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ABSTRACT

Objective(s): We aimed to examine the level of hippocampal neurogenesis, and assess learning and
anxiety and the level of some proteins involving insulin signaling pathways in rats with Metabolic
Syndrome (MetS); and to reveal the relationship among them.

Materials and Methods: Totally, 30 Wistar-albino rats were used. The rats were divided into three
groups: Control, MetS, and MetS+Ins. Immunohistochemical staining was performed to evaluate the
levels of neurogenesis markers; Doublecortin (DCX), Neuronal-Differentiation-1 (NeuroD1), Ki67,
and Neuronal nuclear protein (NeuN). Then, cleaved caspase-3 and TUNEL labeling were performed
to detect the level of apoptosis. Additionally, behavior tests were performed to evaluate the learning-
memory levels and anxiety-like behaviors. Insulin, Insulin Receptor (IR), Insulin Receptor Substrate
(IRS2), glucose transporter (GLUT)-3, and GLUT4 protein expression levels were analyzed to evaluate
the possible changes in the insulin signaling pathway.

Results: An increase in anxiety with memory deficiency was observed in MetS. In the hippocampus
of MetS, an increase was detected in the level of apoptosis, whereas a decrease was detected in the
expression level of the neurogenesis marker. Insulin secretion and IR levels decreased in hippocampal
neurons. We observed that GLUT3 and GLUT4 levels increased because of the non-activated insulin
signaling pathway.

Conclusion: We think that the insulin signaling pathway may have an effect on the decreased
neurogenesis in the MetS group. So, the evaluation of the Mitogen-activated protein kinase (MAPK)
pathway and the investigation of the effect of endoplasmic reticulum stress on this pathway will be

among the targets of our future studies.
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Introduction

Metabolic syndrome (MetS) has been defined as a cluster
of systemic disorders such as abdominal obesity, glucose
intolerance or diabetes mellitus (DM), dyslipidemia,
hypertension, and coronary artery disease added together
with insulin resistance (1). On the other hand, insulin
resistance is the main pathological feature of MetS, which
consists of a number of disorders such as DM, obesity,
dyslipidemia, and hypertension. Recent studies reveal that
insulin resistance also develops in the nervous system. Also,
it has been demonstrated that fetal neuron cultures produce
and release insulin-like mRNA and insulin-like substances,
which are not different from real insulin (2).

One of the places where adult neurogenesis occurs is the
subgranular zone (SGZ), which is the lower border of the
hippocampal dentate gyrus. Typel cells in SGZ are neural
stem cells and differentiate up to Type 5 cells (3). Most of
the proliferative activity in adult SGZ occurs in Type 2 cells.
Type 2b and Type 3 cells express Neuro D1 and DCX (4),
while Type 4 and Type 5 cells express NeuN (5).

Hippocampus is one of the areas in the brain where
insulin receptors are abundant. Insulin binds mostly to the
molecular cell layer of the dentate gyrus and the pyramidal
cellsofthe CAlregioninthehippocampus (6). Dysregulation

of insulin receptor signaling in the brain has been shown to
be associated with neurodegenerative diseases, dementia,
and mood disorders (7). By binding insulin to the insulin
receptor (IR), the receptor is autophosphorylated, followed
by phosphorylation of insulin receptor substrate (IRS)
proteins (8). IRSI and IRS2 are widely expressed in the
brain. With phosphorylation of IRS proteins, phosphatidyl-
inositol-3 kinase (PI3K) pathways contribute to the normal
functions and survival of neuronal cells (9).

In addition, it has been shown that recognition memory
impairments occur with the deletion of IR and IGFIR in
the hippocampus and amygdala, and spatial learning is
impaired with the loss of IR in the hippocampus (10).
Recent studies have shown that deletion of IRS2 in male
mice reveals a negative effect on hippocampus-related
emotional responses and spatial memory (11).

GLUT 3 is the major glucose transporter in neurons of
the hippocampus, cerebellum, striatum, and cortex (12)
and is insulin-independent (13). Unlike peripheral tissues,
GLUT4 is present at low levels in the brain and is not
significantly regulated by insulin. GLUT4 is localized in
the olfactory bulb, dentate gyrus (DG) of the hippocampus,
hypothalamus, and cortex, but not as high as GLUT1 and
GLUTS3, is found in both the plasma membrane and the
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cytoplasm and is easily localized to the membrane when
needed (2).

In this study, we aimed to examine the level of
hippocampal neurogenesis, and assess learning and anxiety
and the level of some proteins involving insulin signaling
pathways in rats with MetS, and to reveal the relationship
among them.

Materials and Methods
Experimental protocols

This study was approved by Experimental Animals Local
Ethics Committee, Ankara University, Tiirkiye (number
2017-16-133). Thirty, 12-week-old, 250-300 g, male Wistar
albino rats were purchased and used in this study. The rats
were randomly divided into three groups; Group I (Control,
n=10); Group II (MetS, n=10), and Group III (MetS+Ins,
n=10). All animals were exposed to 12 hr light/dark cycle.
Food and water were available ad libitum.

Tap water was given to rats in the control group, while tap
water containing 32% (935 mM) sucrose was given to rats
in MetS and MetS+Ins groups for 20 weeks. Body weight
measurements, fasting blood glucose levels, oral glucose
tolerance test values, serum insulin levels (Elabscience Rat
Insulin ELISA Kit, Cat no: E-EL-R2466), and tail arterial
blood pressure measurements (NIBP200-A noninvasive
blood pressure monitor, BIOPAC) were performed for the
validation of MetS experimental model. After validation,
100 U/ml of subcutaneous insulin (Humalog Mix 25
Kwikpen 100 U/ml, Lilly ilag Ticaret Ltd. $ti.) was injected
into rats in the MetS+Ins group for two weeks (14).

Animal behavior testing

All behavioral experiments were carried out in Banu
Ocakg¢ioglu Learning and Memory Laboratory, Faculty of
Medicine, Ankara University, Tiirkiye. The laboratory was
silent and had a constant temperature (22 + 2 °C). The tests
were always conducted in the early morning (08:00 am
-12:00 am) in decent light (110 Ix, warm light). To evaluate
learning and memory levels, Elevated Plus Maze Test (EPM),
and Vanderwolf Swimming Test; and to assess anxiety-like
behaviors Open Field Test (OFT), EPM, and Light Dark Box
(LDB) Test were performed (15).

For EPM, the experimental setup consisted of two open
and two closed arms arranged in a plus (+) shape, with
a height between 50 and 70 cm from the ground. If the
animals spent more time in the closed arm, it was indicative
of increased anxiety, if they spent more time in the open
arm, it was indicative of decreased anxiety. This system is
used to measure anxiety caused by fear of heights in rats
and mice.

On the other hand, Vanderwolf is a swimming test for
evaluating spatial learning. Test duration was two days.
In the experimental setup, there was a water tank and a
platform placed in the water tank. The animals were trained
10 times on the first day and 10 times on the second day in
the swimming tank. These workouts lasted for a maximum
of one minute. The time for the animals to climb the
platform on the first and second days was determined and
this training was recorded with a camera.

The OFT is a test used to measure anxiety resulting from
both the new environment and the fear of open fields. The
system is square/cylindrical and contains 20 squares. As the
anxiety increases, the animals spend their time in the squares
usually located at the edges, and as the anxiety decreases
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the animals spend their time in the squares located in the
middle parts of the system. The locomotor activity increases
parallel with the decrease of anxiety in animals. The open
field test was applied for five minutes.

The experimental setup of LDB consists of two equal
chambers in contact with each other, measuring 110 x 40
cm. One of these compartments is the bright area and the
other is the dark area, and there is a hole in the middle that
connects the two areas. The animals were placed in the
bright area and observed for five minutes. The behavior
of the animals during the experiment was recorded with a
camera.

Immunohistochemical staining

The animals were deeply anesthetized using ketamine/
xylazine (90 mg/kg-10 mg/kg, intramuscular). After
decapitation, the brains were removed and fixed in 10%
buffered formalin for immunohistochemistry markings
and embedded in paraffin blocks. The sections were boiled
with citrate buffer solution in the microwave for antigen
retrieval and washed with phosphate-buffered saline (PBS).
To prohibit endogenous peroxidase activity, the tissues
were treated with 3% H,0,, then washed with PBS, and
then incubated with a blocking solution (Thermo Scientific,
TA-060-PBQ) for 5 min at room temperature. The sections
were incubated overnight at 4°C with the following
primary antibodies; DCX (sc-390645, 1/100 dilution),
NeuroD1 (ab109224, 1/100 dilution), Ki67 (PA5-19462,
1/100 dilution, NeuN (ab177487, 1/1000 dilution), insulin
(Thermo #14-9769-82, 1/200 dilution), IR (ab203746,
1/200 dilution), IRS2 (sc-390761HRP, 1/150 dilution),
GLUTS3 (sc-74399HRP, 1/200 dilution), GLUT4 (sc-53566,
1/200 dilution), and cleaved Caspase-3 (CST #9661, 1/150
dilution). After incubation with primary antibodies,
the sections were washed with PBS and incubated with
secondary antibodies (Thermo Scientific, TA-060-PB) for
10 min at room temperature. After the secondary antibody
was washed with PBS, the sections were incubated with
streptavidin peroxidase for 10 min at room temperature.
3,3-diaminobenzidine (DAB) solution was applied on the
sections as chromogen for 2 min. Then, dH,O was used to
stop the DAP reaction. The sections were dehydrated with
alcohol series and covered with Entellan. Photomicrographs
of six different areas were taken from each preparation at
40X magnification. For H-Score analysis (insulin, IR,
IRS2, GLUT3, and GLUT4), Image] software (ImageJl,
51j8, National Institutes of Health, USA) was used and
the staining intensity was determined as negative: 0, low
positive: 1, positive: 2, high positive: 3. Pixel ratios (Pi) were
determined for the staining intensities between 0-100%.
The obtained rates were digitized using the formula
H-Score=XPi (i+1) (16). In the formula, “1” was used for
correction of optical density.

TUNEL (Terminal deoxynucleotidyl transferase dUTP
nick end labeling) staining

The sections were incubated with TUNEL (Roche,
Catalogue number: 11684817910) reaction mixture
(labeling solution+terminal deoxynucleotidyl transferase
enzyme solution) for 60 min at 37 °C and washed with PBS.
For negative control, only label solution (without terminal
transferase) was used instead of the TUNEL reaction
mixture. After this step, the sections were incubated with
Converter-POD for 30 min at 37 °C and then washed
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with PBS. The sections were incubated with DAB at room
temperature for 2 min. Then, the sections were dehydrated
with alcohol series and covered with Entellan. To determine
the positive immunostaining cells, the area of the DG and/
or SGZ was calculated. The number of positive cells (DCX,
NeuroD1, Ki67, NeuN, cleaved caspase-3, and TUNEL) was
calculated in the area of 1000 pum?

Statistical analysis

IBM SPSS 22.0 program was used for the statistical
evaluation of THC analyzes. The difference among the
groups was evaluated with One-Way ANOVA for those
with normal distribution, and Tukey post hoc multiple
comparisons test was applied for the difference between
the pairs. In our study, the Kruskal Wallis test was used to
evaluate the data which did not show normal distribution.
The mean and standard deviation (mean +SD) are given as
descriptive statistics. The value of P<0.05 was considered
statistically significant for the results.

Results
Validation of MetS experimental model in rats

Animals were fed with tap water containing 32% sucrose
to create the MetS experimental model. Fasting blood
glucose levels were regularly measured starting from the
12" week. Significant results were obtained in the 20%
week (P=0.0001). After 20 weeks, rats in the Mets group
had a weight gain of approximately 20%, when compared
with the control group (Figure 1A). The development of
insulin resistance in rats was detected using the oral glucose
tolerance test (OGTT). Blood glucose levels were increased
following administration of 1 g/kg glucose in both MetS
and MetS+Ins groups (Figure 1B). Tail blood pressure was
measured to evaluate changes in arterial blood pressure,
which is among the necessary criteria for the validation of
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Figure 1. General parameters for validation of the MetS experimental
model and after insulin administration. A) Changes in body weight in all
groups. B) OGTT by measuring blood glucose levels before and after 1 g/kg
glucose administration at 15" min, 30" min, 60" min, and 120" min to the
rats. C) Diastolic blood pressure changes measured from the tail among the
groups. D) Systolic blood pressure changes measured from the tail among
the groups. E) Serum insulin levels in all groups (ng/ml)

Graphs were expressed as the means + SD. *P<0.05 MetS vs Control and
#P<0.05 MetS+Ins vs MetS

OGTT: Oral glucose tolerance test; MetS: Metabolic syndrome
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the MetS experimental model. An increase was observed in
the MetS group in terms of diastolic (Figure 1C) and systolic
(Figure 1D) blood pressure (40% and 36%, respectively)
(P<0.0001). An approximately 120% (3.48 ng/ml) increase
was detected in serum insulin levels of the MetS group
(Figure 1E). The obtained data were parallel with current
literature (14, 17).

After insulin administration, approximately 8% weight
loss was detected in the MetS+Ins group. Finally, fasting
blood glucose level was significantly lower (P=0.0004),
serum insulin levels decreased by approximately 32% (2.37
ng/ml), systolic blood pressure levels increased by 9.5%
(P<0.0642), and diastolic blood pressure levels did not
change in the MetS+Ins group.

Neurogenesis was decreased in MetS

A significant difference was detected between the groups
in terms of the number of DCX, NeuroD1, and Ki67 positive
cells [F(2.19)=5.799 P=0.011, F(2.32)=4.956 P=0.013,
F(2.30)=4.945 P=0.014, respectively], as seen in Figure 2A-
C. There were no statistically significant differences between
control and MetS+Ins groups (P=0.598) and between MetS
and MetS+Ins groups (p=0.130) (Figure 2B and 2D).

Furthermore, a significant difference was found between
the groups concerning the number of NeuN-positive cells
in the DG area [F (2.27) = 4.075 P=0.028] (Figure 3A). The
number of positive cells was reduced in the MetS group
(P<0.05) (Figure 3B).

Apoptosis was increased in MetS

There were significant differences between the groups in
terms of TUNEL positive cell numbers [SGZ; F(2.25)=26.784
P<0.0001, DG; F(2,28)=17,424 P<0.0001] (Figure 4A). A
statistically significant difference was detected concerning
the number of TUNEL-positive cells in the MetS group
(SGZ; P<0.0001, DG; P<0.0001), while no difference was

Figure 2. Immunohistochemical staining of the DCX and Neuro D1
positive cells in the hippocampus. A) DCX-positive cells in SGZ were
stained dark brown and were shown with an arrow. B) DCX positive cell
numbers in 1000 pm* in SGZ were shown with a graph. C) NeuroD1
positive cells in SGZ were stained dark brown and were shown with an
arrow. D) Positive cell number in 1000 pm?* in SGZ was shown in the graph
Representative photomicrographs were taken at magnifications of 10X and
40X, Bar: 100 pm

Graphs were expressed as the means + SD. *P<0.05 MetS vs Control and
#P<0.05 MetS+Ins vs MetS

DCX: Doublecortin; D1: Differentiation-1; SGZ: Subgranular zone; MetS:
Metabolic syndrome

Iran ] Basic Med Sci, Vol. 25, No. 11, Nov 2022



Neurogenesis in metabolic syndrome Bayram et al.

i 3
g
5
i
H
H

3
s
H
H
g
§

o ® » @ =

Cell Number in DG in 1000um’

Figure 3. Immunohistochemical staining of the Ki67 and NeuN positive cells in the hippocampus. A) NeuN-positive cells in DG were stained dark brown.
B) Positive cell number in 1000 pm? in DG was shown in the graph. C) Ki67 positive cells in SGZ were stained dark brown and were shown with an arrow.
D) Positive cell number in 1000 um? in SGZ was shown in the graph

Representative photomicrographs were taken at magnifications of 10X and 40X, Bar: 100 pm. Graphs were expressed as the means + SD. *P<0.05 MetS vs
Control and #P<0.05 MetS+Ins vs MetS

DG: Dentate gyrus; SGZ: Subgranular zone; MetS: Metabolic syndrome; NeuN: Neuronal nuclear protein

detected in the MetS+Ins group (SGZ; P=0.675, DG; P=0.156) among the groups in terms of cleaved caspase-3 immune-
compared with control. Additionally, a decrease was detected positive cells in SGZ and DG areas [SGZ; F (2.26) = 33.991
in the number of positive cells between MetS and MetS+Ins P<0.0001, DG; F (2.28) = 11.127 P<0.0001] (Figure 4D). A
groups (SGZ; P<0.0001, DG; P<0.001) (Figure 4B-C). significant increase was detected in the number of positive

There were also statistically significant differences cells in the MetS group (both SGZ and DG P<0.0001), while
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§5e

Figure 4. Inmunohistochemical staining of the TUNEL and cleaved Caspase-3 positive cells in the hippocampus. A) TUNEL-positive cells in SGZ and DG
were stained dark brown and were shown with an arrow. B) Positive cell number in 1000 um? in SGZ was shown in the graph. C) Positive cell number in
1000 um? in DG was shown in the graph. The graph was expressed as the means + SD. *P<0.05 Control vs MetS-MetS+Ins, and #P<0.05 MetS+Ins vs MetS.
D) Cleaved Caspase-3 positive cells in SGZ and DG were stained dark brown and shown with arrow. E) Positive cell number in 1000 um? in SGZ was shown
in the graph. F) Positive cell number in 1000 pm? in DG was shown in the graph

Representative photomicrographs were taken at magnifications of 10X and 40X, Bar: 100 pm. The graph was expressed as the means + SD. *P<0.05 Control
vs MetS-MetS+Ins, and #P<0.05 MetS+Ins vs MetS

TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling; DG: Dentate gyrus; SGZ: Subgranular zone; MetS: Metabolic syndrome
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Figure 5. Immunohistochemical staining of the Insulin primary antibody in the hippocampus. A) Immunohistochemical labeling of insulin expression
in the DG of the hippocampus. Representative photomicrographs were taken at magnifications of 10X and 40X, Bar: 100 um. B) H-SCORE levels of
immunostaining intensity of insulin in the DG region of the hippocampus

The graph was expressed as the means + SD. *P<0.05 Control vs MetS-MetS+Ins

DG: Dentate gyrus; MetS: Metabolic syndrome

A sulin Rece Insulin Receptor Substrate 2

= Cnt
B Ve
W MetS+ins

Figure 6. Inmunohistochemical staining of the IR and IRS2 primary antibodies in the hippocampus. A) Immunohistochemical labeling of insulin receptor
expression in the DG of the hippocampus. B) H-SCORE levels of immunostaining intensity of insulin receptor in the DG region of the hippocampus. The
graph was expressed as the means + SD. *P<0.05 Control vs MetS and #P<0.05 MetS+Ins vs MetS. C) Immunohistochemical labeling of IRS2 expression in the
DG of the hippocampus. D) H-SCORE levels of immunostaining intensity of IRS2 in the DG region of the hippocampus. Representative photomicrographs
were taken at magnifications of 10X and 40X, Bar: 100 um

The graph was expressed as the means + SD. *P<0.05 Control vs MetS and #P<0.05 MetS+Ins vs MetS

IR: Insulin receptor; IRS2: Insulin receptor substrate2; DG: Dentate gyrus; MetS: Metabolic syndrome

(Figure 5B).

The H-score means of IR and IRS2 were different (P=0.006)
(Figures 6A and 6C). Although a significant decrease was
detected in terms of IR positivity in the MetS group (P<0.05),
no statistically significant difference was detected in the

the number of positive cells was increased in only the SGZ
area in the MetS+Ins group (P<0.001) compared with the
control group (Figure 4E-F).

Insulin signaling was impaired in MetS

There were significant differences among the groups
concerning insulin H-score values [F (2,30) = 19,353
P<0.0001] (Figure 5A). The mean of H-score in the control
group was higher than in the other two groups (P<0.0001)

1312

MetS+Ins group (P=1.00) compared with the control (Figure
6B). Additionally, no statistically significant difference was
detected between control-MetS and control-MetS+Ins
groups concerning IRS2 positivity (P=0.065 and P=0.935,
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Figure 7. Immunohistochemical staining of the Glut3 and Glut4 primary antibodies in the hippocampus. A) Immunohistochemical labeling of Glut3
expression in the DG of the hippocampus. B) H-SCORE levels of immunostaining intensity of glucose transporter3 in the DG region of the hippocampus.
The graph was expressed as the means + SD. C) Immunohistochemical labeling of Glut4 expression in the DG of the hippocampus. D) H-SCORE levels of
immunostaining intensity of glucose transporter4 in the DG region of the hippocampus. Representative photomicrographs were taken at magnifications of

10X and 40X, Bar: 100 um

The graph was expressed as the means + SD. *P<0.05 Control vs MetS and #P<0.05 MetS+Ins vs MetS
Glut3: Glucose transporter3; Glut4: Glucose transporter4; DG: Dentate gyrus; MetS: Metabolic syndrome

respectively). When the MetS and MetS+Ins groups were
compared, it was observed that the mean H-score increased
in the MetS+Ins group (P=0.006) (Figure 6D).

Although no statistical difference was detected

Table 1. Learning, memory and anxiety-like behavior test results in rats

concerning the mean of GLUT3 H-score values among
groups (Figure 7A-B), a difference was detected in terms
of the mean of GLUT4 H-score values between groups
(P>0.05) (Figure 7C-D).

Behavior tests, reason for investigation Behavior parameters Control Metabolic syndrome Metabolic syndrome + insulin
(MetS) (MetS+Ins)

1. OFT ( horizontal locomotor activity) Total distance traveled 828+382,76 # 344+256,26 746,0+393,7 *

2. OFT (vertical locomotor activity) Total rearing number 10,8+5,84 #A 4,8+3,52 53+2,4

3. OFT (exploratory behavior) Unsupported rearing number 4,742,21 #A 1,2+1,47 2,2+1,13

4. OFT (ALB) Central zone time 16,7+12,05 #A 5,70+4,16 7,00+4,2

5. OFT (ALB) Central zone entrance 1,2£1,61  #A - 0,1+0,31

6. OFT (ALB) Freezing time 35,5+11,65 # 64+8,43 39+8,43 *

7. OFT (ALB) Total grooming time 25,4+4,32 30+4,11 28+4,42

8. OFT (ALB) Unsequential grooming time 7,242,34 # 14,6+1,83 9,2+1,68 *

9. EPM (ALB) Open arm time 56,6+1,81 #/ 14,8+8,67 40,9+19,09 *

10. EPM (ALB) Open arm entrance 4+0,70 # 1,22+0,44 3,55+0,88 *

11. EPM (exploratory behavior) Head dipping behavior 8+1,63 #/ 2,2+1,03 4,5+0,97 *

12. EPM (ALB) Stretch-attend posture 2,5+0,84 # 5,6+1,35 3,240,63 *

13.1LDB (ALB) Light zone time 35,2+39,91 # 11,0+5,16 31,7+13,74 %

14. EPM (learning and memory) Transfer latency time 11,0+3,33 #A 63,7+15,03 32,146,15*

15. Vander Wolf Swim Test (learning and memory) Retention test swimming time 29,02+5,28 # 65,72+17,5 37,6+4,5*

16. Vander Wolf Swim Test (learning and memory) Acquisition test error number 4,1+0,87 #1 7,3+1,49 6+1,15

17. Vander Wolf Swim Test (learning and memory) Retention test error number 1,240,42 #/7 6,8+1,47 340,66 *

#: Control vs MetS group statistical significance, #/: Control vs both MetS and MetS+1Ins groups statistically, *: MetS+Ins vs MetS group statistical significance.

Significance value (P<0.05)

OFT: Open field test; EPM: Elevated plus maze; LDB: Light-dark box; ALB: Anxiety-like behavior
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Learning-Memory levels were decreased and Anxiety-like
behaviors were increased in MetS

EPM and Vanderwolf swimming tests were performed
for evaluating learning-memory levels. It was observed that
learning-memory levels were decreased in the MetS group
when compared with the control group (Table 1) (P<0.05).
EPM, OFT, and LDB tests were performed to evaluate the
anxiety-like behaviors. It was detected that anxiety-like
behaviors were increased in the MetS group when compared
with the control group (Table 1).

Discussion

The obtained data reported an important decline in the
levels of hippocampal neurogenesis in SGZ in MetS. This
decline was demonstrated by IHC staining with DCX,
NeuroD1, Ki67, and NeuN positivity. DCX is used to show
the decreasing of neurogenesis in rats with type II DM
(18), and Ki67 is used to prove the adult neurogenesis (19).
On the other hand, it has been explained that NeuroD1
is necessary for maturation and survival of newly formed
neurons in adult neurogenesis (20). A study claimed that
NeuroD1 gene expression decreased in the hippocampus of
rats fed with standard chow and 10% sucrose diet (21). In
our study, we observed a decrease in the number of DCX,
NeuroD1, and Ki67 positive cells in SGZ in MetS.

To investigate, whether the reason for neurogenesis
decline is related to apoptosis, Caspase-3 and TUNEL levels
in SGZ were analyzed by IHC staining. The obtained data
showed that the number of apoptotic neurons increased
in SGZ in the MetS group, while the number of apoptotic
neurons in SGZ in the MetS+Ins group decreased. In
current literature, Ho et al. (22) pointed out that the levels of
apoptotic markers increased in the hippocampus of diabetic
rats. Another study reported that MetS increases the risk of
type 2 DM by 5-fold (23).

NeuN is only expressed in mature neurons and it has
been noted that neurogenesis is reduced through deletion of
this gene. The dysfunction of NeuN can be seen in epilepsy,
autism spectrum disorder, neurodevelopmental delay,
and cognitive disorders (24). To detect the reason for this
decrease, we analyzed the cleaved Caspase-3 and TUNEL
positive neuron numbers in DG and found that the level
of apoptosis was increased in DG in the MetS group. Even
though the number of NeuN-expressing cells was increased
in the MetS+Ins group, this increase was not statistically
significant when compared with the MetS group.

Hyperinsulinemia, which occurs with MetS, contributes
to deterioration of glucose tolerance by causing an increase
in insulin resistance (25). The aim of insulin administration
to the experimental group is to examine its effects on
neurogenesis by reducing the blood glucose level closer
to euglycemic values. After insulin administration, the
decrease in body weight, blood insulin, and OGTT levels in
the MetS+Ins group was an indication of euglycemic values.
These data were compatible with the current literature (14).
The neurogenesis markers were high in the MetS+Ins group;
however, this increase was not significant in our study. A
significant decrease in the number of apoptotic cells was
observed in SGZ where neuronal stem cells were located.
Similarly, a statistically insignificant increase in the number
of mature cells expressing NeuN was also observed.

In the central nervous system, insulin binds and
phosphorylates IR, followed by phosphorylation of IRS.
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Phosphorylation of IRS activates the PI3K and MAPK/
ERK pathways (26). It has been shown that PI3K signaling
pathway is important for the metabolic effects of insulin
and this pathway is generally affected in patients with MetS
and DM (27). In type 2 DM patients, it has been shown that
IR and IRS levels decrease with the formation of insulin
resistance in the hippocampal region (28). Reduced insulin
level leads to a decrease in the activation of insulin signaling.
Then, the central control of peripheral metabolism is
adversely affected and the rate of insulin resistance increases
(29). In our study, the reduction in insulin, IR, and IRS2
expression levels was pointed out in especially DG of MetS
groups. Insulin has been shown to regulate the proliferation
and differentiation processes of hippocampal stem cells and
plays a protective role against apoptosis and oxidative stress
(30). The reason for the decrease in neurogenesis in MetS
may be disruption of the insulin signaling pathway due to
insulin resistance. Our findings reported that expression
levels of neurogenesis proteins, IR, and IRS2 were elevated
in the MetS+Ins group.

Glucose is the main energy source for the brain. The
uptake, transport, and use of glucose into neurons are
affected by insulin, but is not insulin-dependent (31);
although most glucose uptake in neurons occurs via GLUT3,
which is co-expressed with insulin-regulated GLUT4 (32).
In our study, although there was no significant difference,
GLUT3 expression was increased. A study reported that
GLUT4 expression in the cell membrane was decreased by
reduced insulin signaling and impaired glucose metabolism
in rat brains (33). In general, brain insulin signaling and
regulation of GLUT4 may differ in peripheral tissues (34). In
our study, the GLUT4 expression level was increased in the
hippocampus of rats with MetS, despite insulin resistance.
This can be explained in two ways. First, the regulation of
GLUT4 in the hippocampus is indeed different from the
peripheral tissues. Second, there is increased cytoplasmic
expression and decreased membrane localization of
GLUT4. At that point, our study has a limitation in that
we should have determined whether the increased GLUT4
expression originated from the cytoplasm or localization to
the membrane.

Nowadays, due to the rapid change in eating habits,
most related studies have been examining the effects of
high-fat and sucrose diets on behavior. Whether high
sucrose intake changes anxiety-like behaviors, learning and
memory is controversial. It has been shown that anxiety-like
behavior is not related to the consumption of high sucrose
diet, whereas motor learning impairment is related (35).
Another study showed that 25% sucrose intake increased
anxiety-like behaviors (36). The results in our study cover
the data in those two studies. We detected that anxiety-like
behaviors increased and learning-memory skills decreased
in the MetS group. It is known that the hippocampus has
a role in learning, memory, and spatial orientation. In our
study, we showed that neurogenesis-related protein levels
were decreased, apoptosis was increased, and the mean
neuron numbers were decreased in the hippocampus. If
neurogenesis is reduced in the hippocampus, learning and
memory decline is an inevitable outcome. Additionally,
deletion of IRS2 in male mice reveals a negative effect on
hippocampus-related emotional responses and spatial
memory (11). It is reported that IR and IGFIR are
important for mood and cognition in the hippocampus and
central amygdala (10). Parallel with the current literature,
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we detected that IR and IRS2 expression were decreased
in the MetS group. These results support the increase
in anxiety-like behaviors in MetS rats. Elevations in the
levels of IR, IRS2, and neurogenesis markers after insulin
administration support a decrease in anxiety-like behaviors
and an increase in learning and memory in rats.

Conclusion

This study showed a significant decrease in neurogenesis
and an increase in apoptosis. Also, the levels of some
proteins involving insulin signaling pathways were changed
in the hippocampus regions of rats with MetS. As a result
of these changes, anxiety-like behavior was increased, while
memory and learning rates were decreased. In light of these
data, we think that the insulin signaling pathway may have
an effect on the decreased neurogenesis in the MetS group.
For this reason, evaluation of the MAPK pathway and
investigation of the effect of ER stress on this pathway will
be among the targets of our future studies.

Acknowledgment

The results presented in this paper were part of a student
thesis. Additionally, the current study was supported by
the Scientific Research Project Council, Ankara University,
Turkey (project number: 16L0230007).

Authors’ Contributions

BP and DB Conceived the presented idea. KS, CB, and CH
Developed the theory. All authors performed the experiments.
BP and KS Verified the analytical methods. CH and BP
Performed behavioral experiments. All authors evaluated the
laboratory data and contributed to writing the paper.

Conflicts of Interest
The authors have no conflicts of interest

References

1. Lee L, Sanders RA. Metabolic syndrome. Pediatr Rev 2012; 33:
459-466.

2. Blazquez E, Velazquez E, Hurtado-Carneiro V, Ruiz-Albusac
JM. Insulin in the brain: Its pathophysiological implications for
states related with central insulin resistance, type 2 diabetes and
alzheimer’s disease. Front Endocrinol (Lausanne) 2014; 5: 161-182.
3. Valero J, Paris I, Sierra A. Lifestyle shapes the dialogue between
environment, microglia, and adult neurogenesis. ACS Chem
Neurosci 2016; 7: 442-453.

4. Kempermann G, Song H, Gage FH. Neurogenesis in the adult
hippocampus. Cold Spring Harb Perspect Biol 2015; 7: 1-14.

5. Gusel'nikova VV, Korzhevskiy DE. NeuN as a neuronal nuclear
antigen and neuron differentiation marker. Acta Naturae 2015; 7:
42-47.

6. Hammoud H, Netsyk O, Tafreshiha AS, Korol SV, Jin Z, Li JP, et al.
Insulin differentially modulates GABA signalling in hippocampal
neurons and, in an age-dependent manner, normalizes GABA-
activated currents in the tg-APPSwe mouse model of Alzheimer’s
disease. Acta Physiol (Oxf) 2021; 232: 13623-13647.

7. Yanagita T, Nemoto T, Satoh S, Yoshikawa N, Maruta T, Shiraishi
S, et al. Neuronal insulin receptor signaling: A potential target for
the treatment of cognitive and mood disorders. Mood Disorders
2013; 263-287.

8. Plum L, Schubert M, Bruning JC. The role of insulin receptor
signaling in the brain. Trends Endocrinol Metab 2005; 16: 59-65.
9. Kleinridders A, Ferris HA, Cai W, Kahn CR. Insulin action in
brain regulates systemic metabolism and brain function. Diabetes

Iran ] Basic Med Sci, Vol. 25, No. 11, Nov 2022

NE=EMS

Bayram et al.

2014; 63: 2232-2243.

10. Soto M, Cai W, Konishi M, Kahn CR. Insulin signaling
in the hippocampus and amygdala regulates metabolism and
neurobehavior. Proc Natl Acad Sci U S A 2019; 116: 6379-6384.
11. Tanokashira D, Wang W, Maruyama M, Kuroiwa C, White
ME Taguchi A. Irs2 deficiency alters hippocampus-associated
behaviors during young adulthood. Biochem Biophys Res
Commun 2021; 559: 148-154.

12. Koepsell H. Glucose transporters in brain in health and disease.
Pflugers Arch 2020; 472: 1299-1343.

13. Grillo CA, Piroli GG, Hendry RM, Reagan LP. Insulin-
stimulated translocation of GLUT4 to the plasma membrane in rat
hippocampus is PI3-kinase dependent. Brain Res 2009; 1296: 35-45.
14. Durak A, Olgar Y, Degirmenci S, Akkus E, Tuncay E, Turan B.
A SGLT2 inhibitor dapagliflozin suppresses prolonged ventricular-
repolarization through augmentation of mitochondrial function
in insulin-resistant metabolic syndrome rats. Cardiovasc Diabetol
2018;17:1-17.

15. Caliskan H, Akat F, Zaloglu N. Sartsiz hayvan anksiyete testleri.
Ankara Saglik Hizmetleri Dergisi 2017; 16: 35-40.

16. Bacus S, Flowers JL, Press MFE, Bacus JW, McCarty KS Jr. The
evaluation of estrogen receptor in primary breast carcinoma by
computer-assisted image analysis. Am J Clin Pathol 1988; 90: 233-239.
17. Akdas S, Turan B, Durak A, Aribal Ayral P, Yazihan N. The
relationship between metabolic syndrome development and tissue
trace elements status and inflammatory markers. Biol Trace Elem
Res 2020; 198: 16-24.

18. Hwang IK, Yi SS, Kim YN, Kim IY, Lee IS, Yoon YS, et al.
Reduced hippocampal cell differentiation in the subgranular zone
of the dentate gyrus in a rat model of type II diabetes. Neurochem
Res 2008; 33: 394-400.

19. Mensching L, Djogo N, Keller C, Rading S, Karsak M. Stable
adult hippocampal neurogenesis in cannabinoid receptor CB2
deficient mice. Int ] Mol Sci 2019; 20: 2-9.

20. Gao Z, Ure K, Ables JL, Lagace DC, Nave KA, Goebbels S, et al.
Neurodl is essential for the survival and maturation of adult-born
neurons. Nat Neurosci 2009; 12: 1090-1092.

21. Maniam J, Antoniadis CP, Youngson NA, Sinha JK, Morris
M]J. Sugar consumption produces effects similar to early life stress
exposure on hippocampal markers of neurogenesis and stress
response. Front Mol Neurosci 2015; 8: 86-96.

22.Ho N, Sommers MS, Lucki I. Effects of diabetes on hippocampal
neurogenesis: links to cognition and depression. Neurosci
Biobehav Rev 2013; 37: 1346-1362.

23. Cornier MA, Dabelea D, Hernandez TL, Lindstrom RC, Steig
AJ, Stob NR, et al. The metabolic syndrome. Endocr Rev 2008; 29:
777-822

24. Lin YS, Wang HY, Huang DF, Hsieh PE Lin MY, Chou CH,
et al. Neuronal splicing regulator RBFOX3 (NeuN) regulates adult
hippocampal neurogenesis and synaptogenesis. PLoS One 2016;
11:1-17.

25. Gual P, Le Marchand-Brustel Y, Tanti JF. Positive and negative
regulation of insulin signaling through IRS-1 phosphorylation.
Biochimie 2005; 87: 99-109.

26. Costello DA, Claret M, Al-Qassab H, Plattner F, Irvine EE,
Choudhury Al et al. Brain deletion of insulin receptor substrate 2
disrupts hippocampal synaptic plasticity and metaplasticity. PLoS
One 2012; 7: 1-13.

27. Kim B, Feldman EL. Insulin resistance in the nervous system.
Trends Endocrinol Metab 2012; 23: 133-141.

28. Biessels GJ, Reagan LP. Hippocampal insulin resistance and
cognitive dysfunction. Nat Rev Neurosci 2015; 16: 660-671.

29. Shpakov AO, Derkach KV, Berstein LM. Brain signaling systems
in the type 2 diabetes and metabolic syndrome: promising target to
treat and prevent these diseases. Future Sci OA 2015; 1: 1-29.

30. Arvanitakis Z, Wang HY, Capuano AW, Khan A, Taib B,
Anokye-Danso F, et al. Brain insulin signaling, alzheimer disease

1315



Bayram et al.

pathology, and cognitive function. Ann Neurol 2020; 88:513-525.
31. Uemura E, Greenlee HW. Insulin regulates neuronal glucose
uptake by promoting translocation of glucose transporter GLUT3.
Exp Neurol 2006; 198: 48-53.

32. Arnold SE, Arvanitakis Z, Macauley-Rambach SL, Koenig
AM, Wang HY, Ahima RS, et al. Brain insulin resistance in type
2 diabetes and alzheimer disease: concepts and conundrums. Nat
Rev Neurol 2018; 14: 168-181.

33. Takeda S, Sato N, Uchio-Yamada K, Sawada K, Kunieda T,
Takeuchi D, et al. Diabetes-accelerated memory dysfunction
via cerebrovascular inflammation and abeta deposition in an
alzheimer mouse model with diabetes. Proc Natl Acad Sci U S A

1316

N=MS

Neurogenesis in metabolic syndrome

2010; 107: 7036-7041.

34. McNay EC, Pearson-Leary J. GluT4: a central player in
hippocampal memory and brain insulin resistance. Exp Neurol
2020; 323: 113076-113098.

35. Flores-Fuentes N, Hernandez-Cruz C, Bermeo K, Barajas-
Martinez A, Hernandez-Serratos VN, Aceves-Rodriguez EM, et
al. Motor learning impairment in rats under a high sucrose diet.
Physiol Behav 2021; 234: 113384-113393.

36. Pinto BA, Melo TM, Flister KF, Franca LM, Kajihara D, Tanaka
LY, et al. Early and sustained exposure to high-sucrose diet triggers
hippocampal ER stress in young rats. Metab Brain Dis 2016; 31:
917-927.

Iran J Basic Med Sci, Vol. 25, No. 11, Nov 2022



