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Abstract

The neurotoxicity of AP peptides has been well documented, but effective neuroprotective approaches against A3 neurotoxicity
are unavailable. In the present study, we investigated effects of 1-Methylnicotinamide (MNA), known as a main metabolite of
nicotinamide (NA), on the impairment of learning and memory induced by A{3 and the underlying mechanisms. We found that
intragastric administration of MNA at 100 or 200 mg/kg for 3 weeks significantly reversed bilateral intrahippocampal injection of
A1_42-induced cognitive impairments in the Morris water maze (MWM), Y-maze and Novel object recognition tests.
Furthermore, MNA suppressed Af3_4,-induced neuroinflammation, characterized by suppressed activation of microglia, de-
creased the expression of IL-6, TNF-« and nuclear translocation of NF-kB p65, as well as attenuated neuronal apoptosis as
indicated by decreased TUNEL-positive cells and ratio of caspase-3 fragment to procaspase-3, and increased ratio of Bcl-2/Bax
in the hippocampus. Our results show that MNA may ameliorate A3, _4,-induced cognition deficits, which is involved in
inhibition of neuroinflammation and apoptosis mediated by NF-kB signaling, suggesting that MNA could have potential

therapeutic value for AD.
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Introduction

Alzheimer’s disease (AD) is considered to be a common neu-
rodegenerative disease and characterized by gradual loss of
memory, cognitive dysfunction, abnormal behavior and social
disorder. Extracellular amyloid-beta (A{3) protein deposition is
one of the major pathogenic mechanisms that act in concert to
produce memory dysfunction and decline of cognition. (Frost
et al. 2013; Tang et al. 2014a). It has been shown that the
deposition of A3 activates microglia and then induces inflam-
matory response (Stewart et al. 2010). Activated microglia se-
cretes inflammatory factors, such as TNF-c, IL-6, IL-1f3, and a
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large number of oxidative products, resulting in inflammation
of the brain and eventually death of neurons and occurrence of
AD (Wang et al. 2015; Qian et al. 2016; Hurley et al.
2018).Numerous studies showed that prolonged infusion of
synthetic A3 into the brain can cause learning and memory
deficits in animals (Nitta et al. 1997), including impairment of
working memory and place learning in Y-maze, and water
maze (Maurice et al. 1996). However, effective neuroprotective
approaches against A3 neurotoxicity are unavailable yet.
1-Methylnicotinamide (MNA) is a main metabolite of nico-
tinamide (NA) (Przygodzki et al. 2010; Sternak et al. 2015). It is
formed in the cells by nicotinamide n-methyltransferase
(NNMT) catalyzing the transfer of methyl group of S-
adenosylmethionine (SAM) to NA and then metabolized by
aldehyde oxidase to 1-methyl-2-pyridone-5-carboxamide
(M2PY) or 1-methyl-4-pyridone-5-carboxamide (M4PY)
(Chlopicki et al. 2007; Bryniarski et al. 2008; Bar et al. 2017).
The evidences were available indicating remarkable pharmaco-
logical efficacy of MNA, which was reported that it could be an
activator of prostacyclin production and thus may regulate
thrombotic as well as inflammatory processes in the cardiovas-
cular system (Chlopicki et al. 2007). Oral administration of
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MNA ameliorated oxidative stress, apoptosis, necrosis, inflam-
mation, and fibrosis in the kidneys of free fatty acid-bound
albumin-overloaded mice (Tanaka et al. 2015). Furthermore,
MNA possesses hepatoprotective activity, as it can inhibit con-
canavalin A-induced liver injury through the downregulation of
IL-4 and TNF-« signaling (Sternak et al. 2010). Interestingly, it
has been reported that MNA may have acquired a normally
beneficial role as it inhibited the export of choline from the
brain, and therefore boosted acetylcholine levels. This may help
developing cognition, delaying the effects of cholinergic degen-
eration, and eventually providing proper brain growth and de-
velopment (Williams et al. 2005). MNA also has a role in
preventing diabetes-associated brain disorders, and treatment
with MNA induced stimulation of serotonin uptake with a nor-
malizing effect on spontaneous neurotransmitter release in rat
brain synaptosomes (Kuchmerovska et al. 2010). The studies
using cerebellar granule cells have shown that MNA is poten-
tially neuroprotective against the toxicity of glutamate and ho-
mocysteine (Slomka et al. 2008a; Slomka et al.
2008b).However, the effects of MNA in AD remain unknown.
In this study, we firstly observed the effects of MNA on spatial
learning and memory in bilateral intrahippocampal AR 4o-
injected mice. Further, we investigated its possible underlying
mechanisms by detecting proinflammatory cytokines and the
proteins related to apoptosis in brain.

Materials and Method
Materials

Male Institute of Cancer Research (ICR) mice, approximately
3 months old, weighing 25-30 g, were from Yangzhou
University Medical Center (China), all experiments were car-
ried out according to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. The procedures
were approved by the Animal Care and Use Committee of
China Pharmaceutical University. Mice were fed in an air-
conditioned room with a temperature control at about 22 °C,
and a 12 h/12 h lighting cycle with free access to water.
A3, 4, was purchased from Sigma Aldrich (Missouri,
USA). MNA for administered intragastrically (i.g.) was pur-
chased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). The antibodies were purchased from the following
companies: anti-cleaved caspase-3, anti-IL-6 and anti-Bcl-2
were from Cell Signaling Technology, Inc. (Massachusetts,
USA); anti-Bax and anti-TNF-o were from Santa Cruz
Biotechnology, Inc.(Heidelberg, Germany); anti-NF-«B p65
was from Cell Signaling Technology, Inc. (Massachusetts,
USA); anti-Ibal was from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan); Histone H3, 3-actin and secondary anti-
bodies were from Bioworld Technology Co., Ltd. (Minnesota,
USA). All other chemicals were commercially available and
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analytical grade. Before using, Af3_4, was reconstituted in
phosphate-buffered saline (PBS, pH 7.4) at a concentration
of 410 pmol/5 pL, and was aggregated by incubation at
37 °C for 7 days (Russo et al. 2012; Lai et al. 2014; Tang
et al. 2014b; Zhang et al. 2017; Garcez et al. 2018).

Stereotaxic Intrahippocampal AB,_s, Infusion
and Drug Treatments

Mice were anesthetized using chloral hydrate(350 mg/kg, i.p.)
and then fixed on a stereotaxic apparatus (SR-5; Narishige,
Tokyo, Japan). The dura was exposed, and a micro syringe
attached to a microinjection pump (Longer Pump, China) was
inserted into the left and right parietal cortices at a site 2.0 mm
caudal to the bregma, 1.5 mm from the midline, and 2.0 mm
below the dural surface (Zhang et al. 2016). PBS (0.1 M,
pH 7.4, 5 uL) with or without Af3;_4, (410 pmol/mouse)
was injected bilaterally into the hippocampus (1 pL/min for
all the infusions).The micro pipettes were left in place for
5 min for minimizing reflux of liquid. After surgery, in order
to allow the wound to recover mice were fed alone and rested
to for 3 days.

After 3 days of recovery, the mice were divided into five
groups: Vehicle plus Vehicle (Veh + Veh), A3;_4; plus Vehicle
(ABI—42 +Veh), AB]_42 plus MNA 50 mg/kg (AB]_42 +
MNA 50 mg/kg), APBi_4> plus MNA 100 mg/kg (A4 +
MNA 100 mg/kg), AB1_4> plus MNA 200 mg/kg (AP1_42+
MNA 200 mg/kg). The mice were administered
intragastrically with MNA (50, 100 and 200 mg/kg, 0.1 ml/
10 g of body weight, dissolved in physiological saline) or
physiological saline every day for 3 weeks. After supplement
of MNA or physiological saline, one part of mice was subject-
ed to behavioral trials and the brain examination was carried
out from another part of mice.

Morris Water Maze (MWM) Test

Spatial learning and memory was assessed by the MWM test.
Mouse was trained lonely in a round pool with a diameter of
1.2 m; a height of 0.5 m and filled to a depth of 0.3 m with
water kept at 25 °C. The round pool was put in a quiet room
with visual cues. An escape platform with a diameter of 9 cm
was placed in the center of fourth quadrant of the pool. During
the five days of training, the platform remained fixed and the
position kept unchanged. For each trial, the mouse’s face was
facing the pool wall and the starting position was pseudo-
randomized (Tang et al. 2014a). The test was contained a
five-day training period, which was visible and invisible plat-
form training sessions (day 1-2; day 3—5) and a probe trial on
day 6. During each trial, every mouse was experienced four
quadrants and a 1-h interval between trials. On day 1-2, the
platform, bundled with a small flag, was fixed 1 cm below the
surface of the water. However, small flag was removed but the
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platform remained stationary on day 3, 4 and 5. The baseline
differences in vision and motivation can be assessed by
visible-platform test. We used hidden-platform version, which
evaluates spatial learning, to determine the retention of mem-
ory to find the platform. From day one to day five, each test,
the total time of 90 s, the mouse ends the experiment after
finding the platform and staying for 10 s. Conversely, if the
mouse did not find the platform in a specific period of time, it
needs to be artificially place on the platform to learn 30 s. On
the last day, during the probing test, animals were allowed to
swim for 90 s while the platform was taken away. The trend of
the mouse to search for platform was measured by the time
spent in the target quadrant, where the platform was previous-
ly located. The number of target platform location crossings
was recorded and processed through the video tracking device
and computer equipped analytics management system
(Viewer 2 Tracking Software, Ji Liang Instruments, China).

Modified Y-Maze Test

This was performed with slight modification from (Kimura
et al. 2010), described elsewhere (Tang et al. 2013).
Modified Y-maze test included 2 days. First day is a learning
trial, each mouse was placed in one of three compartments and
freely moving for 5 min was permitted. After 5 min, the elec-
tric shocks (2 Hz, 125 ms, 10 V) in two compartments could
be carried out through a stainless steel mesh floor while a
shock-free compartments accompanying light sources as clues
to enter. Each mouse training 10 times, once the mouse en-
tered the light source of the room and stay for 30 s then the end
of training. If the mouse went to the shock-free room at the
first instance, it was recorded as a right choice. On the con-
trary, if not, gently guided the mice to the compartment and
allowed to stay for 30 s. The second day (testing trial), the
same procedures as the first day, mice were still tested 10
times, but there was no adaptation phase. Manually record
the numbers of correct choices and the latency to enter the
shock-free compartment on second day.

Novel Object Recognition Test

Novel object recognition test (NOR) was applied to detect
cognitive function in mice as previously described (Antunes
and Biala 2012). The NOR test is based on the spontaneous
tendency of mice to exhibit more interactions with a novel
rather than a familiar object (Wang et al. 2017). This test
consisted of three consecutive days. The first day was a cus-
tomary stage, animals were allowed to move freely in a rect-
angular plastic box (50 cm % 50 cm % 40 cm). On the second
day, the box contained two identical objects, the exploration
time recorded in 5 min. The third day was the testing trial, one
of the objects was replaced by a new one, which was a differ-
ent color and shape object. During the three days, anything

that explored behavior of the mouse within 5 min (less than
2 cm away from the object and touched the object with the
mouth, nose, or paw) was recorded by the computer. After
each mouse ended the test, 70% ethanol was used to eliminate
the urine and excrement so as not to affect the next mouse test.
The probing time for the same objects A and B during the
familiar period was defined as EA1 and EA2; in the testing
trial, the investigative time for original object A and new ob-
ject B was EA and EB. The discrimination index was deter-
mined by performing the following calculation: (EB — EA)/
(EB+EA). All data were used to assess mice learning and
memory behavior of old and new objects.

Open Field Test

Open field test (OFT) was a typical experiment performed to
assess spontaneous motor activity and exploration behavior
(Huang et al. 2016). The OFT is conducted in a quiet environ-
ment. The test arena, a rectangular plastic box (50 cm X
50 cm x 40 cm) was divided into 144 squares. With face to-
ward the box wall, the mouse was gently put in any corner
square of the arena. The mouse’s exploration behavior in the
box was allowed and the total distance of the mice within
5 min was recorded. After each mouse finished the test, the
device was washed with 70% ethanol to eliminate the odor.

Tissue Preparation and Immunohistochemistry (IHC)

For analyzing hippocampal microglia activation, mice were
anesthetized and transcardially perfused with 0.1 M PBS,
followed by 4% paraformaldehyde fixation. Then the brains
were taken out, and submerged in 4% paraformaldehyde at
4 °C for 24 h and cryoprotected in a 30% sucrose solution for
an additional 24 h. Finally the brains were embedded into op-
timal cutting temperature compound (Tissue-Tek, Torrance,
CA) and cryosectioned (30 um). The Ibal immunohistochem-
istry protocol was conformed to the streptavidinbiotin complex
(SABC) IHC kit (Boster Biotechnology Co., Ltd., Wuhan,
China). Sections were washed with PBS (3 X 5 min), and then
heated on a water bath with 0.3% Triton X-100 for 4 h at 60 °C
then treated with 3% H,0, at room temperature for 30 min.
After washing with PBS (3 x 5 min), sections were blocked
with 5% BSA for 30 min and incubated in anti-Ibal (1:1000)
primary antibody diluted in 5% BSA overnight at 4 °C.
Sections were washed with PBS (3 x 5 min) and incubated with
biotinylated mouse anti-rabbit IgG (40 min, 37 °C). After wash-
ing in PBS (3 x5 min, 37 °C), slices were incubated with
streptavidin-biotin complex (20 min, 37 °C) and washed with
PBS again (4 x 5 min). Diaminobenzidine (DAB) was utilized
as the final chromogen. After that, 70% ethanol for 5 min, 95%
ethanol for 5 min, and 100% ethanol for 2 X 5 min and xylene
for 2 x5 min were performed for gradient dehydration.
Sections were then covered with dibutyl phathalate xylene
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4 Fig. 1 MNA improves A_4, -induced cognitive deficits in mice. Day 0
indicates performance on the first trail and subsequent points represent an
average of all daily trails in the MWW task. a During the two days visible
platform test, there were no differences in the escape latency among all
groups. b Escape latency was changed on hidden platform during the 3-
day acquisition trials. ¢ A representative swimming path and d the per-
centage of total time spent in the target quadrant during the probe trial day.
e The number of platform crossings during the probe trial test on day 6.
f Average swimming speed among all groups in the 6 days tests. g The
latency to enter the shock-free part onday 2 and h the number of correct
choices during day 1 and day 2 was measured in Y-maze test. i The time
to explore the same objects A and B during the familiar period was
defined as EA1 and EA2. j The discrimination index was determined
by performing the following calculation: (EB — EA)/ (EB + EA). k The
total distance in the OF T was shown. Values shown are expressed as mean
+ SEM; n = 12. *p < 0.05, **p < 0.01 versus AP3;_4> + Veh

(DPX) mounting solution and cover glass. Finally, the sections
were observed with a light microscope (Leica Microsystems
AG, Germany) at a fixed magnification (x 200). The photomi-
crographs were quantified using Image-Pro Plus software. The
number of microglia in the hippocampus was measured,
followed by the microglial-positive area to generate the ratio
of microglial staining to hippocampal area (% area occupied).
The mean values from 4 sections of each mouse were used for
statistical analysis.

TUNEL Staining

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labelling (TUNEL) staining can identify nuclei with
fragmented DNA (a characteristic of apoptotic cells) by using
the in situ cell death detection kit (Roche, Germany). The sec-
tions were fixed in 4% PFA (20 min, 37 °C), then washed in
PBS (pH 7.4) (30 min, 37 °C). The sections were incubated in
permeabilisation solution (0.1% Triton X-100, 0.1% sodium
citrate, freshly prepared) for 2 min on ice. TUNEL mixture
was added onto brain sections and incubated in a humidified
chamber (60 min, 37 °C) and washed in PBS (pH 7.4) (2 x
5 min, 37 °C). Sections were incubated for 10 min in a dark
place for DAPI staining. The cells were observed through a
fluorescence microscope under a fixed magnification (x 200)
(Leica Microsystems AG, Germany). DAPI nuclear staining
was used to determine the total number of cells in a given area.
TUNEL" cells were identified by the co-localization of both the
TUNEL signal and DAPI. The apoptotic bodies were expressed
as a percentage of the total number of cells examined. The mean
values from 4 sections of each mouse were used for statistical
analysis.

Western Blot (WB) Analysis

Mouse hippocampus were chopped into small pieces and ho-
mogenized in ice-cold RIPA (50 mM Tris—HCI (pH 7.4),
150 nM NaCl, 1 mM PMSF, 1| mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS). The dissolved

proteins were collected from the supernatant after centrifuga-
tion at4 °C, 12000 rpm for 15 min. Protein concentration was
determined by a BCA protein assay kit according to the man-
ual (Beyotime Biotechnology, Jiangsu, China) and then
assessed for expression of pro- or cleaved caspase-3, Bax,
Bcl-2, IL-6 and TNF-« proteins. Protein extracts were sepa-
rated by a SDS-polyacrylamide gel electrophoresis and then
transferred onto a PVDF membrane. The membrane was
blocked with 5% BSA in Tris buffer saline and then incubated
at 4 °C overnight with respective primary antibodies for anti-
pro or cleaved caspase-3 antibody (1:1000), anti-Bcl-2 anti-
body (1:1000), anti-Bax antibody (1:500),anti-IL-6 antibody
(1:1000), anti-TNF-oc antibody (1:500), or 3-actin (1:5000).
After washing with tris buffered saline—tween 20 (TBST), the
membranes were incubated with a horseradish peroxidase
conjugated secondary antibody (1:10000, Bioworld
Technology) for 2 h at room temperature. The antibody-
reactive bands were visualized by using enhanced chemilumi-
nescence detection reagents and a gel imaging system (Tanon
Science & Technology Co., Ltd., China).

Nuclear extract was performed using nucleoprotein extraction
kit (Sangon Biotech, China). At the start, mouse hippocampus
was minced and homogenized in ice-cold hypotonic buffer,
which including 0.5% phosphatase inhibitor, 1% PMSF and
0.1% DL-Dithiothreitol (DTT), then centrifuged at 4 °C,
3000 rpm for 5 min. The supernatant was discarded and the
precipitate was washed in hypotonic buffer and centrifuged
5000 rpm for 5 min at 4 °C. At the end, the precipitate was put
into 0.2 mL lysis buffer (containing 0.1% DTT, 0.5% phospha-
tase inhibitor and 1% PMSF), chilled for 20 min and centrifuged
at 15000 rpm for 10 min at 4 °C. The supernatant nuclear protein
extract was subjected to Western blot for assay of NF-kB p65
(1:1000) and Histone H3 (1:500) was used as a loading control.

Statistical Analyses

The data are shown as mean + SEM. Group differences in the
MWM test escape latency were analyzed using a repeated mea-
sure ANOVA with ‘days’ as the ‘within-subject factor’ and
‘group’ as the between-subject factor. All other data were ana-
lyzed by a one-way ANOVA followed by a Dunnett’s post hoc
analysis for multiple comparisons. All analyses were carried out
using SPSS v20.0. The level of statistical significance was
p<0.05.

Results

MNA Improves AB,_s, -Induced Cognitive Deficits
in Mice

To determine the effects of MNA on A3_4, -induced cogni-
tive deficits in mice, the different behavior tests were carried
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out. Firstly, the performance of mice in a non-spatial visible-
platform variant of the MWM to test for baseline differences
in vision and motivation among treatment groups were
assessed. Mice in each group exhibited similar escape latency,
suggesting there was no influence on vision or basal motiva-
tion among all groups. (4 trials/day for 2 days; effect of day, F
4,517)= 7531, pP= 00007, effect of group, F 4,517)= 1651,
p=0.1642; effect of group-by-day interaction, F (4517)=
0.1725, p=0.9942; Fig. 1a). We then tested the mice in the
spatial hidden-platform variant, and the data showed that
A_4, increased escape latencies compared to the control,
these were reversed by MNA (100 or 200 mg/kg) (4 trials/
day for 3 days; effect of day, F4 749)=9.658, p <0.0001; ef-
fect of group, F 4, 749)=1.377, p = 0.2430; effect of group-by-
day interaction, F4, 749)=0.4241, p =0.9529; Fig. 1b). In the
probe trial (1 trial/mouse for day 6), all the mice showed
preference for the target quadrant, with the exception of the
mice in the A4, plus vehicle group, which displayed sig-
nificant decreases in the time in the target quadrant and the
number of platform location crossings compared to control
group (p <0.01). However, mice in the AP;_4, plus MNA
(100 or 200 mg/kg) groups showed significant increases in
both indices compared to A3;_4; plus vehicle (p <0.05, F (4,
s3y=4.310, p = 0.0043 for the percentage of total time spent in
the target quadrant and p < 0.05 or p < 0.01 for the number of
target crossing, respectively; F 4 s3y=4.375, p =0.0039; Fig.
1d, e). But MNA at the dosage of 50 mg/kg didn’t produce
significant effects (p>0.05; Fig. 1d, e). In addition, all the
mice had similar swim speeds in the trials (Fig. 1f).

To confirm the results observed in the MWM test, we also
carried out the Y-maze test. The results showed that MNA
(100 or 200 mg/kg) dramatically decreased the latency to enter
the shock-free part (p <0.05) and increased the number of
correct choices(p <0.05 or p<0.01, respectively) compared
to Af31_4z alone (F (4, 50,=15.077, p=0.0016 for the latency to
enter the shock-free compartment; F4 50, = 0.6816, p = 0.6341
for the number of correct choices; Fig. 1g, h).

Furthermore, the mice were submitted to the NOR for de-
tecting non-spatial learning and memory. Our data indicated
that there was no observable difference in the time to explore
same objects in all groups of mice (p > 0.05; Fig. 1i). During
the test period, Af3;_4, caused a significant decline in the
discrimination index compared with the control group
(p<0.01; Fig.1j), suggesting that Af3;_4,-treated mice have
impaired object recognition memory. MNA (100 or
200 mg/kg) treatment showed a significant increase in dis-
crimination index compared with the Af3;_4, + Veh group
(»<0.05; F 4 s50,=4.884, p=0.0021; Fig. 1j).

In addition, to determine whether general locomotor activ-
ity interferes with cognitive behavior test, we conducted the
OFT. The results showed that there was no significant differ-
ence among the groups in the total distance traveled in the
open field test (F 4, 50)=1.915; p=0.1216; Fig. 1k). These
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behavior data indicate that MNA improves A31_4, -induced
cognitive deficits in mice.

MNA Prevents Hippocampal Apoptotic Responses
in AB;_s2-Induced Mice

Apoptosis in neuronal cells plays a critical role in the patho-
genesis of AD (Song et al. 2018). We presented apoptosis in
the hippocampus by TUNEL staining to evaluate that MNA
play an anti-apoptotic role in A3 4,-injected neurotoxicity.
A1_4> treatment caused a significant increase in TUNEL-
positive cells in the hippocampus (p < 0.01), and MNA (100
or 200 mg/kg) treatment decreased the number of apoptotic
cells compared to the A(3;_4, + Veh group (p < 0.05; F 4, 70y =
7.898, p=0.0012, Fig. 2a, b).We also detected apoptosis-
related proteins by the WB assay. The results showed that
the ratio of caspase-3 fragment to procaspase-3 was signifi-
cantly increased and the ratio of Bcl-2/Bax was significantly
decreased in the hippocampus of Af;_4-injected mice
(p<0.01, Fig. 2¢c, d, e and f). MNA (100 or 200 mg/kg) treat-
ment attenuated these changes (p <0.05, F (4, 15,=4.966, p =
0.0094 for caspase-3 activation; p < 0.05, F (4 15, =6.696,p =
0.0027 for Bcl-2/Bax, Fig. 2¢, d, e and f). The results showed
that MNA inhibited Af3;_4,-induced hippocampal apoptotic
responses in mice.

MNA Decreases the Production of Proinflammatory
Cytokines Induced by AB;_s, in Mice

Inflammatory mediators play an important role in cognitive
dysfunction (Echeverria et al. 2016; Pfau and Russo 2016;
Kempuraj et al. 2017). To determine the effect of MNA on
Af31_4p-induced proinflammatory cytokine production in the
hippocampus, we examined pro-inflammatory cytokines such
as TNF-o and IL-6 by the WB analysis. As shown in Fig. 3, in
A _4r-treated mice, the increased levels of TNF-«, and IL-6
were observed in the hippocampus (p <0.01), while MNA
(100 or 200 mg/kg) treatment significantly reduced their
levels in this region (p <0.05 or p<0.01; F (4 15 =5.624;
p=0.0057 for TNF-o; p <0.05;(F (4, 15,=5.127; p=0.0083
for IL-6; Fig. 3a, b, c and d). These findings suggest that MNA
could protect against A3;_4,-induced neuroinflammation.

MNA Suppresses AB;_s;>-Induced Microglia Activation
in the Hippocampus

Microglia, the immune cells of the CNS, become chronically
activated by amyloid-f3 peptides (Lowry and Klegeris 2018),
following morphological changes and an increase in the num-
ber of activated microglia.(Lin et al. 2017). The activated mi-
croglia exhibit increased expression of pro-inflammatory cy-
tokines, including tumor necrosis factor-o« (TNF-) and IL-6
that can cause neuronal damage (Wyss-Coray 2006). We
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Fig. 2 MNA prevents hippocampal apoptotic responses in the A3 4-
induced mice. a Representative photographs of apoptotic cells shown by
white arrows. b Results of percentage (%) of apoptosis. ¢ Representative
bands of pro- or cleaved caspase-3 and e Bcl-2 and Bax subjected to the
WB assay were shown. d Caspase-3 activation was shown as the ratio of

detected Ibal, a marker of microglial activation, using IHC
assay to determine whether the anti-inflammatory effect of
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caspase-3 to pro-caspase-3 and f Bcl-2 and Bax was expressed as the ratio
(in percentage) of vehicle plus vehicle group. Values shown are expressed
as mean+ SEM; n=4."p< 0.05, “p< 0.01 versus AR;_4» + Veh. Scale
bar, 50 um

MNA is mediated through suppression of microglia activa-
tion. As shown in Fig. 4, AP, 4, treatment increased the
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Fig. 3 MNA decreases the production of proinflammatory cytokines
induced by AP 4, in mice. a, b TNF-« and ¢, d IL-6 and f3-actin as
loading control were examined by the WB by respective antibodies, and

number of Ibal-positive cells in the hippocampus (p < 0.01),
and MNA (100 or 200 mg/kg) treatment efficiently sup-
pressed the activated microglia in the hippocampus (p < 0.05
or p<0.01, respectively; F . s56=8.815; p=0.0007;
Fig. 4a, b).

MNA Suppresses Ap;_s>-Activated NF-kB Signaling
in the Hippocampus

Many of the target genes regulated by NF-kB p65 are associ-
ated with immune-inflammatory responses and apoptosis
(Takeda and Akira 2004; Tang et al. 2018). To investigate
whether MNA is associated with Af3;_4,-activated NF-xkB
p65 signaling, the level of nuclear NF-kB p65 in the hippo-
campus was detected by the WB analysis. Our data showed
that Af31_4, activated NF-kB pathway, as shown by p65 in-
crease in the nucleus. Interestingly, MNA (100 or 200 mg/kg)
treatment was effective in blocking A3;_4,-activated NF-«B
signaling in the hippocampus (p <0.05; F (4 15y=4.382; p=
0.0152; Fig. Sa, b). This data suggest that inhibition of the
nuclear translocation of NF-kB may be a critical mechanism
by which MNA mediates its protective effect against Af3;_45-
induced neuroinflammation and apoptosis.

Discussion

The aggregation or deposition of Af3 is the key event in AD
pathology, which causes cognitive deficits, neuronal apoptosis
and neuroinflammation (Pujadas et al. 2014; Piirainen et al.
2017). Here, we demonstrated that a single micro-infusion of
A4, into the hippocampus produced cognition deficits ac-
companied with neuroininflammation as indicated by activated
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microglia and increased TNF-« and IL-6, and apoptotic re-
sponses as evidenced by increased TUNEL-positive cells, acti-
vation of caspase-3, and decreased ratio of Bcl-2/Bax, as well
as increased nuclear translocation of NF-kB p65 in the hippo-
campus. Treatment with MNA (100 or 200 mg/kg) markedly
attenuated these effects induced by Af;_4>. These results sug-
gest that MNA improves Af3;_4>-induced cognitive deficit,
which is at least partially contributed to by inhibiting neuroin-
flammation and apoptosis mediated by NF-kB signaling.

It was reported that NA, the precursor of MNA, plays a
critical physiological role in cellular metabolism (Lin and
Guarente 2003; Magni et al. 2004). It has ability to govern
cellular integrity and cellular inflammation through modulat-
ing microglial activation (Li et al. 2006) and inhibits generation
of pro-inflammatory cytokines, such as IL-1f3, IL-6, IL-8 and
TNF-o (Ungerstedt et al. 2003). NA can also prevent apoptotic
injury by impacting cellular pathways that involve DNA frag-
mentation and membrane phosphatidylserine exposure
(DiPalma and Thayer 1991; Chong et al. 2002, 2004).The
treatment of transgenic AD mice with NA, improved A3 and
Tau pathologies and ameliorated learning and memory deficits
(Liu et al. 2013; Kerr et al. 2017). In the recent years, the role
of MNA, as a main metabolite of NA, was emphasized in the
CNS. There are some epidemiological data indirectly suggest-
ing that MNA may be neurotoxic and might play a role in the
pathogenesis of Parkinson’s disease (Williams et al. 2005).
Some experimental studies showed that MNA have beneficial
effects in hypoxic-ischemic brain damage (Dragun et al. 2008)
and the diabetes-associated brain disorders (Kuchmerovska
et al. 2010). In the present study, we observed the effects of
MNA at the dose of 50, 100 and 200 mg/kg on A 31_4,-induced
memory impairment in mice, and find that MNA at 50 mg/kg
shows ameliorative effect but this effect didn’t reach statistical
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Fig. 4 MNA suppresses a
A 4o-induced microglia
activation in the hippocampus. a
Representative IHC images of
microglia activation marker Iba-1.
b The number of Ibal antibody-
stained microglia was normalized
in the corresponding same area, as
the ratio (in percentage) of the
Veh + Veh are shown. Data
shown are expressed as mean +
SEM; n=4. *p < 0.05,

**p < 0.01 versus AP_4+

Veh. Scale bar, 50 um
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significance, whereas MNA at 100 mg/kg produces similar
potentially neuroprotective effects to that at 200 mg/kg in the
mice, which indicates 100 mg/kg is probably the dosage of
maximum effects. These indicate that its dose-response rela-
tionship is not significant. Although MNA as a charged organ-
ic cation could cross the blood brain barrier (BBB) (Erb et al.
1999), we speculate that its transport across the BBB might be
in the transporter-dependent manner. This implies that MNA at
100 mg/kg might produce the maximum concentration in the
brain because of the limitation of transport at the BBB. The
exact mechanism remains to be further investigated.
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Fig. 5 MNA suppresses A3, 4p-activated NF-«B signaling in the hippo-
campus. (a, b) The extraction process of nuclear protein in mouse hippo-
campus was described above, and nuclear NF-kB p65 and histone H3 as
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Growing evidence suggests that neuroinflammation char-
acterized by excessive activation of microglia and the produc-
tion of a large number of free radicals and inflammatory fac-
tors plays a crucial role in the pathophysiology of AD
(Nasoohi et al. 2018). Microglia, as key cellular elements of
the acute neuroinflammatory response, is the main source of
pro-inflammatory mediators in the brain (Rahimifard et al.
2017). Activation of microglia induces the production of in-
flammatory cytokines, including IL-6 and TNF-«, which can
damage neurons and cause neuronal apoptosis (Rubio-Perez
and Morillas-Ruiz 2012; Ding et al. 2018). Hippocampal
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apoptosis is account for the neuronal loss and the concomitant
emergence of cognitive impairments in AD (Lin et al. 2016;
Pandey et al. 2017). Bax and Bcl-2, belonging to pro- or anti-
apoptotic gene families, mediate apoptosis mainly via regulat-
ing the release of cytochrome C and the mitochondrial path-
way, as well as by mediating caspases (Ruiz-Vela et al. 2005;
Jiao et al. 2012). And caspase-3, as the executor of apoptosis,
is a key protease in mammalian cell apoptosis. In this study, as
we expected, A3_4, treatment triggered microglia activation
indicated as the increased number of Ibal-positive cells, sub-
sequently, resulting in the increased release of TNF-o and IL-
6 in the hippocampus. Moreover, A3 4, treatment enhances
apoptosis as evidenced by increased TUNEL-positive cells,
activation of caspase-3, and decreases ratio of Bcl-2/Bax in
the hippocampus. However, MNA improved A3 4,-induced
cognition deficits, also suppressed the A3, 4;-induced in-
flammatory and apoptotic responses in the hippocampus.

NF-kB is an important transcription factor that involved in
proinflammatory gene activation as well as other genes regu-
lations. It was reported that inhibition of NF-«B transcription-
al activity in the microglial nucleus could suppress proinflam-
matory cytokine production, such as TNF-o and IL-6, and etc.
(Ye and Johnson 2001; Sethi et al. 2008). Furthermore, NF-xB
signaling enhances apoptosis (Khan et al. 2009; Tusi et al.
2010) and inhibition of NF-kB not only protracts inflamma-
tory responses but also prevents apoptosis (Lawrence et al.
2001). It has been reported that administration of A3 in excess
physiological concentrations can activate NF-kB p65 signal-
ing pathway (Liu et al. 2015). Recent studies have shown that
MNA can inhibit activation of the p38 MAPK pathway to
decrease apoptosis in cells (Xie et al. 2016). The activation
and phosphorylation of p38 MAPK pathways are required for
NF-kB p65 nuclear translocation (Je et al. 2004). Our data
showed that A3,_4, increases the nucleus NF-kB p65, which
indicated activation of NF-kB signaling. Importantly, MNA
treatment significantly reduced the hippocampal nucleus
NF-kB p65 level, suggesting decrease of NF-«kB signaling.
Therefore, the anti-neuroinflammatory and anti-apoptotic ef-
fects of MNA are associated with NF-kB signaling in the
Af_4>-induced mice.

Conclusion

In summary, in the present study, we provided promising dem-
onstration for the potentially neuroprotective effects of MNA
against neurotoxic of Af3. These beneficial effects include the
improvement of memory deficits and the ameliorations
of neuroinflammatory and apoptotic responses. These
results suggest that the application of MNA may be a
novel and promising strategy to treat or prevent the
learning and memory deficits in neurodegenerative diseases
such as AD.
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