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Abstract

Background: This study investigates the effects of MLR-1023 on cognitive deficiency and oxidative stress in a lipopolysaccharide
(LPS)induced mouse model.
Objectives: The role of PPAR-gamma receptors and the NO- cyclic GMP (cGMP)-K7p channel pathway were examined to identify

the likely mechanisms.

Methods: The model was established by LPS injection. Behavioral assays included shuttle box and Y-maze tests. Superoxide
dismutase (SOD) activity and malondialdehyde (MDA) levels were then measured in hippocampal tissue. To explore the
probable mechanisms, the mice were pre-treated with agonists and antagonists 15 minutes before MLR-1023 (20 - 40 mg/kg, i.p.)
administration.

Results: Lipopolysaccharide increased the initial latency (IL) time, while MLR-1023 (40 mg) reduced it. Administration of L-
NAME, methylene blue, and glibenclamide with MLR-1023 increased IL duration, while L-arginine, sildenafil, and diazoxide
reduced it. Lipopolysaccharide reduced the duration of step-through latency (STL), whereas MLR-1023 increased it. L-NAME,
methylene blue, and glibenclamide with MLR-1023 reduced STL duration, but L-arginine, sildenafil, and diazoxide increased it.
The spontaneous alternation index decreased with LPS, while MLR-1023 increased it. L-NAME, methylene blue, glibenclamide,
and GW9662 decreased this index, whereas L-arginine, sildenafil, diazoxide, and pioglitazone increased it. Lipopolysaccharide
increased MDA concentration, while MLR-1023 decreased it. L-NAME, methylene blue, and glibenclamide increased MDA
concentration, while L-arginine, diazoxide, and pioglitazone decreased it. Lipopolysaccharide reduced SOD activity, which was
improved by MLR-1023. L-NAME, methylene blue, glibenclamide, and GW9662 decreased SOD activity, while sildenafil and
pioglitazone increased it.

Conclusions: MLR-1023 can improve LPS-induced learning-memory impairment and oxidative stress. The Kjp/cGMP/NO

pathway and PPAR, receptors are involved in this effect.
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1. Background

Alzheimer’s disease (AD), a neurological disorder, is
characterized by cognitive deficits, impaired learning
and memory, and decreased psychological and
behavioral performance (1). Additionally, research has
shown that type 2 diabetes, a global health issue,

significantly impacts cognitive functions, particularly
memory, mental processing speed, and executive
performance (2).

Although several studies indicate an association
between type 2 diabetes (DM) and AD, the underlying
mechanisms remain unclear (3). Due to this critical
correlation, numerous investigations have been
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conducted on diabetic drugs to explore their potential
neuroprotective effects. However, medications targeting
diabetic neuroinflammation are still inadequate,
necessitating  further research (4). Cognitive
dysfunction is a significant complication of diabetes
mellitus, yet no clinically approved drug exists for this
issue (5). Studies confirm the involvement of oxidative
stress in the brains of AD patients, and oxidative stress
appears to be a primary precursor of cognitive decline
(6).

Several medications are available for managing AD.
Neurotransmitters play a key role in the brain, and
pathological changes in neurotransmitter function
occur during the progression of AD. Drugs such as
galantamine, memantine, donepezil, and others
targeting neurotransmitters are used in AD treatment.
Studies show that these medications can significantly
improve cognitive deficits in patients (7). However, they
are not completely successful, highlighting the need for
more effective drugs to prevent or treat AD.

MLR-1023 (CP-26154, Tolimidone) is a Lyn-kinase
activator known for its blood glucose-decreasing
properties, making it a potential new treatment for type
2 diabetes (8). It has been reported that MLR-1023
enhances insulin receptor activity in DM, suggesting
that MLR-1023 may work through insulin signaling (9).
Lyn kinase is present in tissues such as the brain and
adipose tissue and has been shown to play a novel role
in the mesolimbic system, controlling mental tasks such
as alcohol reward (10).

Since MLR-1023 can directly activate Lyn kinase, it
offers a new therapeutic approach that promotes
glucose-decreasing effects without affecting insulin
secretion. Therefore, it may be beneficial in neurological
disorders such as Alzheimer’s disease.

2. Objectives

This research project aims to investigate the effects of
MLR-1023 on cognitive deficits and oxidative stress in an
lipopolysaccharide (LPS)-induced mouse model of AD.
The role of PPAR-gamma receptors and the NO-cyclic
GMP (cGMP)-Ksrp channel pathway will also be

examined to elucidate the likely mechanisms.

3. Methods

3.1. Animals

We used 90 NMRI male mice obtained from AJUMS
(Jundishapur University of Medical Sciences, Ahvaz,
Iran). These mice (weighing 25 - 30 g) had free access to

food and water and were kept on a 12-hour light-dark
cycle at a temperature of 22 + 2°C and 80% humidity. The
ethics committee of Dezful University of Medical
Sciences approved this project (IR.DUMS.REC.1399.043),
and all procedures were performed in accordance with
the NIH guide for the care and use of laboratory animals
(National Institutes of Health Publications No. 80-23,
revised 1978) and the ARRIVE guidelines. To ensure
reliable scientific data, we reduced the number of mice
per group to 6 - 8 animals.

3.2.Drugs

All drugs used in this study are listed here: LPS, MLR-
1023, L-NAME (NOS inhibitor), L-arginine (NO precursor),

diazoxide (ATP-sensitive K*-channel opener), sildenafil

(PDE-5 inhibitor), and glibenclamide (ATP-sensitive K-
channel inhibitor) were obtained from Sigma-Aldrich.
Pioglitazone (PPARy-agonist) was sourced from Osveh

Company (Iran), and GW9662 (PPARy-antagonist) was

acquired from Tocris Bioscience (UK). Methylene blue
(NOS/guanylyl cyclase blocker) was obtained from
Merck. The drugs were diluted with saline, except for
glibenclamide, pioglitazone, MLR-1023, and GW9662,
which were dissolved in 1% dimethyl sulfoxide (DMSO)
and then diluted up to 10 times their initial volume with
saline. All drugs were administered via intraperitoneal
(i.p.) injection at a dose of 10 mL/kg body weight. The
dosages and routes of administration were based on
previous studies (11, 12).

3.3. Behavioral Assay

The behavioral assays included the passive avoidance
memory test (shuttle box) and the spatial memory test
(Y-maze). After the behavioral tests, the mice were
euthanized, and their brains were removed for analysis.
Superoxide dismutase (SOD) enzyme activity and the
amount of malondialdehyde (MDA) in hippocampal
tissue samples were measured to evaluate oxidative
stress.

3.3.1. Shuttle Box Test

The method suggested by Tamburella, with some
modifications, was used for the passive avoidance
memory assessment. The shuttle box apparatus,
composed of two neighboring boxes of the same
dimensions (27 x 14.5 x 14 cm), was used. The floor of the
boxes had stainless steel bars (2 mm diameter, spaced 1
cm apart). One section was illuminated by a 5W lamp.
The test was conducted over three days. On the first day,
mice were allowed to freely explore the light or dark
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compartment for 10 minutes separately. On the second
day, mice were placed in the bright section, and after 10
seconds, the door was opened. The latency time to enter
the dark compartment was recorded as the cognitive
phase (initial latency). Then, the door was closed, and a
low-level electric shock (0.3 mA, 3 sec) was applied when
all paws touched the floor grids. After 3 minutes, the
mice were returned to their cages. On the third day, the
mice were placed in the bright section again. The
latency time to enter the dark section was recorded as
step-through latency (STL), indicating the learning-
memory parameter. The time cut-off was set at 300
seconds, and no shock was applied on this day (13).

3.3.2. Y-maze Test

To examine short-term memory, we used a Y-maze
with three arms (A, B, and C) of equal sizes (30 x 5 x 12
cm) with a 120° angle between the arms. Each mouse
was tested for 8 minutes. First, each mouse was placed in
one arm, and then we recorded the name of every arm
the mouse entered. The number of entries per arm was
also recorded. The alternation percentage (%) for each
mouse was calculated by taking the ratio of the actual
number of alternations to the possible number (defined
as the total number of arm entries minus two) and
multiplying by 100. The total number of arm entries was
considered as an indicator of locomotor activity (14, 15).

3.3.3. Measurement of Hippocampal Tissue MDA Level and
SOD Activity

The mice were euthanized after deep anesthesia, and
their hippocampi were rapidly extracted. These tissues
were rinsed with saline and stored at-80°C until analysis
with ELISA kits. Each brain tissue sample was weighed
and homogenized, then shaken for 90 minutes and
centrifuged (at 4°C, 4000 x g, for 15 minutes). The
supernatants were collected for analysis (16). ELISA kits
for MDA and SOD were purchased from LDN
Immunoassays (Germany), and the assays were
conducted according to the manufacturer's guidelines.

3.4. Treatments

This project was an experimental laboratory study. As
shown in Figure 1, the mouse model of Alzheimer's
disease was induced by intraperitoneal injection of LPS.
On the first day, all groups were injected with LPS (0.25
mg/kg, 0.1 mL/10 g body weight, dissolved in saline)
daily for 7 consecutive days. The control group received
a similar quantity of saline instead (15, 17). The first
series of experiments aimed to determine the effective
dose of MLR-1023 on behavioral assays (shuttle box and
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Y-maze tests). MLR-1023 at doses of 20, 30, and 40 mg/kg
(ip.) or 10 mL/kg solvent were administered for 14
consecutive days, 30 minutes prior to the tests.

In the subsequent set of experiments, to investigate
the potential role of the NO/cGMP[K,7p pathway in the
effects of MLR-1023, the mice were pre-treated with L-
arginine (750 mg/kg, i.p.) or vehicle 30 minutes before
the injection of MLR-1023 (40 mg/kg, i.p.). After 30
minutes, the tests were conducted. Additionally, we
examined the effects of combined administration of
MLR-1023 (40 mg/kg, i.p.) with L-NAME (10 mg/kg, i.p., a
nonselective NO synthase inhibitor) (18). The role of
cGMP was assessed by injecting methylene blue (20
mg/kg, i.p.) or vehicle 30 minutes before MLR-1023 (40
mg/kg, i.p.). We also evaluated the effect of combining
an effective dose of MLR-1023 (40 mg/kg) with a sub-
effective dose of sildenafil (5 mg/kg, i.p.) (19).

To assess the role of K" channel gating, animals were
pre-treated with glibenclamide (1 mg/kg, i.p.) and, 30
minutes later, they received MLR-1023 (40 mg/kg).
Additionally, mice received diazoxide (5 mg/kg, i.p.) 30
minutes before MLR-1023 (40 mg/kg). Thirty minutes
later, the behavioral tests were conducted (20).

To designate the potential role of PPAR,, receptors, a
PPAR,, receptor agonist, pioglitazone (5 mg/kg, i.p.), was
injected 30 minutes before MLR-1023 (40 mg/kg).
Additionally, we administered GW9662 (2 mg/kg, i.p.) 30
minutes prior to the injection of MLR-1023 or solvent (18,
21).

3.5. Statistical Analysis

The data were presented as means + SEM. Normality
of the data was evaluated using the Kolmogorov-
Smirnov test. All data followed a normal distribution.
Statistical analysis was performed using SPSS version 22.
One-way ANOVA with Tukey’s post hoc test (LSD in some
cases) was used for intergroup comparisons. A P-value of
less than 0.05 was considered significant.

4. Results

4.1. Effect of MLR-1023 on Passive Avoidance Task in Shuttle
Box Test

Lipopolysaccharide injection significantly increased
the initial latency (IL) time (P < 0.05) and decreased the
STL time (P < 0.001) compared to the control group in
the shuttle box test (Figure 2A). MLR-1023 significantly
decreased IL (P < 0.05) and increased STL (P < 0.01) only
at the dose of 40 mg/kg (Figure 2A). To evaluate the
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Figure 2. Effect of administration of MLR-1023 (20, 30 and 40 mg/kg, i.p.) in the initial latency (IL) and step-through latency (STL) time in the shuttle box test (A); spontaneous
alternation percentage in Y-maze test (B) versus control group in mice. Values are expressed as mean + SEM. (n = 6). * P < 0.05 and *** P < 0.001 compared with the control group
(one-way ANOVA followed by Tukey's test). # P < 0.05 and ## P < 0.01 compared with the lipopolysaccharide (LPS) + vehicle treated group (one-way ANOVA followed by Tukey's

test).

probable role of the NO/cGMP/Kyrp pathway and PPAR,

receptors in the effects of MLR-1023, mice were pre-
treated with the related agonists and antagonists
mentioned below. These agonists and antagonists did
not have a significant effect on IL and STL times when
used alone.

4.2. Involvement of NO in the Effect of MLR-1023 on Passive
Avoidance Task in Shuttle box Test

Pre-treatment with L-NAME (10 mg/kg, ip)
significantly increased the IL (P < 0.01) and decreased
the STL (P < 0.01) compared to the LPS + MLR-1023 (40
mg/kg, i.p.) treated group. In contrast, pre-treatment
with L-arginine (750 mg/kg, i.p.) significantly decreased
the IL (P < 0.05) and increased the STL (P < 0.05)
compared to the LPS + MLR-1023 (40 mg/kg, i.p.) treated
group (Figure 3A).

4.3. Involvement of cGMP in the Effect of MLR-1023 on Passive
Avoidance Task in Shuttle Box Test

Pre-treatment with methylene blue (20 mg/kg, i.p.)
significantly increased the IL (P < 0.01) and decreased
the STL (P < 0.01) compared to the LPS + MLR-1023 (40
mg/kg, i.p.) treated group. In contrast, pre-treatment
with sildenafil (5 mg/kg, i.p.) significantly decreased the
IL (P < 0.05) and increased the STL (P < 0.05) compared
to the LPS + MLR-1023 (40 mg/kg, i.p.) treated group
(Figure 3B).

4.4. Involvement of KATP Channels in the Effect of MLR-1023
on Passive Avoidance Task in Shuttle Box Test

As shown in Figure 3C, pretreatment with
glibenclamide (1 mgfkg, i.p., a Kypp channel blocker)

significantly increased the IL (P < 0.01) and decreased
the STL (P < 0.01) compared to the LPS + MLR-1023 (40
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Figure 3. Involvement of NO/cyclic GMP (cGMP)/Kyrp channels pathway and PPAR,, receptors in the effect of MLR-1023 on the initial latency (IL) and step-through latency (STL) in

shuttle box test, are shown in panels A, B, C and D respectively. Values are expressed as mean + SEM. (n = 6). * P < 0.05, ** P < 0.01 compared with the lipopolysaccharide (LPS) +
MLR-1023 (40 mg/kg, i.p.) treated group, as determined by one-way ANOVA followed by Tukey’s (LSD in some cases) post hoc test.

mg/kg, i.p.) treated group. In contrast, pretreatment
with diazoxide (10 mg/kg, i.p., a Kyrp channel opener)

significantly decreased the IL (P < 0.05) and increased
the STL (P < 0.05) compared to the LPS + MLR-1023 (40
mg/kg, i.p.) treated group.

4.5. Involvement of PPARy Receptors in the Effect of MLR-1023
on Passive Avoidance Task in Shuttle Box Test

As shown in Figure 3D, pre-treatment with
pioglitazone (5 mg/kg, i.p., a PPAR, receptor agonist)
and GW9662 (2 mg/kg, i.p., a PPAR,, receptor antagonist)
did not have any significant effect in the shuttle box test.

4.6. Effect of MLR-1023 on Learning-Memory in Y-maze Test

There was no difference in total arm entries between
groups. Lipopolysaccharide injection significantly
decreased the spontaneous alternation percentage
compared to the control group (P < 0.001) in the Y-maze

] Adv Immunopharmacol. 2024; 4(2): €149170.

test (Figure 2B). MLR-1023 significantly increased the
spontaneous alternation percentage (P < 0.05) only at
the dose of 40 mg/kg (Figure 2B). To assess the likely role
of the NO-cGMP-K,yp pathway and PPAR,, receptors in

the effects of MLR-1023, mice were pre-treated with
related agonists and antagonists as mentioned below.
These agonists and antagonists did not have a
significant effect on the spontaneous alternation
percentage when used alone.

4.7. Involvement of NO in the Effect of MLR-1023 on Learning-
Memory in Y-maze Test

Pre-treatment with L-NAME (10 mg/kg, ip.)
significantly decreased the spontaneous alternation
percentage (P < 0.05) compared to the LPS + MLR-1023
(40 mg/kg, i.p.) treated group. In contrast, pre-treatment
with L-arginine (750 mg/kg, i.p.) significantly increased
the spontaneous alternation percentage (P < 0.05)
compared to the LPS + MLR-1023 (40 mg/kg, i.p.) treated
group (Figure 4A).
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Figure 4. Involvement of NO/cyclic GMP (cGMP)/Ky1p channels pathway and PPAR,, receptors in the effect of MLR-1023 on learning-memory in Y-maze test, are shown in panels A,
B, Cand D respectively. Values are expressed as mean + SEM. (n = 6). * P < 0.05, ** P < 0.01 compared with the lipopolysaccharide (LPS) + MLR-1023 (40 mg/kg, i.p.) treated group, as

determined by one-way ANOVA followed by Tukey’s post hoc test.

4.8. Involvement of cGMP in the Effect of MLR-1023 on
Learning-Memory in Y-maze Test

Pre-treatment with methylene blue (20 mg/kg, i.p.)
significantly decreased the spontaneous alternation
percentage (P < 0.05) compared to the LPS + MLR-1023
(40 mg/kg, i.p.) treated group. Conversely, pre-treatment
with sildenafil (5 mg/kg, i.p.) significantly increased the
spontaneous alternation percentage (P < 0.01)
compared to the LPS + MLR-1023 (40 mg/kg, i.p.) treated
group (Figure 4B).

4.9. Involvement of KATP Channels in the Effect of MLR-1023
on Learning-Memory in Y-maze Test

As shown in Figure 4C, pre-treatment with
glibenclamide (1 mg/kg, i.p., a Kypp channel blocker)
significantly decreased the spontaneous alternation
percentage (P < 0.05) compared to the LPS+MLR-1023 (40
mg/kg, i.p.) treated group. Conversely, pre-treatment
with diazoxide (10 mg/kg, i.p., a Kypp channel opener)

significantly increased the spontaneous alternation
percentage (P < 0.05) compared to the LPS + MLR-1023
(40 mg|kg, i.p.) treated group.

4.10. Involvement of PPARy Receptors in the Effect of MLR-
1023 on Learning-Memory in Y-maze Test

As shown in Figure 4D, pre-treatment with
pioglitazone (5 mglkg, i.p., a PPAR, receptor agonist)
significantly increased the spontaneous alternation
percentage (P < 0.05) compared to the LPS + MLR-1023
(40 mg|kg, i.p.) treated group. In contrast, pre-treatment
with GW9662 (2 mg/kg, i.p., a PPAR, receptor antagonist)
significantly decreased the spontaneous alternation
percentage (P < 0.01) compared to the LPS + MLR-1023
(40 mg/kg, i.p.) treated group.

4.11. Effect of MLR-1023 on the Brain Tissue Lipid Peroxidation

In this study, MDA, a lipid peroxidation marker, was
measured in hippocampal tissue. Lipopolysaccharide
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the mice brain tissue. Values are expressed as mean + SEM. (n = 6). *** P < 0.001 compared with the vehicle-treated control group (one-way ANOVA followed by Tukey's test). # P <
0.05, ## P < 0.01 compared with the lipopolysaccharide (LPS) + vehicle treated group (one-way ANOVA followed by Tukey's test).

injection significantly increased the levels of MDA in the
brain tissue compared to the control group (P < 0.001).
MLR-1023 significantly decreased the levels of MDA only
at the dose of 40 mg/kg (P < 0.01) (Figure 5A). To
investigate the possible involvement of the
NO/cGMP[Kyrp pathway and PPAR,, receptors, mice were
pre-treated with related agonists and antagonists
mentioned below. These agonists and antagonists did
not have a significant effect on the levels of MDA when
used alone.

4.12. Involvement of NO in the Effect of MLR-1023 on the Brain
Tissue Lipid Peroxidation

Pre-treatment with L-NAME (10 mg/kg, i.p) increased
(P < 0.05) the levels of MDA compared to the LPS + MLR-
1023 (40 mg/kg, i.p.) treated group. In contrast, pre-
treatment with L-arginine (750 mg/kg, i.p.) decreased (P
< 0.05) the levels of MDA compared to the LPS + MLR-
1023 (40 mg/kg, i.p.) treated group (Figure 6A).

4.13. Involvement of cGMP in the Effect of MLR-1023 on the
Brain Tissue Lipid Peroxidation

] Adv Immunopharmacol. 2024; 4(2): €149170.

As shown in Figure 6B, pre-treatment with methylene
blue (20 mg/kg, i.p.) increased (P < 0.05) the levels of
MDA compared to the LPS + MLR-1023 (40 mg/kg, i.p.)
treated group. In contrast, pre-treatment with sildenafil
(5 mglkg, i.p.) did not have a significant effect on the
levels of MDA.

4.14. Involvement of KATP Channels in the Effect of MLR-1023
on the Brain Tissue Lipid Peroxidation

As shown in Figure 6C, pre-treatment with
glibenclamide (1 mg|kg, i.p., a Kypp channel blocker) led
to an increase (P < 0.01) in the levels of MDA compared
to the LPS + MLR-1023 (40 mg/kg, i.p.) treated group. In
contrast, pre-treatment with diazoxide (10 mg/kg, i.p., a
Karp channel opener) led to a decrease (P < 0.05) in the
levels of MDA compared to the LPS + MLR-1023 (40
mg/kg, i.p.) treated group.

4.15. Involvement of PPARy Receptors in the Effect of MLR-
1023 on the Brain Tissue Lipid Peroxidation

Pre-treatment with pioglitazone (5 mglkg, i.p., a
PPAR, receptor agonist) decreased the levels of MDA
compared to the LPS+MLR-1023 (40 mg/kg, i.p.) treated
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(LPS) + MLR-1023 (40 mg/kg, i.p.) treated group, as determined by one-way ANOVA followed by Tukey’s post hoc test.

group (P < 0.05). However, pre-treatment with GW9662
(2 mg/kg, i.p., a PPAR,, receptor antagonist) did not have

a significant effect on the levels of MDA (Figure 6D).

4.16. Effect of MLR-1023 on SOD Activity in the Brain Tissue

Changes in SOD enzyme activity (u/mL) were
measured in hippocampal tissue as an antioxidant
parameter. Lipopolysaccharide treatment significantly
decreased SOD activity in brain tissue compared to the
control group (P < 0.001). MLR-1023 significantly
increased SOD activity only at the dose of 40 mg/kg (P <
0.05) (Figure 5B). To study the possible involvement of
the NO-cGMP-Ky1p pathway and PPAR, receptors, mice
were pre-treated with the related agonists and
antagonists mentioned below. These agonists and

antagonists did not have a significant effect on
hippocampal tissue SOD activity when used alone.

4.17. Involvement of NO in the Effect of MLR-1023 on SOD
Activity in the Brain Tissue

Pre-treatment with L-NAME (10 mg/kg, i.p.) decreased
SOD activity compared to the LPS + MLR-1023 (40 mg/kg,
i.p.) treated group (P < 0.05). In contrast, pre-treatment
with L-arginine (750 mg/kg, i.p.) did not have a
significant effect on hippocampal tissue SOD activity
(Figure 7A).

4.18. Involvement of cGMP in the Effect of MLR-1023 on SOD
Activity in the Brain Tissue

As shown in Figure 7B, pre-treatment with methylene
blue (20 mg/kg, i.p.) decreased SOD activity compared to
the LPS + MLR-1023 (40 mg/kg, i.p.) treated group (P <
0.05). In contrast, pre-treatment with sildenafil (5
mg/kg, i.p.) increased SOD activity compared to the LPS +
MLR-1023 (40 mg/kg, i.p.) treated group (P < 0.05).

4.19. Involvement of KATP Channels in the Effect of MLR-1023
on SOD Activity in the Brain Tissue

As shown in Figure 7C, pretreatment with
glibenclamide (1 mg|kg, i.p., a Kyrp channel blocker) led

to a decrease (P < 0.05) in SOD activity compared to the
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Figure 7. Involvement of NOJcyclic GMP (cGMP)[K,yp channels pathway and PPAR,, receptors in the effect of MLR-1023 on hippocampal tissue superoxide dismutase (SOD)

activity are shown in panels A, B, C and D respectively. Values are expressed as mean + SEM. (n = 6). * P < 0.05 compared with the lipopolysaccharide (LPS) + MLR-1023 (40 mg/kg,
i.p.) treated group, as determined by one-way ANOVA followed by Tukey’s post hoc test.

LPS + MLR-1023 (40 mg/kg, i.p.) treated group. In
contrast, pre-treatment with diazoxide (10 mg/kg, i.p., a
Karp channel opener) did not have a significant effect on

hippocampal tissue SOD activity.

4.20. Involvement of PPARy Receptors in the Effect of MLR-
1023 on SOD Activity in the Brain Tissue

Pre-treatment with pioglitazone (5 mg/kg, i.p., a
PPAR,  receptor agonist) increased SOD activity
compared to the LPS + MLR-1023 (40 mg/kg, i.p.) treated
group (P < 0.05). However, pre-treatment with GW9662
(2 mgfkg, i.p., a PPAR,, receptor antagonist) decreased
SOD activity (P < 0.05) compared to the LPS + MLR-1023
(40 mg/kg, i.p.) treated group (Figure 7D).

5. Discussion

In this study, the effects of MLR-1023 on cognitive
deficiency and oxidative stress in an LPS-induced mouse
model of AD were examined. To investigate the possible

] Adv Immunopharmacol. 2024; 4(2): €149170.

involvement of the NO/cGMP/Ksp channels pathway
and PPAR,, receptors in the effects of MLR-1023, mice

were pre-treated with related agonists and antagonists
that did not have a significant effect when used alone.

It has been shown that LPS induces inflammation
that can lead to memory impairment and hippocampal-
related disabilities (22). Our results indicated that LPS
injection increased the initial IL, reflecting cognitive
impairment, and decreased the STL time, reflecting
learning-memory impairment, in the passive avoidance
task in the shuttle box test. MLR-1023 decreased IL and
increased STL at the dose of 40 mg/kg. Thus, we can
conclude that MLR1023 can improve cognitive
deficiency and learning-memory impairment induced
by LPS.

NO, as a key neurotransmitter, is involved in
neurodegenerative disorders such as cognitive
impairments (23). It has been reported that the NO-
cGMP pathway is involved in some spatial and
recognition memory impairments (24). In this study,
pre-treatment with L-NAME increased IL and decreased
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STL, indicating that L-NAME reduced the improving
effect of MLR-1023. In contrast, pre-treatment with L-
arginine decreased IL and increased STL, showing that L-
arginine potentiated the improving effect of MLR-1023.
Therefore, it can be inferred that the L-arginine-NO
pathway may be involved in the improving effect of
MLR-1023 on cognitive deficiency and learning-memory
impairments induced by LPS in the passive avoidance
task in the shuttle box test.

Previous studies confirm that the NO/cGMP signaling
pathway is involved in the learning-memory process. NO
plays a crucial role in long-term potentiation and
synaptic plasticity, which are essential for learning and
memory activities. These evidences suggest that NO
could provide a therapeutic opportunity in AD via
modulation of the relevant NOS expression (23). In this
regard, we observed that pre-treatment with methylene
blue increased IL and decreased STL, indicating that
methylene blue reduced the improving effect of MLR-
1023. In contrast, sildenafil decreased IL and increased
STL, enhancing the improving effect of MLR-1023. Thus,
guanylate cyclase (GC) and cGMP may play a role in the
improving effect of MLR-1023 on cognitive deficiency
and learning-memory impairments induced by LPS in
the shuttle box test.

Karp channels regulate many cellular functions by

connecting metabolic function and cell membrane
electrical functions. Opening Karp channels can
decrease brain damage, improve learning and memory,
and provide a neuroprotective role by stimulating
synaptic connections (25). In this study, pretreatment
with glibenclamide (a Kjp channel blocker) increased
the IL and decreased the STL, indicating that it weakens
the improving effect of MLR-1023. In contrast, diazoxide
(a Karp channel opener) decreased the IL and increased

the STL, enhancing the improving effect of MLR-1023.
Thus, Kyrp channels may play a role in the improving
effect of MLR-1023 on cognitive deficiency and learning-
memory impairments induced by LPS in the shuttle box
test.

Studies have shown that dysfunction of PPAR-y
receptors during neurodevelopment can cause memory
impairment, whereas PPAR-y activation is a potential
therapeutic approach for these problems (26). However,
our results showed that pretreatment with pioglitazone
(a PPAR, receptor agonist) and GW9662 (a PPAR,

receptor antagonist) did not have any significant effect
on the passive avoidance task in the shuttle box test.
Thus, PPAR, receptors did not play a role in the
improving effect of MLR-1023 on cognitive deficiency
and learning-memory impairments induced by LPS.

10

These agonists and antagonists did not significantly
affect IL and STL time when used alone.

Lipopolysaccharide can cause reactive oxygen species
(ROS)-mediated rat hippocampal neuroinflammation,
leading to memory loss (27). In our study, LPS injection
significantly decreased the spontaneous alternation
percentage compared to the control group in the Y-
maze test, indicating learning-memory impairment.
Treatment with MLR-1023 increased the spontaneous
alternation percentage, showing the improving effect of
MLR-1023 on learning-memory impairments induced by
LPS. There was no difference in total arm entries
between groups, indicating that the mice did not have
motion impairment.

Several studies reveal that activation of neuronal
nitric oxide synthase leads to increased NO levels, which
activate guanylate cyclase, in turn increasing cGMP
levels. A deficiency of this NO-cGMP pathway reduces the
ability to learn a Y-maze task. Thus, the NO-cGMP
pathway modulates the ability of rats to learn the Y-
maze task, and cognitive ability in the Y-maze test may
be improved by enhancing this pathway (28). Similarly,
our results showed that pretreatment with L-NAME
decreased the spontaneous alternation percentage
compared to the LPS + MLR-1023 treated group,
decreasing the improving effect of MLR-1023 on
learning-memory impairments induced by LPS. In
contrast, L-arginine increased the spontaneous
alternation percentage, showing it enhanced the
improving effect of MLR-1023 in the Y-maze test.
Therefore, we can infer that the L-arginine-NO pathway
may be involved in the improving effect of MLR-1023 on
learning-memory impairments induced by LPS.
Furthermore, pretreatment with methylene blue
decreased the spontaneous alternation percentage,
decreasing the improving effect of MLR-1023 on
learning-memory impairments induced by LPS. On the
other hand, sildenafil increased the spontaneous
alternation percentage, potentiating the improving
effect of MLR-1023 in the Y-maze test. Thus, GC and cGMP
may be involved in the improving effect of MLR-1023 on
learning-memory impairments induced by LPS.
Supporting this, previous studies have proposed that
extracellular cGMP modulates the ability to learn Y-maze
behavior (29).

We observed that pretreatment with glibenclamide
(a Karp channel blocker) decreased the spontaneous
alternation  percentage, thus diminishing the
improving effect of MLR-1023 on learning-memory
impairments induced by LPS. Similarly, some previous
findings indicate that glibenclamide enhances
spontaneous alternation performance, suggesting that
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ATP-sensitive potassium channels may play a role in
cognitive performance (30). Conversely, pretreatment
with diazoxide (a Kjypp channel opener) increased the

spontaneous alternation percentage, enhancing the
improving effect of MLR-1023 in the Y-maze test. Overall,
it appears that Kyrp channels may be involved in the

improving effect of MLR-1023 on learning-memory
impairments induced by LPS.

It has been reported that PPAR, receptors play an

important role in the Y-maze task analysis. As
pioglitazone, a PPARy agonist, can improve type 2
diabetes-related cognitive insufficiencies, it can be
concluded that pioglitazone may be considered a
potential agent for managing cognitive deficiencies (31).
In our study, pioglitazone increased the spontaneous
alternation percentage, thus enhancing the improving
effect of MLR-1023 in the Y-maze test. However,
pretreatment with GW9662 (a PPAR, receptor

antagonist) decreased the spontaneous alternation
percentage, indicating a reduction in the improving
effect of MLR-1023 on learning-memory impairments
induced by LPS. Therefore, PPAR,, receptors may play a
role in the improving effect of MLR-1023 on learning-
memory impairments induced by LPS. These agonists
and antagonists did not have a significant effect on the
spontaneous alternation percentage when used alone.

A study has shown that antioxidant capacity, such as
SOD activity, decreased in the brain of LPS-treated rats,
while lipid peroxidation (MDA) and cytokine production
increased (32). In our study, LPS injection significantly
increased the levels of MDA, a lipid peroxidation marker,
in hippocampal tissue. Treatment with MLR-1023
decreased the levels of MDA, demonstrating an
improving effect on lipid peroxidation induced by LPS
in hippocampal tissue.

Our study showed that pretreatment with L-NAME
increased the levels of MDA, reducing the improving
effect of MLR-1023 on lipid peroxidation induced by LPS.
Conversely, pretreatment with L-arginine decreased the
levels of MDA, enhancing the improving effect of MLR-
1023 on lipid peroxidation induced by LPS. Thus, we infer
that the L-arginine-NO pathway may have a possible
involvement in the improving effect of MLR-1023 on
lipid peroxidation induced by LPS in hippocampal
tissue. Additionally, pretreatment with methylene blue
increased the levels of MDA, indicating a reduction in
the improving effect of MLR-1023 on LPS-induced lipid
peroxidation. However, pretreatment with sildenafil did
not have a significant effect on the levels of MDA.
Nevertheless, GC and cGMP may have a possible role in
the improving effect of MLR-1023 on LPS-induced lipid

] Adv Immunopharmacol. 2024; 4(2): €149170.

peroxidation in hippocampal tissue. One of the notable
pathological changes in AD patients is lipid
peroxidation. Furthermore, malondialdehyde, as an end
product of peroxidation, is also increased in the brain of
patients with AD (33).

Studies have shown that Kyrp channel blockage by

glibenclamide reduces the beneficial effects of
simvastatin on MDA content. Therefore, the opening of
Karp channels plays a crucial role in protection against
lipid peroxidation (34). In this project, pretreatment
with glibenclamide increased MDA levels, diminishing
the improving effect of MLR-1023 on LPS-induced lipid
peroxidation. In contrast, pretreatment with diazoxide
(a Kprp channel opener) decreased MDA levels,

enhancing the effect of MLR-1023. Thus, Kyrp channels

may have a potential role in the positive effect of MLR-
1023 on LPS-induced lipid peroxidation in hippocampal
tissue.

Our results indicate that pretreatment with
pioglitazone (a PPAR,, receptor agonist) decreased MDA

levels, enhancing the improving effect of MLR-1023 on
LPS-induced lipid peroxidation. However, pretreatment
with GW9662 (a PPAR, receptor antagonist) did not
significantly affect MDA levels. Therefore, PPAR,
receptors may have a potential role in the beneficial
effect of MLR-1023 on LPS-induced lipid peroxidation in
hippocampal tissue. These agonists and antagonists did
not significantly affect MDA levels when used alone.
However, another investigation shows that PPAR,,

receptors can induce the accumulation of lipid droplets,
indicating the molecular regulatory mechanism of
PPAR, on lipid metabolism (35).

Results from a study revealed that LPS increased MDA
levels and decreased SOD activity. IL-1 knockdown in
the hippocampus improved oxidative stress and
neuroinflammation induced by LPS, reducing memory
insufficiencies and depression-like behaviors. This
suggests that IL-1B is necessary for the oxidative and
neuroinflammatory responses produced by LPS (36). In
our study, LPS decreased SOD enzyme activity (u/mL) in
hippocampal tissue, indicating a reduction in
antioxidative capacity and oxidative stress. Treatment
with MLR-1023 increased SOD activity, demonstrating
that MLR-1023 can improve LPS-induced impairment in
SOD activity in hippocampal tissue.

Our results revealed that pretreatment with L-NAME
decreased SOD activity, reducing the beneficial effect of
MLR-1023 on LPS-induced impairment in SOD activity. In
contrast, pretreatment with L-arginine did not
significantly affect SOD activity, suggesting that the L-

11
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arginine-NO pathway may play a potential role in the

improving effect of MLR-1023 on LPS-induced
impairment in the antioxidative capacity of
hippocampal tissue. Moreover, pretreatment with

methylene blue decreased SOD activity, reducing the
improving effect of MLR-1023 on LPS-induced
impairment in SOD activity. However, pretreatment with
sildenafil increased SOD activity, enhancing the effect of
MLR-1023 on LPS-induced impairment in SOD activity.
Thus, GC and cGMP may be involved in the improving
effect of MLR-1023 on LPS-induced impairment in the
hippocampal tissue antioxidative capacity.

Pretreatment with glibenclamide (a Ksrp channel

blocker) decreased SOD activity, reducing the improving
effect of MLR-1023 on LPS-induced impairment in SOD
activity. Conversely, pretreatment with diazoxide (a Kxpp
channel opener) did not significantly affect
hippocampal tissue SOD activity, suggesting that Karp
channels may play a potential role in the improving
effect of MLR-1023 on LPS-induced impairment in
hippocampal tissue antioxidative capacity.
Pretreatment with pioglitazone (a PPAR, receptor

agonist) increased SOD activity, enhancing the effect of
MLR-1023 on LPS-induced impairment in SOD activity.
However, pretreatment with GW9662 (a PPARy receptor
antagonist) decreased SOD activity, reducing the
improving effect of MLR1023 on LPS-induced
impairment in SOD activity. Consequently, PPAR,,
receptors may play a role in the beneficial effect of MLR-
1023 on LPS-induced impairment in hippocampal tissue
antioxidative capacity. These agonists and antagonists
did not significantly affect hippocampal tissue SOD
activity when used alone.

In conclusion, MLR-1023 can improve learning-
memory impairments and oxidative stress induced by
LPS in a mice model. The Kxp/cGMP/NO cell signaling
pathway and PPAR, receptors may be involved in this

effect.
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