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A B S T R A C T

Alzheimer’s disease (AD) is a neurodegenerative disease that affects cognition and behavior. The neuroin-
flammatory response in the brain is an important pathological characteristic in AD. In this study, we investigated
the neuroprotective effects of 1-Methylnicotinamide (MNA), known as the main metabolite of nicotinamide, on
reducing lipopolysaccharide (LPS)-induced cognitive deficits via targeting neuroinflammation and neuronal
apoptosis. We found that the mice treated with LPS exhibited cognitive deficits in the novel object recognition,
Morris water maze and Y-maze avoidance tests. However, intragastric administration of MNA (100 or 200mg/
kg) for 3 weeks significantly attenuated LPS-induced cognitive deficits in mice. Importantly, MNA treatment
suppressed the protein expression of nuclear factor-kappa B p65 (NF-κB p65), pro-inflammatory cytokines (TNF-
α, IL-6) and decreased the activation of microglia and astrocytes in the hippocampus and frontal cortex of LPS-
induced mice. In addition, MNA treatment suppressed neuronal apoptosis by reducing the number of TUNEL-
positive cells, caspase-3 activation and increasing the level of Bcl-2/Bax ratio in the hippocampus and frontal
cortex. These findings indicate that MNA could be a potential neuroprotective drug in neurodegenerative dis-
eases such as AD.

1. Introduction

Alzheimer’s disease (AD) is a gradually progressive neurodegen-
erative disorder characterized by cognitive impairment and dementia
[1,2]. Neuroinflammation is an important pathological characteristic in
Alzheimer's disease and other neurodegenerative diseases [3] and in-
fluences cognition and neuronal plasticity [4]. Particularly, brain-re-
sident non-neuronal cells such as microglia are involved in the reg-
ulation of inflammatory responses through activation of immune
components at the molecular level such as the pro-inflammatory cyto-
kines and the complement system [5,6]. Although activation of glial
cells is requisite for host defense and maintaining homeostasis, over-
activation of glial cells, such as microglia and astrocytes, contribute to
neuron death and neurodegenerative disorders [7]. Previous studies
have shown that intraperitoneal injection of lipopolysaccharide (LPS)
which is an endotoxin from gram-negative bacteria leads to microglial
over-activation and induces neuroinflammation [8], memory impair-
ment and neuronal apoptosis [9].

1-Methylnicotinamide (MNA) is the main metabolite of the amide
form of vitamin B3 which is known as nicotinamide (NA) [10,11]. The
N-methylation of pyridine compound NA by nicotinamide N-methyl-
transferase (NNMT), an enzyme found predominantly in the liver, leads

to the formation of MNA [12]. Evidence has shown the biological ac-
tivity of MNA, an activator of prostacyclin production, can regulate
both thrombotic and inflammatory processes in the cardiovascular
system [13]. Oral administration of MNA can ameliorate free fatty acid-
bound albumin-induced oxidative stress, inflammation, apoptosis, ne-
crosis, and fibrosis in the kidneys of mice [14]. Furthermore, MNA
plays a protective role against concanavalin A-induced liver injury via
inhibiting the release of pro-inflammatory cytokines IL-4 and TNF-α. It
has been reported that MNA may have a beneficial role in degenerative
diseases as it inhibits the transport of choline out of the central nervous
system and increases the levels of acetylcholine in the brain tissue
[15,16]. MNA treatment also increase the uptake of serotonin with a
normalizing effect on spontaneous neurotransmitter release in diabetic
brain synaptosome [17]. The previous studies have demonstrated that
MNA provides neuroprotection to cerebellar granule cells against
homocysteine and glutamate excitotoxicity [18,19]. However, the exact
mechanism of MNA in neuroprotective effect remains unclear. The aims
of the present study were to investigate the neuroprotective effects of
MNA on cognitive impairment in LPS-induced mice and the possible
underlying mechanism by detecting inflammatory factors and neuronal
apoptosis-related proteins.
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2. Materials and methods

2.1. Animals

Male SPF grade ICR mice (weighing 22–24 g, 3-month old) provided
by the Medical Center of Yangzhou University (Yangzhou, China). The
animal approval number was SCXK: 2017-0001. Animals were housed
under conditions of a temperature of 20–24 °C, a humidity of 55 ± 5%,
and a 12 h/12 h cycle of illumination, during which animals were free
to eat and drink. The experiment was started one week after the animals
were adapted for feeding. Animal experiments were organized and
carried out in accordance with the guidelines of the National Institutes
of Health Guide and Care of Laboratory Animals. The methods were
endorsed by the Animal Care and Use Committee of China
Pharmaceutical University. The animal approval number for experi-
ments of China Pharmaceutical University was SYXK: 2016-0011.

2.2. Drugs and reagents

MNA was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan) and dissolved in sterile saline. LPS was purchased from
Sigma Aldrich (St. Louis, MO, USA), dissolved in sterilized saline water
and administered intraperitoneally (i.p.) with a dose of 250 μg/kg for
7 days [20]. The antibodies were purchased from the following com-
panies: anti-cleaved caspase-3, anti-IL-6 and anti-Bcl-2 were from Cell
Signaling Technology, Inc. (Massachusetts, USA); anti-Bax and anti-
TNF-α were from Santa Cruz Biotechnology, Inc. (Heidelberg, Ger-
many); anti-GFAP and anti-NeuN were from Abcam, Inc. (Cambridge,
USA); anti-NF-κB p65 was from Cell Signaling Technology, Inc. (Mas-
sachusetts, USA); anti-Iba1 was from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan); Histone H3, β-actin and secondary antibodies were
from Bioworld Technology Co., Ltd. (Minnesota, USA). The nucleo-
protein extraction kit was from Sangon Biotech Co., Ltd. (Shanghai,
China), and streptavidin-biotin complex (SABC) immunohistochemistry
kit was from Boster Biotechnology Co., Ltd. (Wuhan, China).

2.3. Drug treatments

Experimental mice were divided randomly into five groups:
Veh+Veh, Veh+LPS, LPS+MNA 50mg/kg, LPS+MNA 100mg/
kg, and LPS+MNA 200mg/kg. Mice in each group were given sterile
saline or MNA (50, 100, 200mg/kg) intragastrically (i.g.) for three
weeks, and LPS (250 μg/kg, i.p.) was performed in the third week
[21–23] except for the Veh+Veh group. All animals were in-
traperitoneally injected with LPS or sterile saline 30min before ad-
ministration of MNA or sterile saline. All drugs were administered at a
volume of 10ml/kg body weight. Then, mice were subjected to beha-
vioral trials, such as open field, novel object recognition (NOR), Morris
water maze (MWM) and Y-maze avoidance tests, to evaluate and ana-
lyze the memory and learning functions. Brain tissues of mice were used
for biochemical analysis. Animal groups and the experimental schedule
are schematically depicted in Fig. 1A.

2.4. Open field test (OFT)

OFT is the most common procedure that allows to study or evaluate
locomotor activity and behavior of different mice [24]. The open field
test was carried out in a quiet environment free of external influences.
In this test, a plastic box with dimensions of 50 cm×50 cm×40 cm
was divided into 144 squares. The mouse was gently placed in any
corner square facing the wall and allowed to freely explore the box. The
total distance covered by mice was recorded within 5min. The box was
cleaned with 70% ethanol to eliminate the odor before the next test.

2.5. Novel object recognition (NOR) test

NOR test is used to detect the memory and learning function [25].
This test is accomplished within three days, that is habituation day,
training day and testing day [26]. The first day was the habitual stage
and the mice were allowed to move freely in a rectangular plastic box
(50 cm×50 cm×40 cm). On the second day, the mice were allowed to
explore two identical objects and the exploration time recorded in
5min. On the third day, one of the objects was changed to a new object
(different color and shape), and the mice also explored for 5min. The
time spent exploring (less than 2 cm away from the object and touched
the object with the mouth, nose, or paw) the two objects within 5min
was recorded by the computer. After each mouse completed the test,
70% ethanol was used to clean the urine and excrement so as not to
affect the next mouse test. The exploring time for the same objects A
and B during the familiar period was defined as EA1 and EA2; in the
testing trial with the investigative time for original object A and novel
object B was EA and EB. The discrimination index was determined by
performing the following calculation: (EB− EA)/(EB+EA).

2.6. Morris water maze (MWM) test

To assess spatial learning and memory, the MWM test is widely used
[27,28]. The mice were individually placed in a round pool with a
1.2 m diameter, 0.5 m height and filled with water to a 0.3m depth at a
temperature of 25 °C. An escape platform with a diameter of 9 cm was
placed at the midpoint of any quadrant of the pool. During the entire
test, this pool was placed in a quiet room with visual cues. The test
consisted of five days training period with visible and hidden platform.
The escape platform always stayed at a fixed position during the entire
duration of training (5 days). On every trial, mice were put into the pool
with facing the pool wall. The visible platform training sessions were
done on day 1 and day 2. The invisible platform training sessions were
done from day 3 to day 5 and the probing trial was conducted on day 6.
During each trial, every mouse was exposed to four quadrants and there
was a 1-hour time interval between trials. During the first 2 days, the
platform, bundled with a small flag, was fixed 1 cm below the surface of
the water. From day 3 to day 5, the small flag was removed but the
position of the platform remained the same. In this case, the baseline
differences in vision and motivation were assessed using the visible
platform test, and the spatial learning in the determination of memory
retention to find the platform was assessed using the hidden escape
platform test. In MWM test, from day 1 to day 5, each test is last 90 s. If
the mouse finds the platform and stay there for 10 s, the test can end
early. On the other hand, if the mouse did not find the escape platform
in 90 s, it would be physically placed on the platform to learn for 30 s.
On the final day (day 6), during the probing test, the mice were allowed
to swim for 90 s while the platform is taken away. The trend of the mice
to search for the platform is measured by the time spent in the target
quadrant where the escape platform was previously located. The
number of times in which each individual mouse passed the escape
platform location was recorded and processed using video tracking
device and computer-equipped analytics management system (Viewer 2
Tracking Software, Ji Liang Instruments, China).

2.7. Y-maze avoidance test

Y-maze avoidance test described [29] elsewhere was conducted for
2 days. On the first day, each mouse was placed in one of the three
compartments and allowed to move freely for 5min. After 5min, the
electrical shocks (2 Hz, 125ms, 10 V) in two compartments were made
available through a stainless-steel mesh floor whereas a compartment
was kept free from electric shock but provided with light sources as
hints to enter. The same procedure was conducted on each mouse for 10
times. Once the mouse entered the light source of the area and stayed
for 30 s, then the session was terminated. If the mouse went to the
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shock-free compartment on the first occasion, it was noted as a right
selection. If not, tenderly guided the mice to the compartment and
stayed for 30 s. On the second day, testing trial was conducted similar
to that of day 1 but with no adaptation phase. The number of correct
choices and latency to enter the shock-free compartment were recorded
on the second day.

2.8. Tissue preparation and immunohistochemistry (IHC)

For tissue preparation, mice were anaesthetized and transcardially
perfused with 60ml PBS followed by 4% paraformaldehyde in PBS.
After this, the brain was removed and subsequently submerged into 4%
paraformaldehyde at a temperature of 4 °C for 24 h and cryoprotected
in 30% sucrose solution for an additional period of 24 h prior to further
treatment. Finally, the brain was embedded into an optimal cutting
temperature compound (Tissue-Tek, Torrance, CA) and cryosectioned
(30 µm). Brain sections were washed using PBS (3×5min) followed by
heating using a water bath with for 4 h at 60 °C with 0.3% Triton X-100.
After this, the brain sections were treated with 3% H2O2 at room
temperature for 30min. Following the washing with PBS (3× 5min),
sections were blocked with 5% BSA for 30min and incubated in anti-
Ibal (1:1000) and anti-NeuN (1:500) primary antibody diluted in 5%
BSA overnight at 4 °C. The following day, brain sections were washed
again with PBS (3×5min) and further incubated with biotinylated
mouse anti-rabbit IgG for 40 mins at 37 °C. After further washing in PBS
(3× 5min, 37 °C), slices were incubated with streptavidin-biotin
complex (20min, 37 °C) and washed with PBS again (4× 5min).
Diaminobenzidine (DAB) was applied as the ultimate chromogen for

protein detection followed by gradient dehydration (70% ethanol for 5
mins then 95% ethanol for another 5 mins and finally 100% ethanol for
2×5min and xylene for 2× 5min). Sections were then covered using
Dibutyl Phthalate Xylene (DPX) fixation solution and cover glass.
Finally, the sections were observed with a light Microscope (Leica
Microsystems AG, Germany) at a constant magnification (×200). The
amount of microglia in the hippocampus was measured, followed by the
microglial-positive area. These values were used to generate the ratio of
microglial staining to the hippocampal area (% area occupied). The
mean values from all the 4 sections of the brain of each mouse were
used in statistical analysis.

2.9. Immunofluorescence (IF)

The brain slice was taken out and immersed in a well plate con-
taining PBS to rewarm and wash (3× 10min). Brain slices were in-
cubated with PBS diluted 3% H2O2 for 0.5 h to inactivate endogenous
catalase, and then washed with PBS. Slices were removed and im-
mersed in a solution containing PBST for 20min (diluted with PBS 0.3%
Triton X-100 or PBST), and washed with PBS again (3× 5min). Slices
were blocked by 5% serum at room temperature for 60min. Then,
serum was discarded, and the primary antibody (anti-GFAP antibody
1:500) diluted by serum was added to incubate the slices overnight at
4 °C. The second day, the primary antibody was discarded and the brain
slices were washed with PBS (3× 5min), and then incubated with
PBST diluted fluorescein-labeled secondary antibody (Alexa Fluor 488
labeled anti-rabbit IgG: 1:200) at room temperature in the dark for
60min. Brain slices were washed for 15min in the dark, DAPI staining

Fig. 1. Effects of MNA on LPS-treated mice in the locomotor activity and NOR tests. (A) Animal groups and the schedule of the experiment. (B) The total distance in
OFT. (C) The discrimination index in NOR test. The discrimination index was determined by performing the following calculation: (EB− EA)/(EB+EA). Values
shown were expressed as mean ± SEM; n= 12 mice/group. *P < 0.05, ** P < 0.01 vs. LPS+Veh.
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(5–10min), and washed with PBS (3×5min). Finally, the slices are
transferred to glass slides, and the fluorescent anti-quenching agent was
added dropwise to cover the slide. The cells were observed under a
fluorescence microscope and photographed.

2.10. Extraction of total and nuclear protein

Mouse hippocampus and frontal cortex were chopped into small
pieces and homogenized in ice-cold RIPA (50mM Tris-HCl (pH 7.4),
150 nM NaCl, 1 mM PMSF, 1mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS). The dissolved proteins were collected from
the supernatant after centrifugation at 4 °C, 12000 rpm for 15min.
Protein concentration in the supernatant was determined using a BCA
protein assay kit under the manual guidelines (Beyotime
Biotechnology, Jiangsu, China). The extract was used to assess the
protein expression of pro- or cleaved caspase-3, Bax, Bcl-2, IL-6, TNF-α
and β-actin.

Nuclear proteins were extracted using the nucleoprotein extraction
kit from Sangon Biotech, China. Firstly, the mouse hippocampus and
frontal cortex were minced and homogenized in the ice-cold hypotonic
buffer, which was made up of 0.5% phosphatase inhibitor, 1% PMSF
and 0.1% DL-Dithiothreitol (DTT). After this, the solution was cen-
trifuged at a temperature of 4 °C, 3000 rpm for 5min. The supernatant
was disposed and the precipitate was washed in hypotonic buffer and
centrifuged at 5000 rpm for 5min at 4 °C. At the end, 0.2 ml lysis buffer
(containing 0.5% phosphatase inhibitor, 1% PMSF and 0.1% DTT) was
added into the precipitate, chilled for 20min and then centrifuged at
15000 rpm for 10min at 4 °C. The supernatant nuclear protein extract
was assessed the expression of NF-κB p65and Histone H3.

2.11. Western blot (WB) analysis

For assessing the protein expression, protein extracts were separated
by SDS-polyacrylamide gel electrophoresis and then transferred onto
polyvinylidene difluoride (PVDF) membranes. The membranes were
blocked with 5% (w/v) skim milk to reduce non-specific binding and
incubated at 4 °C overnight with respective primary antibodies for TNF-
α (1:500), IL-6 (1:1000), caspase-3 (1:1000), Bcl-2 (1:1000), Bax
(1:500); β-actin (1:5000) was used as the control. For NF-κB p65
(1:1000), Histone H3 (1:500) was used as the control. After over-night
of incubation, membranes were washed with Tris buffer saline-tween
20 (TBST) and incubated with a horseradish peroxidase-conjugated
secondary antibody (1:5000) for 2 h at room temperature. Enhanced
chemiluminescence detection reagents and a gel imaging system
(Tanon Science & Technology Co, Ltd., China) were used to visualize
the immunoreactive bands.

2.12. TUNEL staining

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-
end labelling (TUNEL) staining is used to identify nuclei with frag-
mented DNA (features of apoptotic cells) by utilizing the in-situ cell
death detection kit (Roche, Germany). Brain sections were fixed in 4%
PFA for 20min at the temperature of 37 °C followed by washing with
PBS (pH 7.4) for 30min at 37 °C. The sections were then incubated in
0.1% Triton X-100, 0.1% sodium citrate solution newly prepared for
2min on ice. Afterwards, the TUNEL concoction was added onto the
brain sections and incubated in a humidified chamber for 60min at
37 °C. After this, they were washed in PBS (pH 7.4) (2×5min) at
37 °C. Sections were then incubated for 10min in dark for DAPI
staining. The cells were observed using a fluorescence microscope
under a precise magnification (×200) (Leica Microsystems AG,
Germany). TUNEL-positive cells were identified by the co-localization
of both the TUNEL signal and DAPI. The apoptotic bodies were quan-
tified and then expressed as a percentage of the overall number of cells
examined. The mean values from all the 4 brain sections of each mouse

were used in statistical analysis.

2.13. Statistical analysis

The results were expressed as mean ± standard error of mean
(SEM). SPSS software (version 20.0; IBM, Armonk, NY) was used for
statistical analyses. In the MWM test, group differences were analyzed
by a two-way repeated measure analysis of variance (ANOVA) with
“days” as the within-subject factor and “group” as the between-subject
factor. All other data were analyzed by a one-way ANOVA followed by
a Dunnett's post-hoc analysis for multiple comparisons. P < 0.05 was
considered statistically significant.

3. Results

3.1. MNA improves LPS-induced memory impairment in mice

After the administration of drugs, we firstly evaluated the locomotor
activity of mice. In OFT, the total distance of each group had no dif-
ference, suggesting the drugs have no effect on spontaneous locomotor
activity in mice (F [4,55]= 1.264, P > 0.05; Fig. 1B). In NOR test,
compared with the Veh+Veh group, the discrimination index in the
Veh+ LPS group was significantly decreased (F [4,55]= 3.818,
P < 0.01; Fig. 1C), and intragastric administration of MNA sig-
nificantly increased the discrimination index (MNA 100mg/kg:
P < 0.05, MNA 200mg/kg: P < 0.05; Fig. 1C).

Previous study in our laboratory has demonstrated that injection of
LPS leads to learning and memory deficits [30]. In this study, the MWM
results showed that mice in each group exhibited similar escape la-
tency, indicating that there was no difference in vision or basal moti-
vation among all groups (4 trials/day for 2 days; effect of day, F [4,
535]=3.743, P < 0.01; effect of Group, F [4, 535]=0.9809,
P > 0.05; effect of group-by-day interaction, F [4, 535]=0.0508,
P > 0.05; Fig. 2A). In the hidden platform training, compared with the
Veh+Veh group, the latency in the Veh+LPS group was increased.
After the MNA administration, the latency was reduced but there was
no statistical difference (4 trials/day for 3 days; effect of day, F [4,
775]=5.230, P < 0.01; effect of group, F [4, 775]=1.044,
P > 0.05; effect of group-by day interaction, F [4, 775]=0.0370,
P > 0.05; Fig. 2B). In the probe trial, compared with the Veh+Veh
group, the percentage of target quadrant residence time (F
[4,55]= 5.229, P < 0.01) and the number of escape platform crossing
(F [4,55]= 5.472, P < 0.01) in the Veh+LPS group decreased sig-
nificantly. Administration of MNA significantly increased the percen-
tage of time in the target quadrant (MNA 100mg/kg: P < 0.05; MNA
200mg/kg: P < 0.05, Fig. 2D) and the number of escape platform
crossing (MNA 100mg/kg: P < 0.05; MNA 200mg/kg: P < 0.05,
Fig. 2E). Representative swimming trajectories of each group of mice in
the space exploration experiment are shown in Fig. 2C.

The Results of Y-maze avoidance test showed that compared with
the Veh+Veh group, the number of correct choices in the Veh+LPS
group was significantly reduced (F [4,55]= 0.4480, P < 0.01), and
the latency to enter the shock-free compartment significantly increased
(F [4,55]= 5.481, P < 0.01). Administration of MNA significantly
increased the number of correct choices (MNA 100mg/kg: P < 0.05;
MNA 200mg/kg: P < 0.05; Fig. 2F) and reduced the latency of se-
lecting the shock-free compartment (MNA 100mg/kg: P < 0.05; MNA
200mg/kg: P < 0.05; Fig. 2G).

3.2. MNA inhibits LPS-induced neuroinflammatory response in the
hippocampus and frontal cortex

LPS stimulation can activate the NF-κB signaling pathway which
plays a significant role in the regulation of neuroinflammation.
Therefore, suppression of NF-κB signaling pathway can inhibit the re-
lease of inflammatory mediators [31]. In order to investigate whether
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MNA regulate the NF-κB signaling pathway in the brain of LPS-induced
mice, we used western blot to detect the expression of NF-κB p65 in the
hippocampal and frontal cortex nucleus of mice. We found that the
nuclear expression of NF-κB p65 was significantly increased after

injection of LPS in the hippocampus and frontal cortex of mice. (hip-
pocampus: F [4,55]= 12.65, P < 0.01; frontal cortex: F
[4,55]= 7.828, P < 0.01; Fig. 3A and B). But MNA treatment sig-
nificantly attenuated these changes (hippocampus: MNA 100mg/kg:

Fig. 2. MNA improves LPS-induced memory
impairment in MWM and Y-maze tests. (A) The
escape latency during the two days visible plat-
form test. Day 0 indicates performance on the
first trial and subsequent points represent an
average of all daily trials. (B) The escape latency
on hidden platform test. (C) A representative
swimming path of mice. (D) The percentage of
total time spent in the target quadrant. (E) The
number of platform crossings during the probe
trial test. (F) The number of correct choices in Y-
maze test. (G) The latency to enter the shock-free
part on Day 2 in Y-maze test. Values shown were
expressed as mean ± SEM; n=12 mice/group.
* P < 0.05, ** P < 0.01 versus LPS+Veh.
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P < 0.01; MNA 200mg/kg: P < 0.01; frontal cortex: MNA 100mg/
kg: P < 0.05; MNA 200mg/kg: P < 0.01; Fig. 3A and B). In addition,
to investigate the effects of MNA on neuroinflammation, we used
western blot to detect the expression of inflammatory factors in the
hippocampus and frontal cortex of mice. The results showed that LPS
significantly increased the expressions of IL-6 (hippocampus: F
[4,55]= 8.588, P < 0.01; frontal cortex: F [4,55]= 7.760, P < 0.05;
Fig. 3C, D) and TNF-α (hippocampus: F [4,55]= 9.715, P < 0.01;
frontal cortex: F [4,55]= 5.595, P < 0.01; Fig. 3C and E). But MNA
treatment significantly attenuated these changes (hippocampus: MNA
100mg/kg: P < 0.05; MNA 200mg/kg: P < 0.01 for IL-6 and TNF-α;
frontal cortex: MNA 100mg/kg: P < 0.05; MNA 200mg/kg: P < 0.05
for IL-6 and TNF-α; Fig. 3C–E).

3.3. MNA inhibits LPS-induced glial cells activation in the hippocampus and
frontal cortex

Activation of microglia and astrocytes are involved in the patho-
genesis and progression of neurodegenerative diseases, such as
Alzheimer’s disease. To further investigate the effects of MNA on neu-
roinflammation, we detected the activation of microglia and astrocytes
of mice in the hippocampus and frontal cortex by im-
munohistochemistry and immunofluorescence. The results showed that
compared with the Veh+Veh group, the positive cells of Iba1 (mi-
croglial marker; hippocampus: F [4,55]= 27.04, P < 0.01; frontal
cortex: F [4,55]= 6.085, P < 0.01; Fig. 4A and B) and GFAP (astro-
cytic marker; hippocampus: F [4,55]= 8.229, P < 0.01; frontal
cortex: F [4,55]= 5.928, P < 0.01; Fig. 4C and D) were increased
significantly in the hippocampus and frontal cortex after injection of

Fig. 3. MNA inhibits LPS-induced neuroinflammatory responses in the hippocampus and frontal cortex. (A) The expressions of NF-κB p65 in the hippocampus and
frontal cortex were detected by WB. Histone H3 was used as a loading control. (B) Quantification of NF-κB level was expressed as the percentage of Veh+Veh group.
(C) The expressions of IL-6 and TNF-α in the hippocampus and frontal cortex were detected by WB. β-actin was used as a loading control. Quantification of IL-6 (D)
and TNF-α (E) levels were expressed as the percentage of Veh+Veh group. Values shown were expressed as mean ± SEM; n= 4 mice/group. * P < 0.05, **
P < 0.01 versus LPS+Veh.
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LPS. It indicated that LPS could promote activation of glial cells. In
addition, administration of MNA significantly suppressed microglial
and astrocytes activation (hippocampus and frontal cortex: MNA
100mg/kg: P < 0.05; MNA 200mg/kg: P < 0.05; Fig. 4B and D).

3.4. MNA inhibits LPS-induced neuronal apoptosis in the hippocampus and
frontal cortex

To investigate the neuroprotective effects of MNA on neuronal
apoptosis, we assessed apoptosis by TUNEL staining. As shown in Fig. 5,
the number of TUNEL-positive cells in the hippocampal dentate gyrus
(DG) and frontal cortex of the Veh+LPS group was significantly in-
creased compared with the Veh+Veh group (hippocampus: F
[4,55]= 8.265, P < 0.01; frontal cortex: F [4,55]= 4.221, P < 0.01;
Fig. 5A and B), administration of MNA significantly reduced the
number of TUNEL-positive cells (hippocampus and frontal cortex: MNA
100mg/kg: P < 0.05; MNA 200mg/ kg: P < 0.05; Fig. 5A and B). To
investigate whether MNA treatment could prevent neuronal death
against LPS neurotoxicity, we detected the expression of a neuronal
marker NeuN in DG of hippocampus and frontal cortex by IHC. The
results showed that MNA treatment significantly attenuated LPS-in-
duced neuronal death (hippocampus: MNA 100mg/kg: P < 0.05; MNA

200mg/kg: P < 0.01; frontal cortex: MNA 100mg/kg: P < 0.05;
MNA 200mg/kg: P < 0.05; Fig. 5C and D). In addition, we detected
the expression of apoptosis-related proteins by Western blot. The results
showed that the ratio of caspase-3 activation was significantly increased
after LPS administration (hippocampus: F [4,55]= 11.07, P < 0.01;
frontal cortex: F [4,55]= 16.56, P < 0.01; Fig. 5E and F), while the
ratio of Bcl-2/Bax was decreased (hippocampus: F [4,55]= 8.554,
P < 0.01; frontal cortex: F [4,55]= 13.63, P < 0.01; Fig. 5G and H).
Treatment of MNA significantly attenuated these changes (hippo-
campus: and frontal cortex: MNA 100mg/kg: P < 0.05; MNA 200mg/
kg: P < 0.01 for caspase-3, Fig. 5F; hippocampus: MNA 100mg/kg:
P < 0.05; MNA 200mg/kg: P < 0.01 for ratio of Bcl-2/Bax; frontal
cortex: MNA 100mg/kg: P < 0.01; MNA 200mg/kg: P < 0.01 for
ratio of Bcl-2/Bax, Fig. 5G, H).

4. Discussion

In the present study, we investigated the neuroprotective effects of
MNA in LPS-induced mice. Consistent with the previous findings, cur-
rent study found systemic administration of LPS significantly impaired
memory and learning function in mice. In MWM test, LPS-induced mice
exhibited a significant decline in the amount of time spent in the target

Fig. 3. (continued)
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quadrant and the number of escape platform location crossings. LPS
injection also caused a significant decline in the discrimination index
and increased the latency to enter the shock-free compartment in NOR
and Y-maze avoidance tests. In addition, systemic administration of LPS

increased neuroinflammation and apoptosis, as clearly shown by in-
creased expressions of NF-κB p65 and inflammatory factors (TNF-α, IL-
6), activation of glial cells, increased the number of TUNEL-positive
cells, increased the ratio of cleaved caspase-3/pro caspase-3 while

Fig. 4. MNA inhibits LPS-induced glial cells
activation in the hippocampus and frontal
cortex. (A) Representative IHC micro-
photographs of microglia activation marker
Iba1 in the hippocampus and frontal cortex
were shown. (B) The number of Iba1 stained
microglia was normalized in the corre-
sponding same area, as the ratio (in per-
centage) of the Veh+Veh were shown. (C)
Representative IF microphotographs of as-
trocyte activation marker GFAP in the hip-
pocampus and frontal cortex were shown.
(D) The number of GFAP stained astrocyte
was normalized in the corresponding same
area, as the ratio (in percentage) of the
Veh+Veh were shown. Values shown were
expressed as mean ± SEM; n=4 mice/
group. * P < 0.05, ** P < 0.01 versus
LPS+Veh. Scale bar, 50 μm.
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decreased the ratio of Bcl-2/Bax in the hippocampus and frontal cortex
of mice. Importantly, in this study, MNA treatment (100 or 200mg/kg)
played a protective role and significantly attenuated cognitive deficits
and these pathological changes induced by LPS.

It was reported that NA, the precursor of MNA, performed a vital
physiological function in the set of biochemical reactions [32,33].
Previous studies have shown that administration of NA can significantly
improve cognitive and behavioral function [34,35]. It might play a key

Fig. 5. MNA inhibits LPS-induced apoptosis in the hippocampus and frontal cortex. (A, B) Representative microphotographs of apoptotic cells shown by white arrows
and results of percentage (%) of apoptosis in the DG of hippocampus and frontal cortex were shown. (C) Representative IHC microphotographs of neuronal marker
NeuN in the DG of hippocampus and frontal cortex were shown. (B) The number of NeuN stained neuron was normalized in the corresponding same area, as the ratio
(in percentage) of the Veh+Veh were shown. (E) The expression of pro- and cleaved caspase-3 in the hippocampus and frontal cortex were detected by WB. β-actin
was used as a loading control. (F) Caspase-3 activation was shown as the ratio of caspase-3 to pro-caspase-3 of Veh+Veh group. (G) The expression of Bcl-2 and Bax
in the hippocampus and frontal cortex were detected by WB. (H) Bcl-2 and Bax were expressed as the ratio of Veh+Veh group. Values shown were expressed as
mean ± SEM; n=4 mice/group. * P < 0.05, ** P < 0.01 versus LPS+Veh. Scale bar, 50 μm.
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role in attenuating the activation of microglia [36] and astrocytes [37].
Moreover, treatment with NA prevents or reduces the activation of
neuronal cell death pathways and the following neurodegeneration by
inhibiting the caspase-3 and/or PARP-1 over-activation [38]. Some
studies reported that MNA, the main metabolite of NA, had neuropro-
tective effects in diabetes-related brain disorders and hypoxic-ischemic
brain damage [17]. Whereas, some other studies showed that MNA led
to neurotoxicity [39,40].

NF-κB, an important transcription factor, regulates the expression of
a large number of pro-inflammatory mediators including TNF-α and IL-
6 [41,42]. Activation of NF-κB signaling promotes apoptosis [43] and
inhibition of it defers inflammatory responses [44]. Administration of
LPS can activate the NF-κB pathway that plays a significant role in the
regulation of neuroinflammation. Previous studies have shown that p65
(also known as RelA), a subunit of the NF-κB transcription factor
complex, respond to LPS stimulation [45,46]. MAPK p38, one of the
apoptotic pathways, regulates the transcriptional activity of NF-κB p65
in neuroinflammation [47]. More evidences have revealed that MNA

can inhibit the p38 MAPK pathway to reduce apoptosis [48]. In this
study, we found the high expressions of NF-κB p65 in the hippocampus
and frontal cortex of LPS-induced mice, indicating the activation of NF-
κB signaling pathway. In contrast, treatment with MNA significantly
attenuated these changes of NF-κB p65. Therefore, we speculate that
the neuroprotective effects of MNA are associated with NF-κB signaling
in the LPS-induced mice.

Microglia and astrocytes are two important sources of inflammatory
mediators in the brain [49]. Previous studies reported that aberrant
activation of astrocytes and microglia led to the release of inflammatory
cytokines, including IL-6 and TNF-α that played an important role in
neuronal damage and death [50]. Thus, inhibition of over-activated
glial cells may have a neuroprotective effect and ameliorate the severity
of AD and other neurological disorders. In this study, LPS administra-
tion increased the number of Iba1 and GFAP positive cells in the hip-
pocampus and cortex, indicating the activation of microglia and as-
trocytes. Treatment with MNA significantly reduced
neuroinflammation by suppressing the activation of microglia and

Fig. 5. (continued)
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astrocytes.
The process of neuronal apoptosis is critical in LPS induced neu-

roinflammation [51]. Recent studies have reported that caspase-3,
cleaved caspase-3 and Bax play a key role in promoting neuronal
apoptosis, while Bcl-2 is an antiapoptotic protein [52,53]. Systemic
administration of LPS increases the number of apoptotic cells, expres-
sion of cleaved caspase-3 and the ratio of Bax/Bcl-2 [30,54,55]. In this
study, our results are consistent with previous studies. We found com-
pared to LPS-induced group, there were less TUNEL-positive cells and
more NeuN-positive cells in the hippocampus and frontal cortex of
MNA-treated mice. The results showed that administration of MNA
significantly attenuated LPS-induced neuronal apoptosis and death.
Moreover, we found this neuroprotective effect of MNA was involved in

the reduction of caspase-3 expression and increase of Bcl-2/Bax ratio.
Through this study we suggest that MNA attenuates lipopolysaccharide-
induced cognitive deficits via neuroinflammation and apoptosis and
might be a novel drug for AD.

5. Conclusion

In conclusion, the present study demonstrates that MNA sig-
nificantly attenuates LPS-induced cognitive deficits via targeting neu-
roinflammation and neuronal apoptosis in mice. The neuroprotective
effects of MNA are achieved by inhibiting the activation of glial cells
and NF-κB signaling. These observations suggest that MNA might be a
novel, effective and promising drug for neurodegenerative diseases

Fig. 5. (continued)
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such as AD.
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