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Abstract

Aim: DE is a chronic central nervous system complication caused by DM. Ap* deposition has been considered as the main cause of cognitive impairment in DE.
Our study explored the function of non-inflammatory pathway of TLR9, that acting on Sirt1 related Ap? deposition and cognitive function in DE.

Methods: Wide type and TLR9 knockout C57BL/6J mice were randomly divided into a control and a DM group. The DM rat was produced by intraperitoneal
injection of STZ. And adeno associated virus was injected into their hippocampi to inhibit Sirtl. 12 weeks later, the rats were tested in water maze and then
sacrificed. Hippocampi were for immunohistochemistry, Western blot, and RT-PCR. In vitro HT22 cells were incubated with or without high glucose medium and
further intervened with TLR9 antagonist ODN2088 and p53 over expressed lent viral infection. The detection method was almost the same as in vivo, except for
flow cytometry.

Results: We found that, compared with DM mice, TLR9-/-DM mice performed better in learning ability and short term memory and contained lower AB2, but could
be reversed by Sirtl inhibition. Furthermore, in vitro, after intervention with high glucose and p53 over expressed lentiviral infection, we observed the positive
results of TLR9 inhibition, such as Sirt1 up regulation, AR reduction or cognitive improvement, were reversed (all P<0.05).

Conclusion: We considered that TLR9/p53/Sirt1 signalling pathway induced by high glucose are one of molecular mechanisms underlying DE. These results
not only confirm the importance of blood glucose management but also provide new insights for treatment of DE.

Keywords: Neurology * Inhibition « Nervous system

activate inflammatory responses through proliferation of glial cells, which
participates in the loss of neuronal synapses in the brain. Previous
studies, including ours, indicate that DM will promote AR deposition in the
Diabetes mellitus (DM)is ametabolic disease with mainclinical characteristics  pippcampus to influence cognitive function, which shows the possibility of
of hyperglycemia and insulin resistance. Diabetic encephalopathy (DE), as AB in development and potential treatment of DE [5-7].

the central nervous complication of DM, was initially described by Nielsen

and found diffuse degeneration, fibrotic changes of the pia mater, and  Silentinformation regulator 1 (Sirt1) is a nicotinamide adenine dinucleotide

cerebral atherosclerosis in cerebral cortex and dentate nucleus [1]. dependent histone deacetylase which might connect excessive AB
deposition with cognitive dysfunction of DM. Previous studies showed that

Further pyatht.)physiological studies showed that DE is similar with — gown expression of Sirt1 contributes to some chronic complications of DM,
Alzheimer's disease (AD) for the two major features senile plaques (SPs)  gych as diabetic peripheral neuropathy and diabetic nephropathy. Recently
or neurofibrillary tangles (NFTs), and glucose metabolic disorder or insulin - tygies confirmed that Sirt1 could alleviate AB deposition in brain and
resistance [2-4]. Epidemiological analyses have enhanced the connection  imnroved cognitive functions of AD patients or mice, providing a hint that
between DE and AD for the reason that DM is one of the most common  gjrt1 might play a vital role to deal with excessive A deposition of DE [8-
comorbidities of almost all the sporadic AD [2]. Despite being partially  10). |n our research we have proved that high glucose induced reduction of
overlapped with characters of AD and regarded as "brain type DM", the  gjrt1 is responsible for excessive deposition of A in hippocampus through
underlying pathogenic mechanism of DE is still worth debating. activating ADAM10 and suppressing BACE1. Further in vivo we observed

As the main component of neuritic plaques, B-amyloid peptide (AB) is a  thatknocking out TLR9 (TLR9 KO) could improve the cognitive functions of

recognized neurotoxin AB, especially AB40 and AB42, being proved to DM mice, attenuate AB deposition in their brain, and reverse the inhibitory
state of Sirt1. However, the effects were offset when selectively down

regulating Sirt1 by injecting AAV (adeno associated virus) in hippocampi,
indicating that TLR9 participated in regulating Sirt1in DE. We also found that
"Address for Correspondence: Qian Xiao, Department of Geriatrics, The P53, being up regulated by TLR9, could suppress Sirt1 [11]. To summarize

First Affiliated Hospital of Chongging Medical University, Chongging 400016,  these ."“"SU“S show .that high glucose inﬁiuceﬁi cogpitive impairment and AR
China Email: xiaogian1956@126.com deposition are mediated by TLR9/p53/Sirt1 signalling pathway.

Introduction
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under the terms of the creative commons attribution license which permits ~ mice with STZ induced diabetes. Morris water maze were used to elevate
unrestricted use, distribution and reproduction in any medium, provided the  the cognitive function of all mice. Acquisition trial lasted for five days with
original author and source are credited. the hidden platform, following a probe trial with the hidden platform and a
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Figure 1. (A) The trend about the escape latency of each group to find the
hidden platform during five consecutive days of the acquisition trial. Data
were analyzed using a two-way ANOVA of repeated measures followed
by Tukey’s post hoc tests. **P<0.01 represents DM group vs. control
group. &&P<0.01 represent DM group vs. TLR9-/-DM group. #P<0.5 and
##P<0.01 represent TLR9-/-DM+Vector group vs. TLR9-/-DM+Sirt1 group.
(B) Number of platform crossings and (C) percentage of time spent in the
target quadrant during the probe trial. (D) Latency to reaching the platform
and (E) swimming speed during the visual trial. Data were analyzed using
a one-way ANOVA followed by Tukey’s post hoc tests. *P<0.05, **P<0.01.
Results were expressed as mean £ SEM (n=8 animals a group).

Methods

Animals

Three week old TLR9 KO transgenic mice (C57BL/6J-TIr9M7BtIr/Mmjax,
014534) were purchased from the Jackson Laboratory (JAX, USA). Other
age matched experimental micelC57BL/6Jiwere purchased from the Animal
Centre of Chongqing Medical University, China. All mice were propagated
and housed in the Animal Centre of Chongging Medical University. Breeding
mice were housed at 3 per cage (2 females and 1 male), and experimental
mice were housed at 5 mice (all males) per cage in the IVC system. During
the housing period, the environmental temperature was 22 + 2°C, and a 12
h day/night cycle was ensured (lights on 8 am-8 pm). Sufficient food and
water were supplied.

Experimental protocols

Eight week old wild type (n=16) and TLR9-/-mice (n=32) with a mean body
weight of approximately 24 g were randomly divided into the following
6 groups: (1) Control group, (2) TLR9-/-group, (3) DM group, (4) TLR9-
/-DM group, (5) TLR9-/-DM+Vector group, and (6) TLR9-/-DM+Sirt1
group. STZ was purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA), and the m-Sirt1 AAV (HBAAV2/9-UB-sirt1 gRNA8-cas9, gRNAS:
CCGTCTCTTGATCTGAAGTC) and vector (HBAAV2/9-GFP), were
purchased from HANBIO Technology Co. Ltd. (Shanghai, China). After 1
week of adaptation, the mice in the DM, TLR9-/-DM, TLR9-/-DM+Vector,
and TLR9-/-DM+Sirt1 groups were injected with STZ (TLR9 KO mice, 130
mg/kg; normal mice, 180 mg/kg) dissolved in 0.1 M sodium citrate buffer
(pH 4.4) using an i.p. injection to establish the type 1 DM model. Three
days after the STZ injection, the fasting blood glucose was monitored;
when the level was above 16.67 mmol/L, the DM model was considered
to be established successfully. Next, non-fasted blood glucose levels were
monitored randomly at weeks 4, 8, and 12 through the mouse tail vein. At 4
weeks after STZ injection, the bilateral hippocampi of the mice in the TLR9-
/-DM+Vector and TLR9-/-DM+Sirt1 groups were injected with the vector (3
pL per side; viral titre 1012 v.g./mL) and the Sirt1 AAV (3 pL per side; viral
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titre 1012 v.g./mL), respectively, using a stereotaxic frame (Stoelting Co.,
Ltd., USA), to selectively inhibit hippocampal Sirt1 expression.

Water maze experiment

To measure the differences in the learning and cognitive abilities of the
mice, a 6-d Morris water maze (MWM) test was performed at 12th week
after STZ injection. The water maze instrument (130 cm diameter and 50
cm height) was divided into 4 quadrants. The depth of the water was 30
cm, and the water temperature was maintained at 22 £ 1°C. The platform
(10 cm diameter) was placed in the target quadrant and was lower than the
water level by approximately 1 ¢cm-2 ¢m; the location was not changed. The
experimental mice received 4 training sessions every day for 5 days. At the
beginning of each training session, the mice were randomly placed in one of
the 4 quadrants (head facing the pool wall). The training was stopped when
the mice found the platform or the exploration time reached the time limit
of 90’s, after which the technician led the mice to the platform within 15’s.
After 5 day training was finished, the differences in escape latency were
analysed to evaluate the spatial learning ability of the experimental mice.
The exploratory experiment was performed within 24 h of the completion of
the training. The platform was removed, and the mice were allowed to swim
for 90’s. The time period required by each mouse to find the target quadrant
in which the platform was originally placed and the number of times they
entered this quadrant were recorded as the indicators for evaluating the
spatial memory ability.

After the exploratory experiment, the visible platform test was performed to
exclude the influences of differences in vision and muscle strength on the
accuracy of the water maze experiment. This procedure raised the platform
such that it was higher than the water level by 1 cm. The mice could see
the platform during the swimming process. The parameters recorded were
the time required for the mice to climb on the platform and the swimming
speed of the mice.

Tissue preparation

Following behavioural testing, all mice were deeply anaesthetised using
1% pentobarbital sodium (40 mg/kg) at 21 weeks of age. The bilateral
hippocampi were removed and immediately placed in liquid nitrogen for
future western blotting (WB). For immunohistochemistry (IHC), mice were
perfused with 0.9% saline transcardially followed by 4% paraformaldehyde
(PFA). Brains were removed and fixed in 4% PFA at 4°C.

Cell culture and intervention

The neuronal cell line HT22 was obtained from the ATGG cell bank. All
procedures for the cell experiments were performed using sterile technique
in order to avoid microbial contamination. The cell culture environment
was a cell culture incubator (under 5% CO2 at 37°C). The HT22 cells were
cultured in high glucose Dulbecco’s modified Eagle’s medium (H-DMEM,
Gibco BRL Co, Ltd., USA) containing 10% foetal bovine serum (FBS, Gibco
BRL Co, Ltd., USA). Cells were passaged (at ratios of 1:3-4) when the cell
confluence reached approximately 80%. Adherent cells were digested using
0.25% trypsin without EDTA (Gibco BRL Co, Ltd., USA) for approximately
3-5 minutes, collected, and centrifuged. After the supernatant was
discarded, the cells were placed in new cell culture flasks. Some cells
were collected in dimethyl sulfoxide (DMSO, Thermo Scientific, Waltham,
MA, USA) cryopreservation solution and stored in liquid nitrogen. The
cells were treated for 3 days with 25 mM glucose (yielding a total glucose
concentration of 50 mM) or 25 mM mannitol, which was used as an osmotic
control [12]. To regulate the expression of TLR9 and wild type p53, the
cells were pre-treated with the TLR9 antagonist ODN2088 (ODN; 5 uM,
InvivoGen, Thermo Fisher Scientific Inc., Waltham, USA) and sh-p53 [rLV-
mP53-ZsGreen-Puro, mouse wild type P53 (NM_011640), viral titre 108 TU/
mL, Labcell Inc., Chongging, China].

Western blotting

Hippocampal tissues from the mice were homogenized in radio immune
precipitation assay buffer (RIPA buffer, Beyotime Inc. Shanghai, China)
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containing a protease and phosphatase inhibitor cocktail (Roche,
Switzerland). The protein concentration was measured using the
bicinchoninic acid assay (BCA assay kit, Beyotime Inc. Shanghai, China).
All protein samples were adjusted to the same concentration. After thorough
mixing, the samples were loaded for protein separation. A 10-12% SDS-
polyacrylamide gel was used as the separating gel. The voltage was 100
V, and the electrophoresis time was 120 min. After the electrophoresis was
finished, the separated proteins were transferred to a polyvinylidene difluoride
(PVDF, Millipore, Dundee, Scotland, UK) membrane. The membrane was
immediately blocked in a 5% bovine serum albumin (BSA) solution at room
temperature for 1 h. Primary antibodies targeting the following proteins
were used: TLR9 (1:500, Imgenex, Novus, USA, IMG-305A), Sirt1 (1:500,
Imgenex, Novus, USA, 51641), Phospho-P38MAPK (1:1000, Cell Signaling
Technology Co. Ltd., Massachusetts, US, 8690), total P38MAPK (1:1000,
Cell Signaling Technology Co. Ltd., Massachusetts, US, 8690), p53 (1:500,
Abcam Co. Ltd., Cambridge, UK, ab26), ADAM10 (1:1000, Abcam Co. Ltd.,
Cambridge, UK, 124695), BACE1 (1:500, Abcam Co. Ltd., Cambridge,
UK, 108394), LC3B (1:1000, Abcam Co. Ltd., Cambridge, UK, 192890),
Atg5 (Cell Signaling Technology Co. Ltd., Massachusetts, US, 12994), P62
(Cell Signaling Technology Co. Ltd., Massachusetts, US, 23214), Beclin1
(Cell Signaling Technology Co. Ltd., Massachusetts, US, 3495), AB (1:500,
Imgenex, Novus, USA, NBP2-13075), AB40 (1:500, Synaptic Systems Co.
Ltd, Germany, 218221), AB42 (1:500, Synaptic Systems Co. Ltd, Germany,
218721), Caspase 3 (1:1000, Gene Tex, Inc., California, USA, GTX110543),
Pro-caspase 3 (1:500, Abcam Co. Ltd., Cambridge, UK, ab32150) and
B-actin (1:1000, Zhongshan Inc. Beijing, China). Primary antibodies were
incubated with the membrane at 4°C overnight. On the following day, the
membrane was rinsed 3 times in Tris-buffered saline-Tween 20 solution.
Then, the membrane was incubated with the corresponding horseradish
peroxidase labelled secondary antibodyi101000Zhongshan Inc. Beijing,
China at 37°C for 1 h. The membrane was rinsed 3 times in TBST, and
an enhanced chemiluminescence reagent (Thermo Scientific, Waltham,
MA, USA) was added to develop the target proteins. The greyscale density
of the protein band was analysed using substrateBio-1D software (Vilber
Lourmat, Marne-la-Vallée, France).

Immunohistochemistry

Brains were fixed in 4% PFA for 24 h after having been dissected out.
Then they were embedded in paraffin, and tissue sections (4-6 ym) were
obtained for IHC analysis. For heat induced epitope retrieval, deparaffinized
and hydrated sections were incubated in 1 mM citrate buffer (pH 6.0) at
95°C for 30 min in a microwave oven. Then sections were incubated with
3% H202 for 20 min. Nonspecific binding was blocked via incubation with
10% goat serum for 30 min at 37°C. After that sections were treated with
the primary antibody of AB (1:200, Imgenex, Novus, USA, NBP2-13075)
overnight at 4°C. After washing with PBS, sections were incubated with
biotinylated secondary antibody (Zhongshan Inc. Beijing, China) for 30 min
at 37°C. Finally immuno reactivity were detected by diaminobenzidine.
Sections were dehydrated and mounted on slides. All sections were blindly
examined with the microscope at x40x100x400 magnification.

Flow cytometric analysis

After interventions with high glucose, TLR9 inhibitors or lentiviral infection,
the apoptotic rates in all groups of HT22 cells were evaluated following the
protocol of Annexin V-FITC Apoptosis Detection Kit (Vazyme Biotech Co.,
Ltd, A211). The adherent cells were digested for 3 minutes and then were
centrifuged twice. After incubation with Annexin V-FITC and PI staining
solution for 10 minutes at room temperature, all groups were analysed via
flow cytometry (BD Co. Ltd, USA).

Statistical analysis

All data were analysed using SPSS 22.0 statistical software. After the
MWM experimental data were confirmed to meet the requirements of the
Shapiro-Wilk test and the distribution of equal variance, the differences in
the escape latency of mice on the same day among different groups were
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compared using two way repeated measures ANOVA, and the differences
in the escape latency of mice in the same group at different time points
were compared using multivariate ANOVA. The other data obtained in this
study were analysed via one way ANOVA followed by Tukey’s post hoc test
(equal variance assumed) or Dennett's T3 post hoc test (equal variance
not assumed). All data are presented as the mean £+ SEM. P<0.05 was
considered to be statistically significant.

Results

Sirt1 down regulation reversed the protective effect of
TLR9 KO on cognitive function in DM mice

First, the influence of the TLR9 gene on cognitive function was investigated
using the water maze paradigm. The purpose of the 5 d hidden platform
experiment was to evaluate differences in the spatial learning abilities of
the mice in all groups. As shown in Figure 1A, after 5 d training, the mice
in all groups required less time to find the hidden platform (i.e., showed
shortened escape latency), exhibiting the spatial learning ability of mice.
Differences of latency among the 5 groups were compared using multivariate
analysis of variance. On the first 2 training days, the latency did not show
the difference. Beginning on the 3rd training day, the escape latency was
significantly longer for the DM mice than for the non-DM mice, suggesting
that the learning ability of the DM mice was impaired. The performance of
TLR9-/-DM mice was significantly better than that of DM mice, indicating
that TLR9 KO attenuated DM related cognitive dysfunction. However, this
protective function was reversed after selective inhibition of hippocampal
Sirt1 expression because the escape latency of TLR9-/-DM+Sirt1 mice was
significantly longer than that of TLR9-/-DM+Vector mice, suggesting that
Sirt1 participated in the regulation of TLR9-induced cognitive dysfunction
in the DM mice.

On the 6th day of the water maze experiment, the differences in the
memory ability of all the mice were evaluated using the platform withdrawal
experiment. The metrics were the number of times each mouse passed
through the platform area and the percentage of time it remained in the
target quadrant. As shown in Figures 1B and 1C, despite the two indicators
were both significantly lower in DM group, there were differences within the
groups. The mice in TLR9-/-DM and TLR9-/-DM+Vector groups performed
better than those in DM or TLR9-/-DM+Sirt1 group, indicating that DM
damaged the short term memory function of the mice, potentially through
regulation of TLR9 and Sirt1.

To exclude the influence of diabetic muscle weakness and retinopathy on
the water maze results, we designed a visible platform experiment. After the
platform withdrawal experiment, the platform was placed again to ensure
that the mice could see and climb on the platform. As shown in Figures 1D
and 1E, the 5 groups of mice did not show significant differences in escape
latency in the visible platform experiment. In addition, the swimming speed
did not differ among the mice. The above experimental results essentially
excluded the influences of vision and muscle dysfunction in the water maze
test.

Sirt1 reversed excessive AP deposition by activating
TLR9 in hippocampi of DM mice

To ascertain the regulatory effect of TLR9 on Sirt1 and AB, we compared
the expression of Sirt1 and AB in vivo using western blotting (WB) and
IHC (Figures 2A and 3). As shown in Figures 2C and 2D, compared to the
Control group, the DM group showed marked suppression of Sirt1 and
increase of AB. The adverse function of DM on Sirt1 and the aforementioned
expression of AR were reversed by knocking TLR9 out. These results were
in accordance with that of IHC. As shown in Figure 3, we just found some
neuritic plagues in the DG region of hippocampi of DM group and TLR9-/-
DM+Sirt1 group. It suggested that the inverse regulation of Sirt1 by TLR9
was key to promote AR deposition in DM (Figures 2B and 4).
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P53 was critical for Sirt1 to be regulated by the high
glucose induced TLR9 activation

To concentrate on confirming the influence of pathogenic factor of DM (high
glucose) on neuronal AB production and to identify its potential relationship
between TLR9 and Sirt1, HT22 cells, the neuronal cell line, were incubated
in culture medium with high glucose, TLR9 antagonist, and lentiviral over
expression of p53 in vitro. As shown in Figure 5, compared to the Control
group, the high glucose group showed higher expressions of TLR9 and
p53 and hyper phosphorylation of P38, but significantly lower expression
of Sirt1. After intervening with the TLR9 specific antagonist ODN2088, the
trends of the above indicators were reversed, which was consistent with the
results in vivo. What's more, we found that p53 was significantly higher in
the DM mice than that in the Control or TLR9-/-DM mice, but remained same
in DM+Sirt1 mice compared with DM mice, which unveiled the nonsense
of Sirt1-downregulation had made on p53 (Figure 2B). However, after
resuming p53 by lentiviral infection, the protective effect of TLR9 antagonist
ODN2088 disappeared, resulting in re-inhibition of Sirt1 and elevation of
neuronal AB accumulation, which suggests that wild type p53 was a key for
Sirt1 to be regulated by TLR9 stimulation.

Control

DM

TLR9"DM

TLR9DM+Vector

TLR9-DM+Sirtl

Figure 2. Effect of TLR9 KO and Sirt1-AAV treatments on AB deposition.
(A) Western blotting of p53, Sirt1, AB expressions in mouse hippocampi.
B-actin was used as the loading control. (B-D) Quantification of p53, Sirt1,
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Figure 3. Effect of TLR9 KO and Sirt1-AAV treatments on AB expression and Neurite plaques. Inmunostaining for AB expression and Neurite plaques in
hippocampi and its dentate gyrus regioniDGI. (A) Magnification x100, scale bar=100um. (B) Magnification x400, scale bar=10um.

AB levels . Values for the control group were arbitrarily set to a unit of 1. All
data were analyzed using a one-way ANOVA followed by Tukey’s post hoc
tests. *P<0.05, **P<0.01, N.S., not significant. Results were expressed as
mean + SEM (n=6 animals a group).

Alterations of Sirt1-mediated B-secretase and a-secretase pathways, not
the autophagy pathway, regulated by TLR9, influenced AR deposition in the
hippocampi of DM mice

To further explore the possible signalling pathways underlying the excessive
AP deposition in the brains of DM mice, the differences of the Sirt1-
mediated expression of B-secretase 1 precursor (BACE1), a disinterring
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and metalloproteinase domain containing protein 10 (ADAM10), and critical
proteins in autophagy pathway (Figure 4A). As shown in Figures 3B and
3C, the expression of ADAM10 was lower in the DM group than that in the
Control or TLR9-/-DM groups, whereas the change of BACE1 expression
was just on the contrary. When TLR9 was up regulated, the above exchange
of ADAM10 and BACE1 was exactly reversed. What's more interesting, the
alterative trend of Sirt1 was always consistent with ADAM10, but in contrast
to BACE1. Moreover, after Sirt1 was down regulated, the AR metabolic
pathway exhibited some changes, such as blockage of amyloid protein
precursor (APP) metabolism in the a-secretase pathway and activation of
the B-secretase pathway, which are accorded with tendency of ADAM10 and
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BACE1 that has been revealed before, suggesting that activation of TLR9/
Sirt1 signalling pathway was important for AR degradation in DE (Figures
4B and 4C). In addition, altered expressions of critical autophagy targets,
such as increases in Beclin1, Atg5, LC3II/LC3I and a decrease in P62, were
also observed in the DM group compared with the Control group. Although
these alterations could be reversed in the TLR9-/-DM group, there were
no differences of critical autophagy targets between the TLR9-/-DM+Vector
group and the TLR9-/-DM+Sirt1 group, demonstrating that the effect of
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TLR9 on autophagy was dominated in DM mice, not being regulated by
Sirt1 (Figures 4D-4G).

The TLR9/p53 signalling pathway participated in high
glucose induced neuronal apoptosis

The results of flow cytometry showed that neuronal apoptosis significantly
increased in the HG group compared with the Control group. After
intervention with the TLR9 antagonist ODN2088, the rate of HT22 cells
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Figure 4. Effect of TLR9 KO and Sirt1-AAV treatments on key proteins in -secretase and a-secretase and autophagy pathways. (A) Western blotting of
BACE1, ADAM10, autophagy protein expressions in mouse hippocampi. f-actin was used as the loading control. (B-G) Quantification of BACE1, ADAM10,
autophagy protein levels . Values for the control group were arbitrarily set to a unit of 1. All data were analyzed using a one-way ANOVA followed by Tukey's
post hoc tests. *P<0.05, **P<0.01, N.S., not significant. Results were expressed as mean + SEM (n=6 animals a group).

A - v

.
P AW v i

& e & §F & F &
ke —

|| —

e — e e )

rhin

" .
5 s s
| e T o | L | [ |
i.. )
i -
S
E

——== — WXy
S
BT =
ju g & fo T
1l | B i L. B
5«-' v g
EErry F AP F &S
S CYG G

3:" R 5

L
:“ T E
§U1I 3“‘
a ar
!ﬂ“ g

M

a8 —

W HE
i

& TR

S

Figure 5. Effect of TLR9 anagonist and p53-overexpression treatments on expression of AB, Sirt1 and critical proteins of TLR9 signaling pathway in HT22
cell line incubated with high glucose. (A) Western blotting of A, Sirt1 and critical proteins of TLR9 signaling pathway in HT22 cell line incubated with high
glucose. B-actin was used as the loading control. (B-G) Quantification of AB, Sirt1 and expressions of TLR9 signaling pathway. Values for the control group
were arbitrarily set to a unit of 1. All data were analyzed using a one-way ANOVA followed by Tukey’s post hoc tests. *P<0.05, **P<0.01, N.S., not significant.

Results were expressed as mean + SEM (n=6 per group).
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apoptosis decreased, compared with ODN2088 Control group, suggesting
that hyperglycemia promoted neuronal apoptosis through activation of
TLR9. However, ODN2088 could not reverse the apoptotic rate of HT22
cells, which over expressed p53 and were incubated in high glucose
environment, indicating that activation of the TLR9/p53 signalling pathway
contributed to high glucose induced neuronal apoptosis (Figures 6C and
6D). In addition, the trend of apoptosis was consistent with up evaluation of
pro-caspase 3 expression via WB (Figures 6A and 6B).

Discussion

DM has been a serious metabolic disorder with cardiovascular, renal and
nervous complications that is widely investigated. More emerging evidence
supports that cognitive impairment is associated with DM, and the duration
of DM and level of hyperglycemia have been confirmed to be linked to
cognitive decline [13,14]. DG is a crucial region of hippocampus which is a
functional area of brain involved in encoding, retrieval and discrimination of
episodic memories. Compared with circuit of CA1-CA3 area, the memory
function of hippocampus is more dependent on DG area [14-18]. Thus, we
focused on the alteration of DG area of diabetes. Meanwhile the spatial
memory of diabetic mice was damaged in various degrees; we found Af
was mainly deposited in DG area which is almost consistent with previous
studies. In addition to the cognitive dysfunction and abnormalities in AB,
we also found that high glucose can induce neuronal apoptosis (Figure 6).
Our results confirmed that there are many pathogenic mechanisms of DE
that can lead to the accumulation of AB in extensive areas of hippocampus
and cognitive decline, including insulin resistance and abnormal lipid
metabolism, hyperglycemia has closer relationship with AB deposition in
DG area and inferior learning and memory function.
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Figure 6. Effect of TLR9 anagonist and p53-overexpression treatments on
expression of procaspase3 and cellular apoptosis in HT22 cell line incubated
with high glucose. (A) Western blotting of procaspase3 expression in HT22
cell line incubated with high glucose. B-actin was used as the loading
control. (B) Quantification of procaspase3 level. Values for the control group
were arbitrarily set to a unit of 1. All data were analyzed using a one-way
ANOVA followed by Tukey's post hoc tests. *P<0.05, **P<0.01. Results
were expressed as mean + SEM (n=6 per group). (C-D) Flow cytometry of
early and late stage apoptosis in vitro. All data were analyzed using a one-
way ANOVA followed by Dennett’s T3 post hoc tests. *P<0.05, **P<0.01.
Results were expressed as mean + SEM (n=6 per group).

As a nicotinamide adenine dinucleotide (NAD+)-dependent protein
deacetylase distributed extensively in human brain, the activity or
expression of Sirt1 has been proved to be involved in the change of
cognitive function of DG area by remodeling or proliferating neurons
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[8,15,16]. In AD research, Sirt1 has been shown as a neuroprotective
role because of its contribution to reduce the AR deposition and neuritic
plaques in brain. Previous articles have shown that there are ways for Sirt1
to make a difference to AB by reducing produce or promoting clearance.
These are mainly achieved by regulating the substrates of Sirt1, including a
disinterring and metalloproteinase domain containing protein 10 (ADAM10),
BACEH1, to activate or inhabit the a-secretase, B-secretase or autophagy
[10,17-20]. Similar to previous studies, we found the expression of Sirt1
was consisting with the trend of ADAM10, but on the contrary to BACE1
(Figures 4B and 4C). Once Sirt1 was silenced or inhibited in vivo or vitro,
it was accompanied with the increase of AR deposition in DG area and
adverse variation of cognitive function. The results indicated that the effects
of high glucose on cognition and AB deposition were achieved by inhibition
of Sirt1 and interference with Sirt1-mediated effects for the a-secretase
and B-secretase pathways. Interestingly, the autophagy related proteins
remained unchanged when Sirt1 was selectively down regulated (Figures
4D-4G). This indicated that the autophagy engulfment of AR was not
strongly affected by Sirt1 in type 1 DM.

We have previously demonstrated that TLR9 has the ability to influence
cognition through its non-inflammatory signaling pathway. As one of the
most critical intracellular receptors involved in regulation of the immune
system, TLR9 can specifically recognise some conserved structures in
the evolution of microorganisms, including pathogen associated molecular
patterns (PAMPs) and host molecules similar to PAMPs, like mitochondrial
specific methylated cytosine phosphate guanine sequence, to activate
immune response [21-23]. However few studies have investigated the
ability of TLR9 on neuronal endoplasmic reticulum (ER) to regulate AB
metabolism. In our study when knocking out the gene TLR9, the worse
learning and memory function of DM mice a nd the more AB deposition
of DG area in their hippocampus or in neurons cultured in high glucose
condition have been reversed, suggesting that TLR9 can act on AB to impair
cognitive function (Figures 1-3). Furthermore we have found that TLR9 is
negatively correlated with Sirt1 and interfered with the regulation of key
proteins in Sirt1-mediated a-secretase and B-secretase pathway, which
meanwhile leads to the change of cognition and A (Figures 4, 5B and 5D).
P53, an oncogene regulator, has been suggested as a possible connection
between TLR9 and Sirt1. It can not only be activated by the phosphorylation
of P38MAPK (P38 mitogen activated protein kinase), one substrate of
TLRY, but also can act on Sirt1. If the nutrition supply is sufficient, wild
type p53 can bind to two responsive elements in the Sirt1 promoter to block
the transcription of Sirt1 [23-27]. As respected, we found that high glucose
has the ability to stimulate TLR9/p38MAPK/p53 signaling pathway to induce
neuronal apoptosis and AB generation that are mediated by Sirt1 (Figures
2, 5B and 5D). What's worth to mention, as shown in Figures 5C and 5D,
selectively up regulating p53 has little effect on TLR9 but significantly inhibit
Sirt1, which excludes the inflammatory effects of TLR9 on Sirt1. Therefore,
we consider that high glucose can induce AR deposition in DG area to
impair cognitive dysfunction by TLR9/p53/Sirt1 pathway.

In summary, our study improved our understanding of DE and confirmed
that the TLR9/p53 signalling pathway negatively regulated Sirt1 to
accelerate AB deposition in brain and cognitive impairment. These results
not only provided mechanistic evidence for AB deposition in the brain but
also supported the hypothesis that high glucose was an independent risk
factor for cognitive damage. The function of immune receptor TLR9 on the
parenchymal cell in the induction of AB and excessive phosphorylation of
Tau through the non-immune signalling pathway may provide new insights
into the diagnosis and treatment of DE.

Conclusion
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