeni-
tor cells into MAP2 + mature neurons. It has been shown
that 7,8-DHF (5 mg/kg) when administered on postnatal
days 3—15 greatly increased the number of BrdU + newly
born cells in the dentate gyrus, but the number of prolif-
erating cells did not reach the same value as in euploid
mice (Stagni et al., 2017). The effect of Chrysin, another
flavonoid, on hippocampal neurogenesis and memory was
investigated when administered at doses of 10 or 30 mg/kg/
day for 8 weeks after induction of brain aging by D-galac-
tose administration in rats. Chrysin treatment increased the
number of Ki67 4 cells (a marker for proliferated cells) in
the SGZ, improved cell survival, and preserved the number
of immature DCX + neurons (Prajit et al., 2020). When the
effect of citrus flavonoid 3,5,6,7,8,31,41-heptamethoxyfla-
vone (HMF) on neurogenesis is examined in the depression
model in SGZ, HMF restored the reduction of neurogen-
esis levels indicated by increased DCX + -labeled cells in
hippocampal SGZ at day 26 of treatment in these animals
(Sawamoto et al., 2016).

Many flavonoids have been used in numerous studies to
demonstrate their effect on neuronal and functional recovery
after ischemia—reperfusion. When EGCG was administered
by intracerebroventricular injection for 2 weeks starting

@ Springer
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Fig.8 Expression level of DCX
gene in the frontal cortex in
experimental groups. Expres-
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Fig.9 Expression level of DCX
gene in the hippocampus in
experimental groups. Expres-
sion levels of the DCX gene did 3.5
not change in the control and
sham groups, but decreased in 3
the I/R and I/R + solvent groups.
With naringin supplementa- )5
tion, it increased back to the '
control group levels (a>b>c;
P<0.001) 2
a
15 |
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from day 14 after reperfusion to mice subjected to 60-min
of focal cerebral ischemia, at 28 days post ischemia, EGCG
treatment enhanced cell proliferation (indicated by BrdU,
Ki67, and BrdU/DCX-labeled cells) and migration (indi-
cated by the BrdU/DCX-labeled cells) in ischemic striatum
(Zhang et al., 2017). HMF also increased the number of
immature DCX + neurons in both the SGZ and SVZ when
HMF (low dose 25 or high-dose 50 mg/kg/day) was main-
tained in mice 5 days before and 3 days after induction of
12-min global cerebral ischemia (Okuyama et al., 2012).

@ Springer
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In another study, after inducing 12-min transient global
ischemia in mice, HMF administered for 3 days increased
neurogenesis as assessed by high DCX + cell count in SGZ
(Okuyama et al., 2014). When Baicalin was administered to
rats at a dose of 50 mg/kg once daily for 3 weeks after 6 min
of transient forebrain ischemia, it stimulated the number of
newly born BrdU + cells and their differentiation into mature
BrdU/NeuN + neurons in the dentate gyrus SGZ, associated
with facilitated performance in the maze test indicating cog-
nitive improvement (Zhuang et al., 2013). ASF, a flavonoid,
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Table 7 The expression level of BDNF gene in the frontal cortex

Groups Frontal Cortex Hippocampus
(2 ~24C Mean + SD) (2 ~24C Mean + SD)
Control 2,53+1,96a 1,36 +0,86 ab
Sham 297+0,64 a 1,48 +£0,66 ab
/R 0,73+0,53b 0,72+0,49 ¢
I/R + Vehicle 0,81+0,43b 0,63+041c
I/R + Naringin 3,39+1,55a 2,28+0,29 a

Different letters in the same column are statistically significant
(a>b>c; frontal cortex: P<0.01; hippocampus: P<0.01). BDNF
gene expression level did not show any difference between the con-
trol and sham groups in both the frontal cortex and hippocampus.
Ischemia induction resulted in BDNF gene expression level reduc-
tion in I/R and I/R 4+ Vehicle groups then this reduction was restored
to control levels with 14 days-naringin supplementation in the
I/R + Naringin group

was administered to rats exposed to focal cerebral ischemia
at doses of 2.5, 5, and 7.5 mg/kg for 7 and 14 days. ASF
treatment improved neurological functions and increased the
proliferation of neural stem/progenitor cells after cerebral
ischemia (Gao et al., 2022b). In Medline searches, only one
study was found determining the effect of naringin treatment
on neurogenesis (Yang et al., 2018). We also looked at IL-10
levels as part of the research to determine the inflammatory
process, but the data should not be used here (unpublished
information). However, in studies conducted with the use of
different flavonoids other than naringin, it has been reported
that neurogenesis increases by suppressing neuroinflamma-
tion (Rostamian et al., 2023; Tang et al., 2023).

In some previous studies, the effect of naringin on new
neuron development was investigated. In one study, it was
determined that under normal physiological conditions,

Fig. 10 Expression level of
BDNF gene in the frontal cortex
in experimental groups. While
the BDNF gene expression level 6

was close in the control and

sham groups, it decreased in the

I/R and I/R + solvent groups, 5 a
but this decrease was restored
with naringin supplementation

and increased to the control 4
level (a>b; P<0.01)
3
2
1
0

Control

Sham

when naringin was given to mice at a dose of 5 mg/kg for
5 days, it increased the differentiation of cells to mature
neurons in the hippocampus. In SVZ, naringin treatment
promoted neuronal differentiation (increased BrdU +/
NeuN + cell count). In the second experiment of the same
study, when 50 mg/kg/day naringin was administered for
25 days, starting from the 15th day after the initiation of
corticosterone treatment to produce depressive-like effects in
mice, it was found that BrdU +/DCX + newly born neurons
in the dentate gyrus increased and promoted their develop-
ment into mature neurons represented by high numbers of
BrdU +/ NeuN + cells (Gao et al., 2022a). It was found that
when naringin (100 mg/kg) was administered to a mouse
model of hyperglycemia diabetes along with auraptene
for 14 days, it increased the number of DCX + immature
neurons in the SGZ of the hippocampus (Okuyama et al.,
2018). In our study, intragastric naringin supplementation
at a dose of 100 mg/kg for 2 weeks after 30-min global cer-
ebral ischemia induction markedly increased neurogenesis
by restoring the ischemia/reperfusion-induced suppression
of both the immature neuron marker (DCX) and the mature
neuron marker (NeulN).

Effect of Naringin on BDNF Levels After Ischemia/
Reperfusion

The experimental study we conducted examined the effect
of I/R and naringin supplementation on BDNF levels. While
this parameter was significantly reduced by I/R, 2 weeks of
naringin supplementation significantly increased BDNF
levels.

BDNF is a member of the neurotrophin family, and
among all neurotrophins, BDNF is the best known and
studied in the central nervous system, given the fact that

Frontal cortex-BDNF

b b
I/R I/R+Vehicle I/R+Naringin
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Fig. 11 Expression level of
BDNF gene in the hippocampus
in experimental groups. BDNF
gene expression levels were 3
close in the control and sham
groups. The decreased BDNF
gene expression in the I/R and 25
I/R +solvent groups reached
control level again with naringin
supplementation (a>b>c;
P<0.01)
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it regulates many different cellular processes involved in
the development and maintenance of normal brain function
(Leal-Galicia et al., 2021). BDNF modulates adult neuro-
genesis by regulating neuronal differentiation and survival
(Bath et al., 2012; Lee et al., 2002).

In a conducted study, it was found that BDNF overex-
pression in the hippocampus increased the proliferation and
survival of newly born granule cells and maturation, repre-
sented by DCX + cells with tertiary dendrites (Quesseveur
et al., 2013). Exogenous administration of BDNF has also
been used to shed light on the mechanisms underlying the
effects of this neurotrophin on adult neurogenesis. Delivery
of BDNF to the hippocampus by bionanoparticles increased
proliferation and survival of newly born granule cells, synap-
togenesis, and dendritic morphogenesis in the hippocampus
in an iTat mouse model of the HIV/neuroAIDS (Vitaliano
et al., 2022). Increased neurogenesis in the dentate gyrus
was observed after BDNF infusion into the hippocampus of
adult rats (Scharfman et al., 2005).

The link between BDNF and the modulation of neuro-
genesis by external stimuli has been a topic that has been
extensively studied in recent years. Many chemicals have
been proven to upregulate neurogenesis by modulating
BDNF expression (Numakawa et al., 2017). Heterozygous
BDNF gene knockout (BDNF +) in mice resulted in down-
regulation of BDNF in the hippocampus and thus neural cell
proliferation and survival but was up-regulated after dietary
restriction to a lesser extent (Lee et al., 2002). Many studies
have shown that BDNF may have a regulatory effect on adult
neurogenesis after neurological events such as subarachnoid
hemorrhage and ischemia (Leal-Galicia et al., 2021). There
are numerous studies investigating the effect of BDNF as

@ Springer
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a therapeutic agent administered directly to the brain or
intravenously for the treatment of stroke, due to its role in
infarct size reduction, attenuation of neuronal apoptosis,
enhancement of neurogenesis/migration, and post-infarction
functional outcome (Liu et al., 2020). BDNF loaded into
exosomes injected into the striatum of the ischemic hemi-
spheres 3 days after the induction of focal cerebral ischemia
stimulated the differentiation of proliferating cells into neu-
rons and consequently improved neurological functions (Zhu
et al., 2023). Intravenous administration of BDNF for 5 days
post stroke increased hippocampal newly born BrdU + cell
count, mature BrdU/NeuN + neuron count, and neural stem/
progenitor cell migration from the SVZ to the ischemic
region in the striatum, up to 5 weeks after the last injection
(Schabitz et al., 2007).

Modulation of BDNF levels, with factors such as enriched
environment, increased BDNF level and thus SVZ neurogen-
esis. In contrast, the down-regulation of BDNF, for example by
silencing Gadd45b gene expression, resulted in decreased SVZ
proliferation and differentiation at the infarct border following
ischemic injury (Tan et al., 2021). Naringin has promoted neu-
rogenesis in the hippocampus via activation of BDNF/TrkB/
CREB signaling pathway, both under physiological conditions
when given at a dose of 5 mg/kg/day for 5 days and when
administered to an animal model evoked depression at a dose
of 10 or 50 mg/kg/day for 25 days (Gao et al., 2022a). In a
rat model with diabetes, when naringin supplementation was
administered at doses of 10, 20, and 40 mg/kg/day for 4 weeks,
it was observed that BDNF levels increased and reached the
highest level at a dose of 40 mg/kg/day (Ahmad et al., 2022).
Naringin (20 mg/kg) improved the abnormal expressions of
the PKA/CREB/BDNF pathway in the hippocampus 2 h after
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a single administration in chronically depressed mouse models
(Wang et al., 2023). When naringin 100 mg/kg/day was admin-
istered orally to Alzheimer's model rats for 20 days, it was
observed that it increased BDNF levels and improved memory
in the new object recognition test (Choi et al., 2023). In our
study, consistent with the results of the studies mentioned
above, when naringin 100 mg/kg/day was administered intra-
gastrically to rats for 14 days, it was observed that it increased
the suppressed BDNF levels after ischemia/reperfusion injury.

Conclusion and Recommendations

The findings of the study show that 30 min of global brain
ischemia followed by 2 weeks of reperfusion causes neuro-
logic and motor deficits in rats. It has also been demonstrated
that the same experimental model significantly suppresses neu-
rogenesis. In this suppression, newly born immature neuron
cells (DCX) and mature neuron cells (NeuN) were important
mediator molecules. While BDNF levels, another important
factor related to neurogenesis, decreased with ischemia—reper-
fusion, intragastric naringin treatment for 2 weeks significantly
improved the BDNF levels.

In future studies, revealing the changes of different neuro-
genesis markers and important molecules in signaling path-
ways such as TrkB, MAPK/ERK, PI3K, and PLC-y will pro-
vide a more detailed understanding of the mechanisms at the
molecular level.
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