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Introduction: Diabetes mellitus (DM) is characterized by chronic hyperglycemia and diabetic complications. Exacerbated cortical
neuronal degeneration was observed in Alzheimer’s disease (AD) patients with DM. In fact, DM is now considered a risk factor
of AD, as DM-induced activation of stress responses in the central nervous system (CNS) such as oxidative stress and neuroin-
flammation may lead to various neurodegenerative disorders. Methylglyoxal (MG) is one of the most reactive advanced glycation end-
product (AGE) precursors. Abnormal accumulation of MG is observed in the serum of diabetic patients. As MG is reported to promote
brain cells impairment in the CNS, and it is found that AGEs are abnormally increased in the brains of AD patients. Therefore, the
effect of MG causing subsequent symptoms of AD was investigated.

Methods: 5-week-old C57BL/6 mice were intraperitoneally injected with MG solution for 11 weeks. The Morris water maze (MWM)
was used to examine the spatial learning ability and cognition of mice. After MG treatment, MTT assay, real-time PCR analyses, and
Western blot were performed to assess the harvested astrocytes and hippocampi.

Results: Significantly longer escape latency and reduced percentage time spent in the target quadrant were observed in the 9-week-MG-
treated mice. We have found in both in vitro and in vivo models that MG induced astrogliosis, pro-inflammatory cytokines, AD-related
markers, and ERK activation. Further, trend of normalization of the tested markers mRNA expressions were observed after ERK inhibition.
Conclusion: Our in vivo results suggested that MG could induce AD symptoms and in vitro results implied that ERK may regulate the
promotion of inflammation and A formation in MG-induced reactive astrocytes. Taken together, MG may participate in the dysfunction of
brain cells resulting in possible diabetes-related neurodegeneration by promoting astrogliosis, AP production, and neuroinflammation
through the ERK pathway. Our findings provide insight of targeting ERK as a therapeutic application for diabetes-induced AD.
Keywords: diabetes, hyperglycemia, complications, advanced glycation end products, astrocytes, pathways

Introduction

Diabetes mellitus (DM) is a chronic disease marked by metabolic disorders that result in chronic hyperglycemia. Diabetic
complications due to constantly high blood glucose levels may cause serious enduring dysfunction, failure, and destruction in
numerous organs and systems including the brain.! Cognitive dysfunction is becoming more widely recognized as a significant
comorbidity of diabetes. DM patients have a markedly higher chance of developing the neurodegenerative disorder, mainly
Alzheimer’s disease (AD), marked by amyloid plaques and neurofibrillary tangles (NFTs),” with gradual cognitive decline and
memory impairment caused by neuroinflammation and progressive neuronal loss in the brain.> The heavy burden of diabetes-
associated cognitive dysfunction keeps raising. Yet, there is limited knowledge of the underlying pathogenic mechanisms of the
progression of AD from DM. The involvement of DM in neurodegeneration and their relationship has not been fully understood.
Comparing with neurons, there are much fewer studies targeting astrocytes as a significant candidate participating in the
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pathological progression of AD. Yet, increasing evidence shows the important role of astrocytes in the central nervous system
(CNS) and the development of neuronal diseases.” This gives us a reasonable foundation in investigating the participation of
astrocytes in diabetes-related neurodegeneration.

Astrocytes are the most numerous specialized glial type cells in the CNS, and that their number is five times more than that
of the neuron. They have multiple essential complicated functions that maintain the normal function of the brain. Apart from
secreting nutrients and maintaining a microenvironment to support and protect neurons, healthy astrocytes regulate extra-
cellular ion concentrations, monitor synaptic remodeling, maintain protective barriers, including glia limitans, glial scars, and
blood-brain barrier.” They also play a major role in controlling the inflammatory response in the brain.® Astrocytes, however,
become activated by various pathological conditions in the CNS. In the development of neurodegenerative disorders, reactive
astrocytes, known as astrogliosis, lose their supportive function and gain toxic function.”* Reactive astrocytes lead to
neuroinflammation and neuronal dysfunction by becoming neurotoxic due to their production of reactive oxygen species
(ROS) and pro-inflammatory cytokine.’ Increase of reactive astrocytes is often correlated with cognitive decline.'® The study
confirmed that astrocytes also contribute to the formation of AD’s hallmarks.'' Moreover, astrogliosis appears in multiple
areas in the brain with DM and AD.'*'? Apart from hyperglycemia, there is increasing evidence showing methylglyoxal
contributes to astrogliosis and neurodegeneration leading to cognitive dysfunction.

Methylglyoxal (MG) is a highly reactive metabolite. It is a precursor to advanced glycation end products (AGEs), as it
causes non-enzymatic glycation of proteins resulting in irreversible AGEs. MG is produced from the anaerobic glycolysis
from glyceraldehyde-3-phosphate.'* It is maintained at a low level in healthy individuals. Increased formation and accumula-
tion of MG often occur under metabolic disorders, including DM which is associated with hyperglycemia, also with aging.'

In the plasma of diabetic individuals, there is a significantly elevated MG level.'®

MG induces cross-linking of protein, cellular
damage and plays an important role in the pathogenesis of many neurodegenerative diseases through inducing oxidative stress
and ROS production.'”'® Elevated MG level in AD patients was also observed.'® Recently, only a few research have
examined the involvement of MG in the modulation of animal spatial learning, memory, and cognition.’*>* Animal studies
and solid evidence of the role of MG in the progression of DM-induced AD are limited which warrants further investigation.

Our previous studies have demonstrated that MG induces neuroinflammatory responses and JNK activation in
astrocytes.”> However, the INK pathway was found to only contribute to part of the development of neuroinflammation,
via TNF-a, among the tested inflammatory markers implying that other mechanisms are also involved. Growing evidence
show that ERK pathway is also a critical regulator of pro-inflammatory activation.”® More importantly, it was suggested
that ERK 1/2 was the only MAPK pathway signaling protein that correlated strongly with neuropathology.?’-*® Therefore,
in this study, consistent with the hypothesis of hyperglycemia-induced MG would damage astrocytes causing neuroin-
flammation thus leading to neurodegenerative disorder, we further investigated the involvement of the ERK pathway.
Also, a more clinically comparable in vivo model will be presented showing the effect of MG on spatial learning ability
and cognition. In this report, we demonstrated that MG induces the behavioural pattern of AD.? In line with our previous
study, our results further suggested that the ERK pathway plays an important role in diabetes-related neurodegeneration.
Essential AD-related markers were found altered in astrocytes after being challenged by MG. Moreover, ERK inhibition
was observed to have a normalization effect on the tested markers. These findings implicate the close linkage between
DM and AD through the MG-activated ERK pathway. Further investigation of the underlying mechanism in detail could
benefit the development of therapeutic strategies regarding diabetes-induced AD.

Materials and Methodology

Animals

Five-week-old male C57BL/6 mice were obtained from the Chinese University of Hong Kong. All techniques and animal
handling followed the National Institutes of Health protocol for the care and use of laboratory animals, as well as the
Animals (Control of Experiments) Ordinance, Hong Kong, China. The Hong Kong Department of Health and the
Hong Kong Baptist University Committee on the Use of Human and Animal Subjects in Teaching and Research both,
COA. No. (21-36) in DH/HT&A/8/2/6 Pt.3, approved the use of animals, and every effort was taken to reduce the
number of animals used and their suffering.
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Chemicals

Methylglyoxal, 3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT), PD 98059 were acquired from
Sigma (St. Louis, MO, USA). All primary antibodies were acquired from Cell Signaling Technology (Beverly, MA,
USA): B-actin antibody (Cat. #4967), glial fibrillary acidic protein (GFAP) antibody (Cat. #80788). Unless otherwise
noted, all of the chemicals were acquired from Sigma and were of reagent-grade quality (St. Louis, MO, USA).

DITNCI Cell Cultures and Treatments

Rat astrocytic cell line DITNCI1 (ATCC, cat. number CCL-2005) were cultured in Dulbecco’s Modified Eagle Medium,
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic at 37°C humidified atmosphere with 5%
carbon dioxide (CO,). Cells were seeded on 96 and 6 well plates for 24 hrs. For 96 well plates, different concentrations
of MG were added to the cells for 24 hrs to conduct an MTT assay. For 6 wells plates, different concentrations of MG
were added to the cells, and cells were collected for 24 hrs. To evaluate ERK inhibition, cells were incubated with the
ERK upstream kinase MEK inhibitor PD98059 (20uM, Sigma) for 2hrs before MG treatment. The proteins and mRNA
were isolated to be studied further.

Intraperitoneal Injection of Methylglyoxal

Mice were kept in an animal house with 12 hours of darkness and 12 hours of light. The mice were housed for seven days
after they arrived. MG solution (60 mg/kg) or corresponding volume of sham control were administrated into the mice
through intraperitoneal (ip) injection 6 days/week for 11 weeks. Hippocampi were dissected out and homogenized using
various reagents for further analysis (Figure 1).

Morris Water Maze Test

After 6- and 9-week MG treatment, the MWM basic trial and reverse trial were conducted respectively (Figure 1).*°
After the 4 training trials with a visible platform on day 0, mice were placed in the pool, filled with opaque painted water,
with a hidden platform for platform searching on days 1-5 (4 trials/day, 3 different starting points). Probe trials were
performed on day 6. Mice were placed in the pool without a platform for 1 minute. The percentage of time spent in the
target quadrant was recorded. A probe trial with a visible platform was also performed to ensure mice in both groups
have normal vision. The footprint and escape latency of each mouse was recorded by the tracking device. Data were
collected for analysis.

Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining

The half brains of the mice were fixed in formaldehyde for 24 hrs then stored in ethanol. The treated tissues were further
dehydrated and embedded in paraffin. 4um thick coronal brain sections were obtained. Deparaffinization, rehydration,
and antigen retrieval were then performed. After blocking, sections were incubated with different primary antibodies
overnight at 4°C and then with conjugated secondary antibodies for 1 hr at room temperature. For IHC, hematoxylin

i.p. injection (60mg/kg/day)

5-week- M.WM . ks .
1d mice > basic trail _reverse trial " .
o l l < — e > Tissues
[ > collection
Week 0 1 7 8 10 1 12
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Figure | Schematic diagram of treatment and behavioral experiments. MG solution (60 mg/kg/day) or corresponding volume of sham control were administrated into the
mice daily through ip injection. After 6 weeks treatment, the MWM basic trial was conducted. And after 9 weeks treatment, the reverse trial was conducted. Hippocampi
were dissected out and homogenized using various reagents for further analysis at week 2.
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staining was performed to visualize the nucleus. For IF, 4-, 6-diamidino-2-phenylindole (DAPI) was used as a nuclear
counterstain before microscopic analysis.

MTT Assay

To evaluate the cellular survival of DITNCI cells following exposure to different concentrations of methylglyoxal treatment,
0.5mg/mL of MTT solution was added to the culture medium and incubated at 37°C for 4 hrs. Formazan salts in cells were
dissolved by DMSO and absorbance was measured at 570 nm by a microplate reader (Bio-Rad, Hercules, CA, USA).

Western Blot Analysis

The protein of cells and hippocampus were extracted with RIPA buffer (Cell Signaling, Beverly, MA, USA), containing
protease inhibitors 2mM PMSF, 10mM Na,VO,, and Complete Mini TM protease inhibitor cocktail (Roche). A protein
assay was conducted to determine the protein concentration. Protein samples were then resolved by SDS-PAGE gel and
transferred to the PVDF membrane. The membrane was then probed with different primary antibodies overnight at 4°C,
followed by respective HRP-conjugated secondary antibodies for 1 hour. The membranes were soaked with
“Chemiluminescent substrate SuperSignal ELISA Femto Substrate” (with peroxide and enhancer in 1:1 ratio) for
visualizing protein bands as fluorescence signals. The fluorescence of protein bands was captured in ChemiDoc™
Touch Imager. ImageJ was used to analyze the strengths of fluorescence of the protein bands.

MmRNA Extraction and Real-Time PCR

Trizol was used to extract endogenous mRNA from cells and the hippocampus of animals (Invitrogen). Reverse transcription was
used to convert the mRNA into complementary DNA (cDNA). To determine the expression of various cytokines, real-time PCR
with appropriate primers will be wused. Primers used in the sample from Mus musculus 1) GFAP (F:
AACCGCATCACCATTCCTGT, R: TGGCAGGGCTCCATTTTCAA); 2) TGF-B (F: AGGGCTACCATGCCAACTTC, R:
CCACGTAGTAGACGATGGGC); 3) IL-1B (F: TGCCACCTTTTGACAGTGATG, R: TGATGTGCTGCTGCGAGATT); 4)
IL-6 (F: CACTTCACAAGTCGGAGGCT, R: CTGCAAGTGCATCATCGTTGT); 5) TNF-a (F: ACAGAAAGC
ATGATCCGCGA, R: TTGCTACGACGTGGGCTAC); 6) APP (F: GAACCAGTCTCTGTCCCTGC, R: CAGAACC
TGGTCGAGTGGTC); 7) BACE-1 (F: GCTGGGAGCTGGATTATGGT, R: CGTAGCTTTCGGGGTCTTCC); 8) PS1 (F:
GAGACTGGAACACAACCATAGCC, R: AGAACACGAGCCCGAAGGTGAT). Primers used in the sample from Rattus
norvegicus: 1) GFAP (F: CAACCTCCAGATCCGAGAAA, R: TCCTTAATGACCTCGCCATC); 2) TGF- (F:
GTCAACTGTGGAGCAACACG, R: CGTCAAAAGACAGCCACTCA); 3) IL-1B (F: CAGGAAGGCAGTGTCACTCA,
R: AAAGAAGGTGCTTGGGTCCT); 4) IL-6 (F: ACCACCCACAACAGACCAGT, R: ACCACCCACAACA
GACCAGT); 5) TNF-a (F: TGCCTCAGCCTCTTCTCATT, R: CCCATTTGGGAACTTCTCCT); 6) APP (F:
CCAACCGTGGCATCCTTTTG, R: AGTGGTCAGTCCTCGGTCAG); 7) BACE-1 (F: CCTTCCGCATCACCATCCTT, R:
GTCTTCCATGTCTGCCGTGA); 8) PS1 (F: GGTCCACTTCGTATGCTGG, R: GTTGTGTTCCAGTCCCCAC).

Statistical Analysis
Results were expressed as means + standard error of the mean (SEM). Results were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s test, or ¢-test. P< 0.05 was considered statistically significant.

Results

MG Induces Spatial Learning Ability Impairment and Cognition Decline in vivo

To examine the effect of MG on the spatial learning ability and cognition in vivo, the escape latency of the two groups of
mice was examined by the MWM after 6 and 9 weeks of MG treatment. According to the results of 6-week-treatment
(Figure 2A), MG-treated mice have a markedly longer escape latency than that of the control group. The difference in
escape latency among the two groups is around 2—3 times on days 2—5. However, there was no major contrast shown in
the probe trial on day 6. Similar results were observed in the reverse trial demonstrated after 9 weeks of treatment
(Figure 2B), that the escape latency of the MG-treated group is markedly longer than that of the control group by over 2
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Figure 2 Long term ip injection of MG induced spatial learning ability impairment and cognition decline in mice. MG solution (60 mg/kg) or vehicle solution were
administrated into the mice respectively. Spatial learning ability and cognition of mice was examined by MWM after 6 and 9 weeks. (A) Significantly longer escape latency was
observed in the MG-treated mice after 6 weeks treatment. (B) Significantly longer escape latency and significant reduction of the percentage time spent in the target
quadrant of the MG-treated group were observed after 9 weeks treatment. i Graph indicated the escape latency of mice in experiment day | to 5. ii Representative track
plots and the corresponding graph indicated the time spent in the target quadrant of mice in the probe trial on experiment day 6. iii Representative track plots and the
corresponding graph indicated the escape latency of mice in the probe trial with visible platform on experiment day 6, showing mice in both groups have normal vision. Data
correspond to the mean and SEM of 10 mice in control group and 20 mice in MG-treated group. *p < 0.05, **p < 0.0l versus the vehicle control.

to 3 folds starting from day 3. The probe trial result was more affirmative after 9 weeks of treatment showing
a remarkable reduction of the percentage time spent in the target quadrant of the MG-treated mice.?®

MG Induces Astrogliosis, ERK Activation, Inflammatory Response, and Alteration of
AD-Related Markers in the Hippocampus of C57BL/6 Mice

Hippocampi were extracted after an 11-week MG injection for analysis to assess the implications suggested from the in
vitro results. IHC staining of visualization of GFAP was performed. Representative photomicrographs show that GFAP
was strongly expressed by the reactive astrocytes in the MG-treat mice. While GFAP expression was less observable in
the normal group (Figure 3A, i). IF staining for visualization of GFAP and beta-amyloid was also conducted.
Representative photomicrographs show that the reactive astrocytes in the MG-treated group have a stronger GFAP and
beta-amyloid immunoreactivity than that in the normal group (Figure 3A, ii). A significant increase in GFAP protein
expression was found in the hippocampus of MG-treated mice (Figure 3B). The expressions of phosphorylated ERK
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Figure 3 || weeks ip injection of MG induced astrogliosis, ERK pathway activation, neuroinfllammation response, and AD-related markers elevation in the hippocampus
of C57BL/6 mice. MG solution (60 mg/kg) or vehicle solution were administrated into the mice for || weeks respectively. (A) Representative photomicrographs of i the
immunohistochemistry staining for GFAP (indicated by red arrow) in the hippocampus of mice in each group. ii the immunofluorescence staining for GFAP (green) and
beta-amyloid (red) in the hippocampus of mice in each group. One representative panel per group out of 4 mice is shown. (B) i Representative blots of GFAP and p-ERK
expression in hippocampus of the two animal groups in relation to beta-actin and ERK respectively. ii Bar graph indicates quantified result in percentage. Data correspond
to the mean and SEM of 6 mice in each group. *p< 0.05, **p< 0.0| versus the vehicle control. (C) Gene expressions of i astrocytic markers, ii inflammatory cytokines,
and iii AD-related markers in the hippocampus of mice. Data correspond to the mean and SEM of 4 mice in each group. Beta-actin was used as mRNA internal control.
*< 0.05, **p< 0.01 versus the vehicle control.

were also markedly raised in the hippocampus of MG-treated mice (Figure 3B). The mRNA expression of an astrocytic
marker GFAP, and TGF-p, pro-inflammatory cytokines, TNF-a, IL-1B, and IL-6, and AD-related markers, APP, BACE1,
and PS1 in the hippocampus were significantly up-regulated as well (Figure 3C).

MG Induces Cytotoxicity and Astrogliosis and Pro-Inflammatory Responses in
DIiTNCI Cells

DITNCI cells were treated with different dosages of MG, from 50 to 550uM to examine its cytotoxic effect. The result
shows that the cytotoxicity of MG in DITNCI1 cells was in a dose-dependent manner, while the median lethal dose
(LDsg) was observed at about 400uM (Figure 4A). After different durations of MG treatment, GFAP expression in
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Figure 4 MG reduced cellular viability, increased astrocytic marker and pro-inflammatory cytokines in DITNCI cells. (A) Cells were treated the indicated concentrations of
MG for 24 hours. The cellular viability was found decreased in a dose dependent manner. Results are presented as means + SEM, **p < 0.001 versus the vehicle control. (n = 5)
(B) GFAP expression of DITNCI was examined by Western blot and was significantly increased after MG treatment. i Representative blots of GFAP expression at different

concentrations of MG in relation to beta-actin. ii Bar graph indicates quantified result in percentage. Results are presented as meal

ns £ SEM, **p < 0.01, ***p < 0.001 versus the

vehicle control. (n = 10) (C) The mRNA expression of DITNCI were assessed by RT-PCR. i astrocytic markers, ii pro-inflammatory cytokines. All tested markers were found
significantly up-regulated after 24 hours MG treatment. Beta-actin was used as mRNA internal control. Results are presented as means + SEM, *p < 0.01, ***p < 0.00| versus

the vehicle control. (n = 10).
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DITNCI1 cells was examined and were found significantly elevated after 24 hrs in a dose-dependent manner (Figure 4B).
Further, mRNA expression of GFAP, transforming growth factor (TGF)-B, tumor necrosis factors (TNF)-a, interleukin
(IL)-1B, and IL-6 were also found significantly raised as MG treatment concentration increased to 300uM (Figure 4C).

MG Altered AD-Related Markers APP, BACE-1, and PSI| Expression in DITNCI Cells
The gene expression of AD-related markers, amyloid precursor protein (APP), B-site APP cleaving enzyme 1 (BACEL),
and presenilin-1 (PS1) in DITNCI1 cells after 24 hrs MG treatment were examined through real-time PCR analysis.
Results indicate that APP, BACE-1, and PS1 show a remarkable elevation in mRNA expression as MG concentration
increases (Figure 5).

MG Increases Phosphorylation of ERK Kinase in DITNCI Cells

Protein expressions were examined by Western blot to examine the influence of MG on the function of astrocytes
through cellular pathways. In particular, phosphorylation of ERK was evaluated, with ERK as the endogenous control.
Based on the MTT assay results, 150 and 300uM of MG were used to treat astrocytes cells for 24 hrs. According to the
result, a marked increase in phosphorylation of ERK molecules was observed (Figure 6).
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Figure 5 MG altered AD-related markers in DITNCI cells. Cells were treated with the indicated concentrations of MG for 24 hours and the mRNA expressions were
assessed by RT-PCR. APP, BACE-I, PSI mRNA expression in DITNCI cells were found significantly elevated. Beta-actin was used as mRNA internal control. Results are
presented as means + SEM, *p< 0.05, **p < 0.01, ***p < 0.001 versus the vehicle control. (n = 6).
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Figure 6 MG induced ERK pathway activation in DITNCI cells. Cells were treated the indicated concentrations of MG for 24 hours. p-ERK expression of DITNCI were
then assessed by Western blot. i Representative blots of p-ERK expression at different concentrations of MG in relation to ERK. ii Bar graph indicates quantified result in
percentage. Results are presented as means + SEM, **p < 0.01, ***p < 0.001 versus the vehicle control. (n = 10).

3160 e Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

A GFAP TGF-B B IL-1B IL-6 TNF-o.
230 z = 25
- °
e 8 8.
§& 8 §a g o
gg” Sg Sg20 55,
2245 %; %;u.s 3z
2 e 2 T,
%’E 10 X 2810 25
58 g 22 5E,
e £ os st e Eos e £
£ £ £ 3
=00 £ 00 E,
G VG " ¥ + VG VG + +
PDB0SO + PDOB0SY - d + PDOB0SY - . + PD9809 +

BACE1

relative fold change
(normalized with -actin)

z
(]
29
2:‘.
S
I
23
2x
L
=e
&

relative fold change
(normalized with f3-actin)

Figure 7 ERK inhibition attenuated mRNA expression of (A) astrocytic marker and TGF-$ (B) inflammatory cytokines (C) AD-related markers in DITNCI cells. Cells
were incubated with 20uM of PD98059 for 2 hours prior to 300uM MG treatment. Cells were then harvested after 24 hours MG treatment. mRNA expression of all tested
were markedly increased after MG treatment alone while trend of down-regulation of the markers were observed after PD98059 treatment. Results are presented as means
+ SEM, *p< 0.05, *p< 0.01 versus MG. #p< 0.05, ##p< 0.01, ###p < 0.001 versus the vehicle control. (n = 6).

ERK Inhibition Attenuated mRNA Expression of Astrocytic Markers, Inflammatory
Cytokines, and AD-Related Markers in DITNCI Cells

To further examine the importance of the ERK pathway to astrocytic markers, pro-inflammatory responses,
and AD-related markers in astrocytes, ERK upstream kinase MEK inhibitor PD98059 was applied to DITNCI
cells 2hrs before MG treatment. Trend of normalization of GFAP, TGF-p, TNF-a, IL-1B, IL-6, APP, BACEI, and
PS1 mRNA expressions were observed after inhibitor pre-treatment (Figure 7).

Discussion

The contribution of MG to a variety of diseases, including DM and neurodegenerative disorders, has been increasingly
studied and recognized. Abnormal accumulation of MG is found in DM patients.'® Fragmentation of MG is greatly
increased as elevated production of dihydroxyacetone phosphate and glyceraldehyde-3-phosphate were promoted by an
enhanced rate of glycolysis due to diabetes-induced hyperglycaemic conditions.®' It is observed that the levels of MG in
diabetes patients’ erythrocytes are 15- to 25-fold higher than that of healthy individuals. Even in the absence of
hyperglycemia, the accumulation of high concentrations of MG was considered to be sufficient for inducing diabetic
complications.”> As an AGEs precursor, MG can turn into AGE inducing oxidative stress and contributing to
neulrodegeneration.18’33 In AD, accumulation of AGEs was observed in brain cells, including, astrocytes and neurons,
and was found to correlated with the existence of amyloid plaques and NFTs.>* Increased formation of AGEs and
enhanced MG levels in the cerebrospinal fluid were also observed in AD and diabetes patients.'® In addition, increased
cognitive decline is associated with up-regulation of serum MG levels in the elderly.*® These studies suggested that MG
is a key factor in the progression of diabetes-related neurodegeneration.

Studies are now indicating the possible effect of MG on the modulation of memory, cognition, and executive
function. For example, spatial memory impairment was observed in 3-month-old male rats after a single intravenous
MG injection.?’ One study showed that alteration in cognitive function was not significant in rats after 12 months of
0.5% MG drinking water treatment,”' and another study showed that memory decline was observed in mice after 4 weeks
of 1% MG drinking water treatment.> A study demonstrated that 6-day intracerebroventricular MG injections (3pumol/
pL/day) would induce cognitive decline,”® and that memory impairment was observed in 3-month-old mice after acute
(90 min), 7 and 10 days ip MG injection (10-200mg/kg).** The conditions reported were highly variable and the results
were still inconclusive and require further examination.

Therefore, our current study proposes a more clinically comparable approach using in vivo model to demonstrate the
effect of MG.?’ The MG dosage used in our study is correlated strongly with the clinical situations as briefly described
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previously.” To eliminate any possible additional effect due to aging and highlight the effect of MG, 5-week-old young-
aged mice, corresponding to humans aged before 25,’® were used in our setup. It is known that an increase in the
intracellular accumulation of glucose and its metabolites, including MG, is promoted by the rise in blood glucose
levels.*” Long-term exposure to MG, for 11 weeks, was designed to imitate the accumulation of MG in DM patients due
to chronic hyperglycemia-induced metabolic dysfunction. According to our MWM experiment results, MG-treated mice
have a markedly longer escape latency than that of the control group (Figure 2A). A more affirmative probe trial result
showing a remarkable reduction of the percentage time spent in the target quadrant of the MG-treated mice was observed
after a 9-week treatment (Figure 2B). These results highlighted the long-term effect of MG, implying chronic hypergly-
cemia-induced MG accumulation could induce spatial learning ability impairment and cognition decline leading to
Alzheimer’s disease.

Astrocytes are specialized glial cells that can be found throughout the CNS regions and makeup about a third of the
total CNS cell population.*® Astrocytes undertake several roles in retaining an optimal environment for neuronal survival
and function. However, functional impairments of astrocytes due to stress promote the pathogenesis of neurodegeneration
diseases. Astrogliosis, characterized by an increase in GFAP, is a universally acknowledged feature of AD. It is found in
posthumous tissues from mouse and AD patients models. It is also found that the severity of astrogliosis is associated
with cognitive deterioration.'® Furthermore, neuroinflammation takes an essential part in the development of AD. AD
patients have an increased level of pro-inflammatory cytokines. Astrocytes are closely engaged in neuroinflammatory
events arising in the CNS because of their capability of secreting and responding to a wide range of inflammatory
cytokines, including IL-1p, IL-6, TNF-0.>” Meanwhile, TGF- is typically upregulated in chronic neurodegeneration and
neuroinflammation.*® Being the major cause of the astroglial scar formation, fibrosis and sclerosis, TGF-p directly
increases GFAP transcription in astrocytes. Extensive astrogliosis promoted by the presence of elevated TGF-f would
hasten the pathogenesis of neurodegenerative disorder.*!

The effect of MG on the JNK pathway and the time frame of pro-inflammatory cytokines mRNA expression after MG
treatment to astrocytes cells have been demonstrated previously.?”> Results of the dose-dependent effect of MG on
astrocytes cells shown in this report, that MG induces astrogliosis and up-regulates pro-inflammatory responses in
astrocytes cells (Figure 4), were in line with our previous findings. Consistent in vivo results were also demonstrated.
IHC visualization of increased GFAP expression of reactive astrocytes in the hippocampus of MG-treated mice supports
that MG could aggravate astrogliosis (Figure 3A, i). Our results reinforce the implication that MG would induce
neurodegeneration by causing astrocytic dysfunction and promoting neuroinflammation.

Other than neuroinflammation, AD is marked by the existence of extracellular amyloid plaques. Amyloid plaques are
abnormal extracellular accumulation and deposition of B-amyloid (AP). While A is formed by cleavage of APP by the
enzymes BACEI then by y-secretase, where BACE1 only participates in the pathological condition leading to AD. It has
been thought that neurons were the only cells that express BACE-1 and were capable to produce Af. However, studies
have confirmed the contribution of astrocytes to AP formation that both APP and BACEI also express in high levels in
reactive astrocytes.'' Moreover, different pro-inflammatory cytokines have been shown to upregulate APP and BACE-1.
It is suggested that APP expression may be induced by IL-1p and TGF-B.**** While upregulation of BACE-1 may be
promoted by TNF-o and other inflammatory mediators and pathways, including NF-kB,** JAK2 and ERK1/2 signaling.*’
In addition to AP production, mutations in the PSENI gene, encoding presenilin-1 (PS1), also take a part. Being the
catalytic subunit of the y-secretase complex, PS1 plays a role in the cleavage of APP. It has been suggested that PSEN1
mutations increase the AB42/AB40 ratio thus leading to neurodegeneration and dementia.*® Considering the contribution
of astrocytes in AP formation and the involvement in inflammatory events, together with our finding that MG-challenged
astrocytes would become activated and promote inflammation, we further examine the effect of MG on APP, BACE]I,
and PS1 expression in astrocytes. According to our results, mRNA expression of the three markers in astrocytes cells was
significantly increased after MG treatment (Figure 5). The three markers were also found up-regulated in the hippo-
campus of mice after long-term MG treatment. Further, IF visualization of stronger GFAP and AP immunoreactivity in
reactive astrocytes in the hippocampus of MG-treated group were observed (Figure 3A, ii). Taken together, these results
implied that MG could contribute to the development of AD directly through promoting AP formation in astrocytes.
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As the JNK pathway was found only contribute to a part of MG-induced neurodegeneration, we further examine the
involvement of the ERK pathway. All members of the mitogen-activated protein kinases (MAPK) family have been
implicated in the development of AD.*’” However, only the ERK/MAPK pathway takes the major role in Ap generation
by regulating APP and BACE1 genes.?’ Also, it was suggested that ERK1/2 was the only MAPK member with increased
protein expression and positive associations with neuropathological grade.”® Apart from regulation of the inflammatory
response, ERK regulates neuronal function, development of the CNS, synaptic plasticity, learning, and memory forma-
tion by its crucial function in key cellular activities, including cell proliferation, differentiation, survival, and death.
Growing evidence indicates that ERK involves in the pathogenesis of neurodegenerative disorders by several mechan-
isms. ERK1/2 cascades activation is found to contribute to neuronal apoptosis induction.*® It is demonstrated in in vitro
experiments that ERK would cause neuroinflammation by regulating inflammatory cytokine production in activated
astrocytes.*” Other than inflammation, ERK contributes to NFTs formation by phosphorylating tau.’® ERK is also
associated with senile plaques by mediating - and y-secretases and up-regulating APP.31733 Moreover, elevated
ERK levels have been observed in the brains of Alzheimer’s patients.”* Abnormal ERK activation in the hippocampus
may lead to memory impairments in Alzheimer’s patients by impairing hippocampal function.*” The link between ERK
and AD illustrates the significance of investigating the effect of MG on this pathway in astrocytes cells. We demonstrated
that MG would activate ERK in astrocytes (Figure 6). A significant increase in phosphorylation of ERK molecules was
also found in the hippocampus of the MG-treated group. Together with the results mentioned, these findings suggested
that MG could involve in the pathogenesis of diabetes-related neurodegeneration by promoting neuroinflammation and
contributing to A through activating the ERK pathway in astrocytes.

Regarding the link between the ERK signaling pathway and a variety of neurological conditions, including neuro-
degenerative illnesses of neurological disorders, including neurodegenerative diseases, it is suggested that ERK signaling
inhibitors were likely to be developed for the therapeutic drugs of the diseases.*” The main and most studied mechanism
of inhibitor’s action to block ERK pathways is by preventing ERK1 and 2 phosphorylation through MEK1 and 2, the
upstream kinases. The inhibitor was therefore introduced in this report to further evaluate the significance of ERK in the
control of inflammatory cytokines. Our preliminary results show the trend of normalization in astrocytic marker and
TGF-f, inflammatory cytokines TNF-a, IL-1p, IL-6, and AD-related markers APP, BACE1, PS1 mRNA expression after
ERK inhibition (Figure 7). According to the results, we propose that ERK pathway could take a part in regulating pro-
inflammatory responses and contributing to neuroinflammation in reactive astrocytes leading to AP formation. In order to
have a more comprehensive view of the mechanism of MG-induced neuroinflammation and neurodegeneration through
the ERK pathway, we suggest that the time course of the events shall further be clarified. Also, other possible signaling
pathways that are involved in regulating inflammation and promoting neurodegeneration, like NF-kB, p-38,>> and
JAK2,% should be investigated to evaluate their responsibility in regulating the markers.

Conclusion

To conclude, our data demonstrated for the first time that chronic MG accumulation could induce spatial learning ability
impairment and cognition decline leading to AD in a more clinically comparable in vivo model. Our in vitro and in vivo
results are in agreement that MG would induce astrogliosis, inflammatory response, up-regulation of AD-related markers
and ERK activation. While ERK could participate in the promotion of neuroinflammation and Af formation causing
neurodegeneration in MG-induced reactive astrocytes. The time cause of the events and other possible regulators of the
makers should further be examined and clarified. Our findings provide significant evidence on the possible underlying
mechanism of diabetes-related neurodegeneration that ERK may be one of the key pathways regulating AP formation,
which is worth deeper investigation in future research. In addition, inhibition of the ERK pathway could be one of the
potential therapeutic targets of diabetes-induced Alzheimer’s disease.
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