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Abstract 

Diabetes mellitus (DM) is characterized by chronic hyperglycemia and diabetic 

complications. DM-induced induction of stress responses in the central nervous 

system (CNS) such as neuroinflammation and oxidative stress may result in 

numerous neurodegenerative disorders, which DM patients have an increased risk 

of developing Alzheimer’s disease (AD), Parkinson disease (PD), and the related 

neuropsychiatric symptoms, anxiety, and depression. Methylglyoxal (MG), one of 

the most reactive advanced glycation end-product (AGE) precursors, is observed 

abnormally accumulated in the serum of DM patients. As MG is reported to 

promote brain cell impairment in the CNS and is highly associated with 

neurodegenerative diseases. Therefore, the effect of hyperglycemia-induced MG 

causing subsequent symptoms of neurodegenerative disorders and the underlying 

mechanism in cell model were investigated in this report. 

 

5-week-old C57BL/6 mice were intraperitoneally injected with MG solution for 11 

weeks. The Morris water maze (MWM), rotarod test, open-field test (OFT), light-

dark box (LDB) test, force swim test (FST), and tail suspension test (TST) were 

used to examine the spatial learning ability and cognition, motor coordination and 

balance, and the anxiety- and depressive-like behavior of mice respectively. After 

MG treatment, MTT assay, real-time PCR analyses, and Western blot were 

performed to assess the harvested astrocytes and hippocampi. MG-treated 

astrocytes condition medium (ACM) was introduced to neuron cells to examine the 

astrocytes-neuron interaction. 

 

Our in vivo results demonstrated for the first time that chronic MG accumulation 

may exhibit the behavioral pattern of AD, PD, anxiety, and depression in a more 
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clinically comparable model. In the MWM, significantly increased escape latency 

of about 2-3 times in the MG-treated mice than the control was observed on days 

2-5. Significant reduction of the percentage time spent in the target quadrant by 

about 15% of the MG-treated mice (44.1 ± 2.72) than that of the control (58.3 ± 

4.32) was also demonstrated. In the rotarod test, the MG-treated group (74.1 ± 5.33) 

has a significant reduction of around 20% of latency to fall off than the control (92.9 

± 5.80). In the OFT, the total traveled distance of the MG-treated group (8.29 ± 1.01) 

was significantly reduced by about 40% than the control (13.4 ± 1.48). In the FST, 

significantly increased percentage of immobile time of about 10% was observed in 

the MG-treated group (77.6 ± 2.19) than the control (68.7 ± 2.42). 

 

Afterwards, we have found in both in vitro and in vivo models that MG could induce 

astrogliosis, pro-inflammatory response, AD-related markers alteration, MMPs 

activation, apoptosis, and ERK activation. Further, the trend of normalization of the 

tested markers’ mRNA expressions was observed after ERK inhibition implying 

that ERK may be a key regulator of inflammation and Aβ formation in MG-induced 

reactive astrocytes. Additionally, MG-ACM could promote neuroinflammation and 

Aβ formation in neuron cells though altering astrocytes’ function.  

 

Taken together, MG may participate in the dysfunction of brain cells resulting in 

possible diabetes-related neurodegeneration by promoting astrogliosis, Aβ 

production, and neuroinflammation through the ERK pathway. Our findings 

provide insight of targeting ERK as a therapeutic application for diabetes-induced 

neurodegenerative disorders and the importance of understanding the pathogenesis 

of DM-induced neurodegeneration.  
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Chapter 1 Introduction 

1.1 Diabetes mellitus 

1.1.1 Definition of diabetes mellitus 

Diabetes mellitus (DM), a chronic disease, is characterized by metabolic disorder 

of carbohydrate, fat, and protein leading to chronic hyperglycemia, which is an 

increase in blood glucose (sugar) level. DM occurs when there is insufficient insulin 

production by the pancreas, which represents insulin-dependent type 1 diabetes 

mellitus (T1DM). Or when there is an ineffective use of produced insulin by the 

body, which represents type 2 diabetes mellitus (T2DM), which is non-insulin-

dependent. This indicates defect in insulin secretion, insulin action, or both in DM 

patients. DM causes serious effects including significant long-term damage, 

dysfunction, and failure of various body systems and organs, especially the nerves 

and blood vessels (1). 

 

1.1.2 Classification of diabetes mellitus 

There are four general categories of DM including Type 1 Diabetes Mellitus 

(T1DM), Type 2 Diabetes Mellitus (T2DM), Gestational Diabetes Mellitus (GDM) 

and other specific types of diabetes mellitus (2).  

 

T1DM is characterized by insulin production deficiency resulting from pancreatic 

b-cells destruction, which is commonly caused by autoimmune inflammatory 

mechanisms, while b-cell destruction is different among individuals. Symptoms of 

T1DM include thirst, constant hunger, frequent urination, fatigue, weight loss, and 

vision changes. Patients with T1DM require regular blood glucose monitoring and 

daily insulin administration to survive. A healthy lifestyle and diet can help T1DM 
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patients delay or avoid many of the complications.  

 

T2DM is characterized by the body’s ineffective use of insulin. T2DM is a complex 

metabolic disorder correlated with different levels of insulin resistance and b-cell 

dysfunction over time. Insulin resistance is also found in other metabolic diseases 

including hypertension, obesity, and polycystic ovary syndrome, which can coexist 

in patients with T2DM. Symptoms of T2DM are similar to, yet less obvious than 

that of T1DM. Diagnosis could be difficult and prolonged, and complications could 

have already risen.  

 

Any degree of glucose intolerance that begins or is first noticed during pregnancy 

is known as gestational diabetes mellitus (GDM). It is a typical medical condition 

associated with pregnancy due to the placenta's hormone synthesis. GDM resolves 

when pregnancy is ended. Yet, women with GDM and their children would have a 

higher risk of obesity and developing DM in the future.  

 

Other specific types of DM are latent autoimmune diabetes of adults (LADA), 

maturity-onset diabetes of the young (MODY), and neonatal diabetes mellitus 

(NDM). 

 

1.1.3 Epidemiology of diabetes mellitus 

The clinical and public health burden of diabetes mellitus is high and keeps 

increasing globally. There were about 422 million adults with DM in 2014 which is 

nearly a quadruple of 1980. The prevalence is increasing worldwide, from 4.7% in 

1980 to 9% in 2019, and was estimated to be 10.5% in 2021 and increasing to 12.2% 

in 2045 (3). It is further estimated that the number of DM cases will increase by 
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170% in low and middle-income countries, which is higher than that of 41% in 

developed countries by 2025. The situation indicates a global trend of obesity, a 

lack of physical activity, and poor diet. Among the top 10 causes of death globally, 

DM was the seventh in 2016. Being one of the largest global health emergencies of 

the 21st century, DM directly caused 1.6 million deaths in 2016, while high blood 

glucose levels caused 2.2 million deaths in 2012 (4).  

 

The occurrence of T1DM accounts for 5-10% of DM and is continually rising 

having an average increase of around 3% per year globally. T1DM can occur at any 

age, yet it is one of the most common chronic diseases diagnosed in children. It is 

estimated by the International Diabetes Federation (IDF) in 2017 that over 96,000 

new cases of T1DM are diagnosed globally every year among individuals aged 

under 15. 

 

The majority of DM cases are T2DM which accounts for 90-95%. According to the 

estimation in 2017 by IDF, around 9% of adults aged 20-79 years worldwide have 

T2DM. It was observed in the aging population until recently and is increasingly 

observed in children adolescents and younger adults. The huge increase in T2DM 

prevalence globally is a direct result of physical inactivity and excess body weight. 

The interaction between genetic predisposition, popularization of fast food, and 

sedentary lifestyle also plays an important role.  

 

1.1.4 Diagnosis of diabetes mellitus 

DM is diagnosed according to the plasma glucose criteria, including the 

hemoglobin A1c (HbA1c) criteria, the 2-h plasma glucose (2-h PG) value during a 

75-g oral glucose tolerance test (OGTT), and the fasting plasma glucose (FPG) (5).  
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T1DM is often diagnosed by the symptoms mentioned in 1.1.2.1 with rising in 

blood glucose levels. It is sometimes, however, difficult to distinguish between 

T1DM or T2DM or other forms of DM. Thus, additional testing may be needed to 

determine the type of DM. T2DM has a slow onset and exists without acute 

metabolic disturbance like T1DM, meaning a difficult-determining onset time. 

There are approximately half (50%) of the people aged between 20-79 years with 

T2DM are undiagnosed clinically and are unaware of their disease globally. 

Complications, like foot ulcer, change in vision, renal failure, or infection, of 

chronic DM, may develop as a result of the prolonged diagnosis.  

 

1.1.5 Risk factors of diabetes mellitus 

Generally, overweight or obese, history of cardiovascular disease, first-degree 

relative with diabetes, hypertension, high-density lipoprotein (HDL) cholesterol 

level and/or a triglyceride level, physical inactivity, and other clinical conditions 

associated with insulin resistance would increase the risk of DM and individual 

having the listed condition should consider testing of DM.  

 

The complex interaction between genes and environmental factors would result in 

T1DM, yet the exact causes are unknown. While the risk of T2DM is determined 

by the interaction between genetic and metabolic factors. Significant risks of T2DM 

include family history of diabetes, ethnicity, previous GDM, prediabetes or 

impaired glucose tolerance (IGT), together with increasing age, overweight or 

obesity, poor diet and nutrition, physical inactivity, and smoking. According to 

recent evidence, there is a strong link between increased consumption of sugar-

sweetened beverages and elevated risk of T2DM.  
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1.1.6 Pathophysiology of diabetes mellitus 

Blood glucose level is strictly controlled at an optimal level in order to maintain 

normal body function. The pancreas plays a key role in blood glucose regulation, 

hence maintaining glucose homeostasis. Glucagon, produced by the pancreas α-

cells, increases blood glucose levels when the level is low. While insulin, produced 

by the pancreas β-cells, decreases blood glucose levels when the level is high. In 

DM patient, blood glucose level remains high due to β-cell dysfunction leading to 

diminishing the mass of β-cell and dysfunction of insulin secretary (6).  

 

T1DM is the result of cellular-mediated autoimmune dysfunction in which the 

insulin-producing β-cells in the islets of Langerhans in the pancreas were attacked 

by the body’s immune system. Autoimmune destruction of pancreatic β-cells leads 

to insulin secretion deficiency which is mediated by macrophages and T-

lymphocytes with circulating autoantibodies to various β-cells antigens. When 80-

90% of β-cells are destroyed, hyperglycemia occurs. In addition to the destruction 

of β-cells, α-cells also found abnormal functioning, which glucagon secrets 

excessively without suppressed by insulin in T1DM (7).  

 

T2DM is the result of both insulin resistance and relative insulin deficiency, which 

the body’s response towards insulin is ineffective and the production of insulin is 

inadequate due to the overload of β-cells over time. Insulin resistance is manifested 

by decreased skeletal muscle uptake of glucose, increased production of hepatic 

glucose, lipolysis, and fatty acid. Insulin production is boosted initially in response 

to raising in blood glucose levels yet decreased afterward due to β -cell dysfunction. 

Elevated β-cell apoptosis and reduced β-cell mass were also observed in T2DM 
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patients (8).  

 

1.1.7 Complications of diabetes mellitus 

There is a high risk of developing multiple serious complications in different parts 

of the body in DM patients. Persistently poor control of high blood glucose level 

damages the heart, eyes, kidneys, nerves, etc. In fact, DM is one of the leading 

causes of kidney failure, cardiovascular disease (CVD), blindness, and lower-limb 

amputation. DM complications are classified into acute and chronic, while chronic 

complications are further divided into microvascular and macrovascular 

complications (4).  

 

Acute DM complications include hypoglycemia, diabetic ketoacidosis (DKA), 

hyperglycemic hyperosmolar state (HHS), seizures, hyperglycemic diabetic coma, 

infections, and loss of consciousness. Chronic microvascular complications are 

diabetic retinopathy (DR), which is damage to the eyes causing blindness; diabetic 

nephropathy (DN), which is damage to kidneys causing renal failure; diabetic 

neuropathy, which is damage to nerves causing neuronal disorders; diabetic foot 

disorders, which involve serious infections leading to amputation. Chronic 

macrovascular complications include cardiovascular diseases (CVD) (9).  

 

DN is the most common complication of DM (10). It is caused by the direct effect 

of hyperglycemia, nerve ischemia due to decrease blood flow to the nerve as 

microvascular damaging, and intracellular metabolic changes that damage nerve 

function. The most common type of complications is diabetic peripheral neuropathy 

(DPN). Other types include autonomic neuropathy, radiculopathy, cranial 

neuropathy, and mononeuropathy. There is increasing evidence show that DM also 
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affects the central nervous system (CNS) causing neurodegenerative disorders, 

including Alzheimer’s disease (AD) and Parkinson’s disease (PD).  

 

1.1.8 Mechanism of complications of diabetes mellitus 

1.1.8.1 Oxidative stress pathway 

Oxidative stress is the key pathway of the development of both microvascular and 

cardiovascular DM complications (11). It has negative impacts on cellular survival 

resulting in programmed cell death through apoptosis and autophagy. Oxidative 

stress causes excessive generation of mitochondrial superoxide in the myocardium 

and in the endothelial cells of both large and small vessels. It also causes 

overproduction of reactive oxygen species (ROS) from the mitochondria. DNA 

damage, protein misfolding, neuronal synaptic dysfunction, mitochondrial and 

organelle injury, etc. are the consequences of ROS damage. ROS also activates pro-

inflammatory pathways, induces ischemic angiogenesis defect, and causes long-

lasting epigenetic changes. Oxidative stress is responsible for the initiation of other 

major mechanisms including polyol pathway flux, protein kinase C (PKC) isoforms 

activation, hexosamine pathway, and the formation of advanced glycation end-

products (AGEs). 

 

1.1.8.2 Increased polyol pathway flux 

In the polyol pathway, aldose reductase induces the conversion of glucose into 

sorbitol, then into fructose by sorbitol dehydrogenase (SDH) through the oxidation 

of sorbitol, while having NAD+ as a cofactor. Aldose reductase is found mainly in 

nerves, lenses, retina, glomerulus, and vascular cells. Hyperglycemia in DM gives 

rise to intracellular glucose concentrations of these tissues as insulin-independent 

GLUTs, the glucose transport proteins, is the mediator of glucose uptake. One of 
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the critical factors that contribute to tissue damage through the hyperglycemia-

induced increase of polyol pathway flux is the increase in redox stress due to the 

consumption of NADPH. Reduction of NADPH, a cofactor regenerating reduced 

glutathione (GSH), directly leads to decrease in GSH, while GSH is important for 

the clearance of ROS. (12-13) 

 

1.1.8.3 Increased protein kinase C (PKC) activation 

Ca2+ ions and phosphatidylserine are required for the action of different isoforms 

included in PKC and it is amplified by diacylglycerol (DAG). Excessive ROS 

inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity, a 

glycolytic enzyme, resulting in an increasing intracellular level of triose phosphate, 

the precursor of DAG. Hyperglycemia in DM activates the isoforms of PKC, like 

PKC-β and δ, and alters vascular homeostasis. Increase in extracellular matrix 

synthesis, vascular permeability and contractility, cell growth, apoptosis, and 

angiogenesis are the consequences of increased PKC activation (14).  

 

1.1.8.4 Increased hexosamine pathway flux 

The flux of fructose 6-phosphate into the hexosamine pathway is raised resulting 

from hyperglycemia and insulin resistance-induced excess fatty acid oxidation. 

Glutamine-fructose 6-phosphate amidotransferase (GFAT), an enzyme that 

converts fructose 6-phosphate, diverted from glycolysis, into glucosamine 6-

phosphate, then into UDP-N-acetylglucosamine (UDP-GlcNAc). The product is 

involved in the specific serine and threonine residues post-translational 

modification on cytoplasmic and nuclear proteins through the action of Specific O-

GlcNAc transferases (OGT). The modification of glucosamine affects how TGF-α, 
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TGF-β, and PAI-1gene were expressed causing vascular complications like 

damaging arterial endothelial cells and vascular smooth muscle cells. (15) 

 

1.1.8.5 Increased intracellular advanced glycation end products (AGE) 

formation 

Advanced glycation end-products (AGEs) are complex, heterogenous molecules. 

They are the subsequent oxidation products formed from glycation. The 

nucleophilic addition reaction, which is the interaction between a carbonyl group 

from a reducing sugar and a free amino group from a protein producing a freely 

reversible Schiff base then rearranged into a more stable ketoamine or Amadori 

product, triggers the non-enzymatic reaction of glycation. The reaction continues to 

produce AGEs through dicarbonyl intermediates, like 3-deoxyglucosones (3-DG) 

and methylglyoxal (16).  

 

Increased amount of AGEs is found in DM patients as the result of hyperglycemia 

(17). Elevated blood glucose level promotes glycation of different functional and 

structural proteins, like collagen and plasma proteins. Activation of platelet, 

generation of oxygen free radical, impairing of fibrinolysis, altering immune system 

regulation and drug binding in plasma, etc. are the results of abnormal plasma 

proteins modification, for example, albumin, fibrinogen, and globulins, caused by 

the binding of AGE precursors to AGE receptors (RAGE) in cells, for example, 

vascular endothelial, smooth muscle cells and macrophages. The binding of RAGE 

also promotes ROS formation (18).  

 

AGE precursors can be produced from the decomposition of the Amadori product 
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(glucose-derived 1-amino-1-deoxyfructose lysine adducts) to 3-deoxyglucosone, 

the intracellular auto-oxidation of glucose to glyoxal, and fragmentation of 

glyceraldehyde-3-phosphate and dihydroxyacetone phosphate to Methylglyoxal 

(MG). AGEs is then formatted from the reaction of these reactive dicarbonyls with 

amino groups of various proteins.  

 

1.2 Diabetes and methylglyoxal 

Methylglyoxal (MG) is one of the precursors of AGEs. MG, a highly reactive 

dicarbonyl compound also named pyruvaldehyde or 2-oxopropanal, is an organic 

compound with the formula of CH3C(O)CHO. MG forms the irreversible advanced 

glycated end-products (AGEs) through promoting proteins non-enzymatic 

glycation causing proteins degradation or cross-linking (19).  

 

MG is produced through several pathways. It is formed from the anaerobic 

glycolysis from glyceraldehyde-3-P (G3P) and aminoacetone; from the 

polyunsaturated fatty acids through oxidative decomposition; and from the fructose 

through polyol pathway. Fructose accumulation resulting from metabolic syndrome 

or diet supplementation increases MG formation as well. In addition, MG is also 

present in beverages, food, and cigarette smoke.  

 

Metabolic disorders, such as DM, increase MG formation. Hyperglycemic 

condition alters glucose metabolism and leads to increasing formation of MG and 

other α-ketoaldehydes such as glyoxal. There is a significant elevated MG level 

observed in the plasma of DM patients (20). Study shows that the plasma MG level 

in T2DM patients is 65.2 ± 19.2 ng/mL, which is significantly higher than that in 
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control individuals (40.1 ± 11.1 ng/mL, P < 0.05) (21). The increased accumulation 

of MG, contributed by hyperglycemia of DM, leads to different DM complications 

development either by being the precursor of AGEs or direct toxin.  

 

Increased accumulation of MG and the excessive generation of AGEs directly lead 

to upregulation of inflammatory and tissue-injury-provoking molecules, protein 

crosslinking, gene transcription, and cellular apoptosis (22). Increased intracellular 

production of AGE precursors causes cell damage through serval mechanisms. First, 

AGE precursors alter cellular functions by the glycation of intracellular proteins, 

such as basic fibroblast growth factor-related protein and protein that controls gene 

transcription. Second, AGE precursors diffuse out of cells and modify various 

extracellular matrix proteins, collagen I, IV, and laminin, to disturb the interactions 

between them and other matrix proteins, integrins, and other cells causing cellular 

impairment. Third, AGEs precursors modify serum protein, then bind to the RAGE 

on various cells including macrophages, endothelial cells, vascular smooth muscle 

cells, glomerular mesangial cells, and astrocytes. The ligation of AGEs on RAGE 

initiates the pleiotropic transcription factor leading to pathological alteration of 

gene expression. The induction of ROS production and pleiotropic transcription 

factor nuclear factor κB (NF-κB) pathway is the result of the activation of RAGE. 

AGEs cause collective pathological modification in gene expression thus 

promoting inflammatory cytokines production. 

 

MG contributes to many damages. This project aims to investigate the relationship 

between hyperglycemia-induced MG and neurodegenerative disorders.  
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1.3 Diabetes and neurodegenerative disorders 

According to WHO’s 2005 publication of the ‘Global Burden of Neurological 

Disorders’, in high, upper-middle, lower-middle, and low-income countries, 

respectively, neurological illnesses account for 10.9, 6.7, 8.7, and 4.5% of the 

worldwide burden of the disease Meanwhile, neurological disorders are a 

significant cause of mortality, which constitutes 12% of total deaths globally. 

Growing evidence suggests that diabetes has an increased prevalence of developing 

neurodegenerative disorders than the general population. It is shown in clinical 

studies that diabetic patients have impairment in neuropsychological functioning. 

Moreover, symptom of cognitive deficits, anxiety, and depression are shown in 

population-based studies as well as in diabetic animal models. DM alone causes 

major inconvenience to individuals and heavy burden to the society. With both DM 

and neurodegenerative disorders, the quality of life of the patients will greatly be 

affected, while the economic burden on medication and the needs for special care 

will also be increased (23). Regarding the close and complicated relationship 

between DM and neurodegenerative disorders, and the limited knowledge of the 

progression of the disorders from DM, it is necessary to investigate and understand 

the pathogenic mechanisms between the two conditions as to develop potential 

medical strategies. 

 

1.3.1 Alzheimer’s disease 

Alzheimer’s disease (AD) is Marked by progressive neuronal loss and 

neuroinflammation in the brain leads to progressive cognitive decline, memory 

impairment, etc. Being the most common and fatal neurodegenerative disorder, 

there are more than 36 million people having dementia symptoms and the amount 

will rise to about 115 million by 2050, according to Alzheimer’s Disease 
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International. The situation of population aging is getting more rapid and serious in 

Hong Kong. Given aging is a risk factor for DM as well as AD, it is not surprising 

that more people will suffer from both diseases. Studies indicate that diabetes has a 

raised risk of global cognitive impairment and accelerated cognitive decline. These 

make diabetes a risk factor for AD. Diabetic patients have a 65% increased risk of 

developing AD.  Changes in various brain regions in diabetic patients exhibit a 

pattern that is comparable to that of aging individuals with cognitive decline. 

Moreover, Along with the diabetes-mediated reduction in brain volume in diabetic 

individuals, deficiencies in hippocampal-based memory function and cognition 

were observed (24). 

 

Amyloid plaques and neurofibrillary tangles (NFTs) are the two common hallmarks 

of AD. (25) Amyloid plaques are the abnormal extracellular accumulation and 

deposition of beta-amyloid (Aβ). While Aβ is produced from the cleavage of 

amyloid precursor protein (APP) by the enzymes β-secretase (BACE1) and γ-

secretase, where BACE1 only participates in the pathological condition leading to 

AD. Mutations in the PSEN1 gene, encoding presenilin-1 (PS1), also take a part in 

Aβ formation. Being the catalytic subunit of the γ-secretase complex, PS1 is 

involved in the cleavage of APP. It is suggested that PSEN1 mutations upregulate 

the ratio of Aβ42/Aβ40 thus leading to neurodegeneration and dementia (26). 

 

NFTs are the abnormal accumulation and aggregation of the hyper-phosphorylated 

and misfolded tau. Tau is a microtubule-associated protein. Normally, tau binds and 

stabilizes the microtubules to facilitate axonal transport. Tau is, however, 

translocated to the somatodendritic compartment and undergoes hyper-
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phosphorylation, misfolding, and aggregation, thus forming NFTs and neuropil 

threads in AD. 

 

Increasing studies find that cerebral hypoxia is highly related to the development of 

AD by promoting the formation of amyloid plaques, NFTs, ROS, and induction of 

inflammatory activities (27). Hypoxia inducible factor-1α (HIF-1α) is a major 

transcriptional activator that participates in the response of lacking sufficient 

oxygen supply for cellular and tissue adaption. Growing evidence suggests that 

HIF-1α plays an essential role in the progression of AD or other neurodegenerative 

diseases (28-29) Overexpression of HIF-1α, under hypoxia situation was found to 

contribute to Aβ formation by increasing BACE1 expression (30).  

 

Apolipoprotein E (ApoE) is a recognized risk factor for AD. The possible role of 

ApoE in the pathogenesis of AD includes increasing the rate of Aβ deposition 

forming plaque, facilitating hyper-phosphorylation of tau protein and contributing 

to neuroinflammation. (31) It is suggested that heme oxygenase-1 (HO-1) is another 

possible marker of AD. Although the neuroprotective effect of HO-1 was 

recognized, up-regulation of HO-1 was found to be linked with neurodegeneration 

(32-33). Overexpression of HO-1 is reported in the brain of patients with AD and 

is co-localized with senile plaques, NFTs, neurons, and activated astrocytes (34).  

 

Given the relationship of APP, BACE1, PS1, HIF-1α, ApoE, and HO-1 with the 

pathogenesis of AD, the listed markers were considered and present as AD-related 

markers in this report. 
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1.3.2 Parkinson’s disease 

Parkinson's disease (PD), characterized by striatum depletion of dopamine 

neurotransmitters resulting from the formation of Lewy body inclusions and 

dopaminergic neuronal loss, is a progressive disorder that affects movement in the 

nervous system. Diabetic patients often show parkinsonian symptoms and they have 

a markedly increased risk of Parkinson's disease of about 36% (35). Disruption in 

shared mechanistic pathways is found in both DM and PD. According to studies, 

impairment in insulin signaling and glucose intolerant are observed in about more 

than 60% of PD patients (36). Moreover, it is suggested that endoplasmic reticulum 

(ER) stress, oxidative stress, inflammation, dysfunction of mitochondria, as well as 

dysfunction of the autophagy–lysosome and ubiquitin–proteasome systems take 

part in the progression of DM and PD (37).  

 

1.3.3 Neurodegenerative disorders-related psychiatric symptoms 

1.3.3.1  Anxiety 

Under normal conditions, when an individual is potentially facing challenges or 

threats, a sense of anxiety will be triggered, which is essential for survival.  

However, the situation terns into anxiety disorders when the occurrence of anxiety 

becomes overwhelming and prolonged. It is shown in clinical studies that diabetic 

patients have a significant increased risk, about two to four times, of developing 

anxiety than the normal individuals. Anxiety is associated with poor glycemic 

control seen in diabetic patients. It is observed that there is a negative correlation 

between the prevalence of anxiety disorders and levels of HbA1c. The relationship 

between diabetes and anxiety disorders has not been comprehensively explored, 

and the underlying mechanism is still uncertain. Anxiety in the context of diabetes 

has been studied mostly in association with depression (38).  
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1.3.3.2 Depression 

Co-occurrence of DM and depression is about twice as often as would be predicted 

by chance alone. Significant clinical challenges are arisen from the coexistence of 

DM and depression as the effects of each condition are made worse by the presence 

of the other. The level of prefrontal glutamate-glutamine-gamma-aminobutyric acid 

levels in T1DM patients’ brains are higher than that in healthy individuals, while 

the level is associated with mild depressive symptoms, according to MRI scanning. 

In animal models, hippocampal integrity and neurogenesis are affected by diabetes 

negatively, which could combine with other components of neuroplasticity thus 

leading to mood disorders in DM. In humans, indirect MRI evaluation of 

hippocampal neurogenesis reveals hippocampus shrinkage in DM. Research also 

shows that chronic inflammation has a key role in the progression of DM-related 

depression. Pro-inflammatory markers, such as TNF-α and other cytokines, are up-

regulated in DM and the metabolic syndrome. Additionally, they have been linked 

to changing behavior in animal models and human depression (39).  

 

1.4 Role of astrocytes in neurodegenerative disorder 

1.4.1 Physiology of the central nervous system 

Neuron and glia, including astrocytes, oligodendrocytes, and microglia, are the two 

main types of cells in the nervous system. They are critical in the development of 

brain, maintenance of brain homeostasis, and pathogenesis of brain disorders. 

Neurons are responsible for processing information by communicating with each 

other through the transmission of electrochemical signals. While glial cells are 

responsible for maintaining neuronal function by supporting, protecting, and 

nourishing neurons. The most abundant glial cell type in the CNS is astrocytes, they 

are involved in numerous important functions to maintain homeostasis in the brain 
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and their interaction with neuron cells is crucial for the physiology or 

pathophysiology of the CNS. 

 

1.4.2 Physiology of astrocytes 

Astrocytes are classified as ectodermal, neuroepithelial neural cells, which have a 

wide range of morphological characteristics and express different receptors, 

channels, and membrane transporters. They communicate with other brain cells and 

tile the entire CNS with a well-adaptive plasticity defining the cytoarchitecture of 

the CNS and play an essential role in the maintenance of the CNS’s systemic, 

molecular, cellular, metabolic homeostasis, and defense (40).  

 

Astrocytes regulate the CNS systemic stability by serving as chemosensors to 

regulate energy balance, Na+ concentration, and blood pH, also by controlling the 

blood-brain barrier (BBB). For molecular homeostasis, astrocytes maintain 

neurotransmission by controlling the removal and catabolism of neurotransmitters, 

and the release of their precursors. Astrocytes are also involved in the clearance of 

ROS and the transportation of ions and protons. For cellular homeostasis, astrocytes 

promote neurogenesis, neuronal development, and neuronal guidance. Astrocytes 

also involve in synaptic activities, including synaptogenesis, synaptic maintenance, 

elimination, and plasticity. For metabolic homeostasis, astrocytes regulate local 

blood flow, synthesize and store glycogen, supply energy substrates to neurons, and 

form the neuro-glio-vascular unit together with the glial-vascular interface (41). 

 

Physiological functions of healthy astrocytes promote positive interaction with 

other brain cells, especially neurons (42). They are located between the blood vessel 

and the neuron cells providing protection, structural and metabolic support through 
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regulating extracellular homeostasis. Astrocytes also regulate neuronal functions by 

receiving signals from neurons and releasing neuroactive substances. 

 

Moreover, astrocytes play an essential role in the regulation of inflammation and 

oxidative stress in the CNS. Anti-inflammatory and antioxidant response of 

astrocytes was induced to protect the CNS from damage due to stress, like 

inflammation and oxidative stress. In particular, astrocytes secret anti-inflammatory 

cytokines, like IL-4 and IL-10 (43), neurotrophic factors, such as brain-derived 

neurotrophic factor (BDNF) and nerve growth factor (NGF) (44), and promote free 

radicals clearance (45). They have a critical role in controlling the CNS functions 

and have a wide range of effects on neurons, like regulating their differentiation, 

maturation, development, and survival. BDNF is essentially involved in various 

brain functions, including regulation of synaptic plasticity, synaptogenesis, 

neurotransmitter inhibition, and induction. BDNF also take part in learning and 

memory function, rapid and selective induction of BDNF secretion is associated 

with hippocampus-dependent contextual learning (46), and diminish in BDNF 

levels is observed in AD patients (47), and is found to lead to cognitive deficits, 

depression and anxiety disorders (48).  

 

Regarding the significant role of BDNF, secreted by astrocytes, in cognitive 

function and the relation between BDNF level and AD, BDNF was also considered 

and present as an AD-related marker in this report in addition to the AD-markers 

introduced in 1.3.1. 

 

1.4.3 Pathophysiology of Astrocytes 

Astrocytes become activated when encountering CNS injury, including the 
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development of neurological disorders. Molecular, cellular and functional 

modulation in reactive astrocytes, known as astrogliosis, lead to loss of their 

supportive and protective activity and even cause direct harmful effects to other 

brain cells in the CNS, like promoting excitotoxicity and BBB destruction. (49-50) 

Astrocytes could be the main source of ROS and promotor of inflammation causing 

neuroinflammation and neurodegeneration. Astrogliosis is considered to be a 

consequence of neurodegeneration and neuronal death, it is a widely uses 

pathological hallmark for the indication of CNS diseases. Reactive astrocytes 

induced by neuropathological conditions are observed in many neurodegenerative 

diseases, meanwhile, increasing research has recognized the contribution of 

astrocytes in the development of different brain disorders, including, for example, 

AD, PD, Huntington’s disease, epilepsy, Down syndrome, and amyotrophic lateral 

sclerosis (ALS) (41). 

 

Glial fibrillary acidic protein (GFAP), a principal intermediate filament composing 

a portion of the cytoskeleton in mature astrocytes, is a recognized biomarker for 

detecting the presence of astrogliosis. Further, GFAP is a specific marker for 

immunohistochemical identification of astrocytes as the increased expression of 

GFAP is only detectable in reactive astrocytes. Also, upregulation of GFAP was 

observed in various pathological conditions (51). 

 

S100 calcium binding protein B (S100B) is another widely used astrocyte 

biomarker. S100B is considered to be a glial marker protein as it is highly expressed 

in astroglial and oligodendroglial cells (52). It is also considered to be a diagnostic 

or prognostic assessment marker of neurodegeneration due to its presence in the 
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cerebrospinal fluid (CSF) or serum. As a secretory protein, S100B could regulate 

glial-glial or glial-neuron interactions by its cytokine-like activities. Therefore, 

besides GFAP, S100B was used as another marker for the investigation of 

astrogliosis and neuronal cell damage.  

 

1.4.4 Role of astrocytes in neuroinflammation and neurodegeneration 

As mentioned, reactive astrocytes are considered the main sources of pro-

inflammatory cytokine and ROS leading to neuroinflammation and 

neurodegeneration. Neuroinflammation serves as a protective system initially 

defending the brain from various pathogen through inhibition and clearance of the 

infections, promoting tissue repairment, and removing cellular waste. However, 

prolonged inflammatory responses are harmful and would hinder regeneration 

causing neurodegeneration thus leading to neurodegenerative disorders (53). 

Reactive astrocytes induce detrimental effects on the CNS by inducing the secretion 

of pro-inflammatory factors, including for example nitric oxide (NO), TNF-α, IL-

1β, and IL-6 (54-55). The harmful astrocytic signaling pathways could be promoted 

by the inflammatory mediators produced by activated microglia, different cytokines, 

neurotrophins, and sphingolipids. One of the possible mechanisms of the 

production of pro-inflammatory cytokines of reactive astrocytes in 

neuroinflammation is that increased IL-17 binding to the astrocytes-induced 

increase of the transmembrane receptors for IL-17 and tropomyosin receptor kinase 

B (TrkB) would lead to the recruitment of nuclear factor κB (NFκB) activator 1 

(Act1) (56). Comprehensive underlying mechanism of the involvement of 

astrocytes in neuroinflammation and neurodegeneration remains unclear.  
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1.5 Research hypothesis 

As described, abnormal elevation and accumulation of MG were found in the serum 

of DM patients implying the significance of its role in the pathogenesis of diabetic 

complications. Moreover, the role of astrocytes and the underlying mechanism of 

diabetes-induced neurodegenerative disorders were not clarified and are worth 

investigating. 

 

In this study, therefore, we hypothesize that hyperglycemia-induced MG may play 

a role in the development of neurodegenerative disorders by inducing 

neuroinflammation through MAPK/ERK pathway in reactive astrocytes. 

 

Figure 1 

Schematic diagram of research hypothesis 
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1.6 Research plan and objectives 

1. To determine the effects of MG on the development of neurodegenerative 

disorders behavioral pattern in in vivo model. 

Animals were treated with MG. The behavioral pattern of different 

neurodegenerative disorders and their related psychiatric symptoms were examined 

by the corresponding behavioral tests. 

 

2. To determine the effects of MG on the modulation of astrocytic responses in in 

vivo and in vitro model. 

Astrocytic cell line and animals were treated with MG. Real-time PCR and Western 

blotting were used to measure the gene expression of astrocytic markers, pro-

inflammatory markers, disease-related markers, apoptotic markers, and the 

pathway molecules. 
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Chapter 2 Methodology 

2.1 Chemicals 

Methylglyoxal (cat. no. M0252-25ML), MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-

diphenyl tetrazolium bromide) (cat. no. M2003) were purchased from Sigma (St. 

Louis, MO, USA). Primary and secondary antibodies were purchased from Cell 

Signaling Technology (Beverly, MA, USA), list of the antibodies was placed in 

appendix I and II. Primer sequences were specified in appendix III. Unless 

otherwise stated, all chemicals were of reagent-grade quality and were purchased 

from Sigma (St. Louis, MO, USA).  

 

2.2 Cell model and MG treatment 

Rat astrocytic cell line DITNC1 (ATCC, cat. no. CRL-2005) were maintained in 

Dulbecco's Modified Eagle Medium (DMEM) (cat. no. 31600-091) supplemented 

with 10% fetal bovine serum (FBS) (cat. no. 10270106) and 1% antibiotic-

antimycotic (cat. no. 15240062) at 37°C humidified atmosphere with 5% carbon 

dioxide (CO2). The morphology of the cells was closely monitored with reference 

to the ATCC’s cell line menu. The passage number does not exceed 12 times. Cells 

were seeded on 96- and 6- well plates for 24 hrs, with seeding density of 4000 

cell/well for 96-well and 100000 cell/well for 6-well plates. For 96 well plates, 

different concentrations of MG (0-550 μM) were added to the cells for 24 hours to 

conduct MTT assay. For 6 wells plates, cells were treated with different 

concentrations of MG (0, 150, 300 μM) and were collected after 24 hours. To 

evaluate ERK inhibition, cells were incubated with the ERK upstream kinase MEK 

inhibitor PD98059 (20 μM) (cat. no. 167869-21-8) for 2hrs before high dose MG 

(300 μM) treatment. Proteins and mRNA were extracted for further investigation.  
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Rat PC-12 Adh (ATCC, cat. number CRL-1721.1) were maintained in DMEM 

supplemented with 10% FBS and 1% antibiotic-antimycotic at 37°C humidified 

atmosphere with 5% CO2. The morphology of the cells was closely monitored with 

reference to the ATCC’s cell line menu. The passage number does not exceed 12 

times. To induce differentiation, cells were seeded on 60 mm dish, with seeding 

density of 12000 cell/well, cultured with differentiation medium composed by 

DMEM 1% FBS, 1% antibiotic-antimycotic and 100 ng/mL nerve growth factor 

(NGF) (cat. no. N2513-.1MG), which medium was being changed every two days. 

Cells were collected after different duration of differentiation (0, 5, 10 days) to 

evaluate the effective differentiation time. Complete-differentiated neuronal cell 

will be prepared in the 6-well plate, with seeding density of 6500 cell/well, prior to 

the MG-astrocytes condition medium (ACM) treatment. While astrocytes will be 

treated with different concentration of MG (0, 150, 300 μM). Cell-free MG-ACM 

will then be obtained from the MG-treated astrocytes culture medium by 

centrifugation after washing with PBS and culturing with fresh medium for another 

24 hrs. Differentiated PC12 cells then were treated with MG-ACM for 24 hrs. 

Proteins and mRNA were extracted for further investigation. 

 

2.3 Animals 

Five-week-old male C57BL/6 mice were obtained from Chinese University of 

Hong Kong. The handling of animal and all procedures were in accordance with 

National Institutes of Health guide for the care and use of Laboratory animals and 

Animals (Control of Experiments) Ordinance, Hong Kong, China. The use of 

animals was approved by Department of Health, Hong Kong and the committee of 
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the Use of Human and Animal Subjects in Teaching and Research, Hong Kong 

Baptist University. All efforts were made to minimize animal number and suffering. 

 

2.4 Intraperitoneal injection of MG 

Mice were maintained in animal house with a 12 hrs of dark and light cycle. Upon 

arrival, mice were housed for 7 days. Mice were divided into control (10 mice) and 

MG-treated (20 mice) groups. MG solution (60 mg/kg) or corresponding volume of 

sham control were administrated into the mice through intraperitoneal (i.p.) 

injection for 11 weeks. Hippocampus and cortex were then dissected out and 

homogenized with different reagents for further analysis. 

 

2.5 Animal behavioral test 

After 6- and 9-week MG treatment, the Morris water maze (MWM) basic trail and 

reverse trial were conducted respectively (57). After the 4 training trials with visible 

platform of 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 
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Figure 2  

Schematic diagram of treatment and behavioral experiments. 

 

Figure 3  

Schematic diagram of treatment and behavioral experiments. 

 

Figure 4  

Schematic diagram of treatment and behavioral experiments. 

 

Figure 5  

Schematic diagram of treatment and behavioral experiments. 
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mouse was recorded by the tracking device. Data were collected for analysis. 

 

After 7- and 10-week MG treatment, rotarod test, open-field test (OFT), forced 

swim test (FST) were conducted. For rotarod test, mice were placed on the rod 

initially rotating at constant speed (4 rpm). The test begins with rod accelerating 

from 4 to 40 rpm in 300 sec, when all the mice can walk forward for a few second. 

Latency of the mice to fall off the rotating rod and the corresponding speed was 

recorded by computer. Data was collected for analysis. 

 

For OFT, mice were placed in the center of a large square box (50 cm x 50 cm), 

with pre-defined zones (outer and inner zones) for 5 mins. The footprint and 

immobile time were recorded by tracking device. Data was collected for analysis. 

 

For FST, mice were placed in a transparent container with consistent water level, 

which mice were not able to touch the bottom, for 6mins. The test was divided into 

pretest (the first 2 mins) and test (the following 4 mins). The whole test was 

recorded by camera. Immobile time was calculated. 

 

Additional tests include light-dark box (LDB) test and tail suspension test (TST) 

were performed. For LDB test, mice were first placed in the dark area of the test 

box consists of two chambers (light ⅔, dark ⅓) connected by a door. Door was 

opened after placement of the mice allowing free movement between the two 

chambers. The footprint was recorded by tracking device. Data was collected for 

analysis.  
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For TST, mice were suspended above a solid surface in a three-walled compartment 

using adhesive tape applied to the tail for 6 mins. The whole test was recorded by 

camera. Immobile time was calculated. 

 

2.6 Immunohistochemistry (IHC) and immunofluorescence (IF) staining 

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. 4µm 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 staining was 

performed to visualize nucleus. For IF, 4-, 6-diamidino-2-phenylindole (DAPI) was 

used as a nuclear counterstain before microscopic analysis. Quantitative analysis 

was conducted using Image J. 

 

2.7 16S rDNA amplicon sequencing analysis 

CTAB/SDS method was used to isolate the total genome DNA from the fecal 

samples. The DNA purity and concentration were monitored on 1% agarose gels. 

Sterile water was used to dilute the DNA into l ug/μL based on its concentration.  

 

Generation of amplicon was then performed. Specific primer (e.g. 16S V4:515F-

806R,18S V4:528F-706R, 18S V9:1380F-1510R, et.al) was used to amplify the16S 

rRNA/18S rRNA/ITS genes of distinct regions (16S V4/16S V3/16S V3-V4/16S 

V4-V5, 18S V4/18S V9, ITS1/ITS2, Arc V4). 1μL Phusion® High-Fidelity PCR 

Master Mix (New England Biolabs), 0.2 μM forward and reverse primers, and 10ng 
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DNA template were used to perform the PCR reactions. The condition of the 

thermal cycling was composed of initial denaturation (98°C, 1 minute), 

denaturation (30 cycles, 98°C, 10 second), annealing (50°C, 30 second), elongation 

(72°C, 30 second), and at last 72℃ for 5 minutes. 

 

Qiagen Gel Extraction Kit (Qiagen, Germany) was then used to purify the PCR 

products. The purification was prepared by mixing equal amount of products with 

IX loading buffer (contained SYB green) and undergo electrophoresis on 2% 

agarose gel for detection. 

 

Sequencing libraries were developed by TruSeq® DNA PCR-Free Sample 

Preparation Kit (Illumina, USA), with additional manufacturer's recommendations 

and index codes. Qubit@2.0 Fluorometer (Thermo Scientific) and Agilent 

Bioanalyzer 2100 system were used to evaluate the quality of the library. After the 

library was sequenced on an Illumina NovaSeq platform, 250 bp paired-end reads 

were formed. Operational taxonomic units (OTUs) clustering and taxonomic 

analysis were then performed to assess the abundance distributions of species.  

 

2.8 MTT Assay (Cell Viability) 

Cell viability of DITNC1 after different MG concentrations treatment was tested by 

MTT assay. 0.5 mg/mL MTT solution was added into the culture medium in wells 

of 96-well plate, then incubated at 37°C for 1 hr. Dimethylsulfoxide (DMSO) was 

added for dissolving the insoluble purple formazan salts formed in cells, after the 

MTT-medium mixture was discarded. Microplate reader (Bio-Rad, Hercules, CA, 

USA) was then used to measure the absorbance of the solution at 570 and 630 nm.  
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2.9 Protein extraction and western blot analysis 

Culture medium was removed and cold phosphate buffered saline (PBS) was 

applied to cells 2 times for washing. Individual clean scraper was used to scrap the 

cells in each well and the cells were transferred into microcentrifuge tubes. PBS 

removal was conducted by centrifuging the sample at 2000 x g for 5 minutes. 

Protein of cells and hippocampus were extracted with RIPA buffer (cat. no. 9806, 

Cell Signaling, Beverly, MA, USA), containing protease inhibitors 2mM PMSF, 

10mM Na2VO4 and Complete Mini TM protease inhibitor cocktail (Roche), in ice. 

Supernatants were obtained after 30 minutes by centrifuging the samples at 16400 

x g at 4℃ for 10 minutes. 

 

Protein assay was conducted through RC DC Protein Assay Kit (Bio-Rad) to 

determine the protein concentration. Bovine serum albumin (BSA) and 1X Bio-rad 

protein assay dye were used to generate standard curve. Each protein sample was 

combined with 1 mL of dye in a volume of 1 μL, then incubated in room 

temperature for 5 minutes. Absorbance measurement of 200 μL of each of the 

sample added into a 96-well plate was then performed by micro-plate reader (Bio-

Rad, Hercules, CA, USA). Protein concentrations according to the prepared protein 

standard curve were then calculated. According to the results, protein samples were 

diluted into equal concentration in the same volume. Samples, with 5X loading dye 

added, were boiled in 100°C for 10 minutes and stored at -35°C for the next step. 

 

Protein samples were then resolved by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) gel consists of upper layer of 5% stacking gel and 
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lower layer of 8% loading gel, was prepared. Samples with same volume and a 

protein standard molecular weight markers were added into the wells of the protein-

separating gel in a fixed amount. Gel electrophoresis was conducted in running 

buffer (Tris-HCl, Glycine, SDS, pH 8.3) at room temperature. For the first 10 

minutes, constant voltage of 80V is used then followed by constant voltage of 120 

V for 70 minutes. 

 

The proteins were transferred to a PVDF membrane (Bio-Rad) from the gel after 

electrophoresis in transfer buffer (Tris-HCl, Glycine, Methanol, pH 8.3) in ice bath 

at constant current of 360 mA for 2 hours. TBST (mixture of tris-buffered saline 

and tween 20) was used to wash the membrane, 5 minutes for 3 times. Milk 

blocking for 30 minutes was conducted, followed by 3-time TBST washing. 

Afterwards, different primary antibodies were used to probe the membrane 

overnight at 4°C, then by corresponding HRP-conjugated secondary antibodies for 

an hour. The membrane was soaked with “Chemiluminescent substrate SuperSignal 

ELISA Femto Substrate” (cat. no. 34577) (with peroxide and enhancer in 1:1 ratio) 

for visualizing protein bands as fluorescence signals. ChemiDoc™ Touch Imager 

was used to capture rhe fluorescence of protein bands. ImageJ was used to analyze 

the strengths of fluorescence of the protein bands. 

 

Protein stripping, using stripping buffer (2 M NaOH) for 10 minutes, was performed 

in order to re-probe the membrane. The washing and probing procedures was same 

as above, yet another primary antibody was used. 
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2.10 mRNA extraction, reverse transcription and quantitative real-time 

polymerase chain reaction (RT-PCR) analysis 

mRNA in cells and hippocampus were extracted by 1 mL Trizol regent (cat. no. 

15596018, Ambion) for 5 minutes followed by incubating with additional 200 μL 

chloroform, which was well-mixed with the samples, for 10 minutes. After that the 

samples were centrifugation at 12000 rcf for 15 minutes, 400 μL clear supernatants 

were transferred into clean microcentrifuge tube. Well-mixed supernatants with 

isopropanol were incubated in ice for 10 minutes. Removal of the isopropanol was 

conducted by centrifugation at 12000 x g for 10 minutes. 75% ethanol was used to 

wash the mRNA pellets for 2 times. The pellets were  

 

After the samples were air-dried, nuclease-free water was added to dissolve the 

pallet. 1 μl of the solution was used for quantification by using NANODROP2000 

with absorbance A230/280 and A260/A280. The sample were then diluted into 

equal volume and mass according to the results. High-Capacity cDNA Reverse 

Transcription Kit (cat. no. 4368813, Applied Biosystems) were used to conduct the 

reverse transcription of the mRNA samples to obtain single-stranded cDNA. The 

Gene Amp PCR system 9700 was run in the condition sequence of 25°C for 10 

minutes, 37°C for 120 minutes, 85°C for 5 minutes, and 4°C.  

 

RT-PCR with corresponding primers was used to measure the expression of 

different markers. 10 μL SYBR Green Master Mix (cat. no. 1725274, Bio-Rad), 8 

μL nuclease-free water, 1 μL cDNA sample, 0.5 μL forward primer, and 0.5 μL 

corresponding reverse primers were well-mixed in each well of optical 96-well 

reaction plate. RT-PCR was conducted by ViiA 7 PCR system (Life Technologies). 

The thermal cycler was run in the condition sequence of 1 cycle at 50°C for 2 
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minutes, 1 cycle at 95°C for 10 minutes, 40 cycles of denaturation at 95°C for 15 

seconds and annealing at 60°C for 1 minute. The relative folds of amplification of 

each sample were analyzed by the system 

 

2.11 Result calculation and data expression 

The data collected were presented as Mean ± standard errors of the mean (SEM). 

Results were analysed by T-test or One Way Analysis of Variance (ANOVA), 

followed by Tukey’s test using Prism Graphpad®. P<0.05 was considered 

statistically significant. 
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Chapter 3 Diabetes-induced behavioral pattern of neurodegenerative 

disorders 

3.1 Introduction 

Diabetes mellitus (DM) is characterized by glucose intolerance and chronic 

hyperglycemia because of insulin resistance, insulin deficiency, or both. Common 

diabetic complications include neuropathy, nephropathy, retinopathy, heart diseases, 

stroke, and hypertension. Although the exact mechanisms are still uncertain, 

increasing research has indicated the close link between DM and neurodegenerative 

disorders and demonstrated that DM would intensify the pathogenesis of 

neurodegeneration by, for example, inducing brain atrophy, decreasing neuronal 

integrity, insulin resistance in the CNS, reducing cerebral glucose metabolism, 

impairing glucose signaling and homeostasis, also exacerbating inflammatory 

response and oxidative processes (58-59). A study using streptozotocin (STZ)-

induced diabetic rat models demonstrated that neurodegeneration, 

neuroinflammation, and impairment in the gap junction communication were 

observed in the diabetic rats (60). 

 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder as well 

as the most common kind of dementia. AD is characterized by cognitive decline 

and memory impairment that can eventually affect speech, behavior, visuospatial 

orientation, and motor coordination. DM and AD share common behavioral 

phenomenon which is cognitive impairment and DM patients have a greater chance 

of experiencing cognitive decline when compared with non-DM patients (61-62). 

It has been suggested that DM has an increased risk of developing AD (63). Long-

term brain abnormalities in DM patients due to hyperglycemia conditions and 

insulin insufficiency were considered the risk factors for AD (64). Parkinson’s 
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disease (PD), characterized by motor dysfunction, like balance impairment, slow 

movement, tremors, and muscle stiffness, is the second most prevalent 

neurodegenerative disorder. It is found in increasing systematic reviews, meta-

analyses, and population-based studies that DM patients have an increased risk of 

developing PD with a more rapid symptom progression (65). Similar pathological 

pathways were shared between DM and PD, including inflammation, oxidative 

stress, alteration in metabolism, and mitochondrial dysfunction (37). DM patients 

were also found to have a higher chance of experiencing psychiatric symptoms (66), 

commonly depression and anxiety, which are highly related to neurodegenerative 

disorders at the same time. Depression and anxiety are associated with 

hyperglycemia. It is observed in both clinical and general population studies that 

diabetes and depression are commonly co-occurred and DM patients have a 50-

100% higher risk of developing depression (67). Moreover, depression was found 

to be associated with greater dementia risk and severer cognitive impairment in DM 

patients (68). A higher prevalence of having anxiety in DM was also established 

(38, 69).  

 

Methylglyoxal (MG), a major advanced glycation end products (AGEs) precursor, 

is highly reactive and form irreversible AGEs by promoting non-enzymatic 

glycation of proteins (16). The MG level is 1 μmol/L or less in the plasma of healthy 

individuals, yet significantly increased to 2- to 4-fold of MG level was observed in 

DM patients. The abnormal increased formation and accumulation of MG are often 

associated with hyperglycemia, aging, and other metabolic disorders (70). 

Increased MG level under continuously elevated glucose concentration leads to 

increased formation of AGEs resulting in neuronal impairment due to coupling with 
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free radicals, creating oxidative damage (71), and activating glial cells (72). Other 

possible contribution of MG to neurodegeneration and neuronal death was through 

altering brain glucose metabolism (73), inducing oxidative stress and ROS 

production (74).  

 

The heavy burden of diabetes-associated neurodegenerative disorders keeps raising. 

Yet, there is limited knowledge of the underlying pathogenic mechanisms of the 

progression of neurodegenerative disorders from DM. The involvement of DM in 

neurodegeneration and their relationship has not been fully understood. Recently, 

only a few research have examined the involvement of MG in the modulation of 

behavior (75-79). Animal studies and solid evidence of the role of MG in the 

progression of DM-induced neurodegenerative disorders are limited which 

warrants further investigation.  

 

In this report, therefore, we hypothesized that hyperglycemia-induced MG would 

modulate behavioral pattern of mice. A more clinically comparable in vivo model 

was established showing the effect of MG on the behavioral pattern of the common 

neurodegenerative disorders, AD and PD, and that of the common 

neurodegenerative disorders-related psychiatric symptoms, including anxiety and 

depression.  
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3.2 Objectives 

1. To investigate the effect of MG on the behavioral pattern of 

neurodegenerative disorders in mice 

Long-term MG treatment was applied to young-aged mice. The behavioral pattern 

of AD and PD were examined by MWM and rotarod test respectively. 

 

2. To investigate the effects of MG on the behavioral pattern of neurodegenerative 

disorders-related psychiatric symptoms in mice 

Long-term MG treatment was applied to young-aged mice. The behavioral pattern 

of anxiety was examined by OFT and Light/Dark box test, while that of depression 

was examined by FST and TST. 
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3.3 Results  

3.3.1 MG induces neurodegenerative disorder behavior in vivo 

3.3.1.1 Effect of MG on cognition and spatial learning ability  

To determine the effect of MG on the spatial learning ability and cognition in vivo, 

escape latency of the two groups of mice were examined by the Morris water maze 

after 6 and 9 weeks of MG treatment. (Fig.3)  

 

According to the results of 6 weeks treatment (Fig.3a), MG-treated mice have a 

markedly longer escape latency than that of the control group. The difference of 

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 (Fig.3b), that 

the escape latency of the MG-treated group is markedly longer than that of the 

control group by over 2- 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 (58.3 ± 4.32) 

than that of the control group (44.1 ± 2.72). These results suggested that MG could 

induce spatial learning ability impairment and cognition decline leading to 

Alzheimer’s disease.  
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Figure 3 Effect of MG on cognition and spatial learning ability in vivo after 6/ 9 weeks MG treatment. 

MWM 

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. Data 

correspond to the mean and SEM of 10 mice in control group and 20 mice in MG-treated group. 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. Data correspond to 

the mean and SEM of 10 mice in control group and 15 mice in MG-treated group. i Graph indicated 

the escape latency of mice in experiment day 1 to 5. ii Representative track plots and the 

corresponding graph indicated the time spent in the target quadrant of mice in the probe trail on 

experiment day 6. iii Representative track plots and the corresponding graph indicated the escape 

latency of mice in the probe trail with visible platform on experiment day 6, showing mice in both 

groups have normal vision. *p < 0.05, **p < 0.01 versus the vehicle control.  
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Figure 10a  

Effect of MG on cognition and spatial learning ability in vivo after 6 weeks MG treatment. 
MWM 

Figure 3b 

Effect of MG on cognition and spatial learning ability in vivo after 9 weeks MG treatment. 
MWM 
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3.3.1.2 Effect of MG on motor coordination and balance 

To determine the effect of MG on motor coordination and balance in vivo, latency 

of the mice to fall off the rotating rod and the corresponding speed were examined 

by the rotarod test after 7- and 10-week MG treatment. (Fig.4)  

 

According to the results, no significant data was observed until 10 weeks MG 

treatment (Fig.4b). Significantly reduced latency to fall off and the speed when 

falling were observed in the MG-treated group (74.1 ± 5.33), (15.2 ± 0.736) than 

that in the control group (92.9 ± 5.80), (12.8 ± 0.645) respectively. These results 

suggested that long-term MG accumulation could impair motor coordination and 

balance leading to Parkinson’s disease. 
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Figure 4 Effect of MG on motor coordination and balance in vivo after 7 / 10 weeks MG treatment. 

Rotarod test. 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice respectively. Motor 

coordination and balance of mice was examined by Rotarod test after 7 and 10 weeks. a Slight 

reduction of the latency to fall and the speed when falling were observed in the MG-treated mice 

after 7 weeks treatment. Data correspond to the mean and SEM of 10 mice in control group and 20 

mice in MG-treated group. b Significantly reduced latency to fall and the speed when falling of the 

MG-treated group were observed after 10 weeks treatment. i Graph indicated the latency to fall in 

second of mice. ii Graph indicated the speed when falling of mice. Data correspond to the mean and 

SEM of 10 mice in control group and 15 mice in MG-treated group. *p < 0.05 in comparison to 

vehicle control.  

  

Figure 4b  

Effect of MG on motor coordination and balance in vivo after 10 weeks MG treatment. 
Rotarod test. 

(i) 

 

 

(ii) 

 

(i) 

 

 

Figure 4a  

Effect of MG on motor coordination and balance in vivo after 7 weeks MG treatment. 
Rotarod test. 

(ii) 

 



 

41 

 

3.3.2 MG induces neurodegenerative disorder-related psychiatric behavior 

in vivo 

3.3.2.1 Effect of MG on anxiety-like behavior 

To determine the effect of MG on anxiety-like behavior in vivo, the opened field 

test (OFT) was conducted after 7 and 10 weeks MG treatment. (Fig.5) The light-

dark box (LDB) test was conducted after 10 weeks MG treatment to further examine 

the effect of MG. (Fig. 6) 

 

 According to the OFT results after 7-week MG treatment (Fig. 5a), significantly 

reduced by around half of the total traveled distance, percentage of time spent in 

the inner zone, number of inner zone entries, and number of line crossing were 

observed in the MG-treated group than the control group, and the percentage of 

immobile time of the MG treated group was markedly increased by about 20% than 

the control group. Similar results were observed in the OFT demonstrated after 10 

weeks MG treatment (Fig. 5b).  

  



 

42 

 

Figure 5 Effect of MG on anxiety-like behavior in vivo after 7 / 10 weeks MG treatment. OFT 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice respectively. Anxiety-

like behavior of mice was examined by open field test after 7 and 10 weeks. Significant differences 

of all tested parameters were observed between MG-treated group and the control group after a 7 

weeks treatment. Data correspond to the mean and SEM of 10 mice in control group and 20 mice in 

MG-treated group. b 10 weeks treatment. Data correspond to the mean and SEM of 10 mice in 

control group and 15 mice in MG-treated group. i Graph indicated the total traveled distance of mice. 

ii Graph indicated the percentage of time spent in the inner zone of mice. iii Graph indicated the 

number of inner zone entries of mice. iv Graph indicated the number of line crossing of mice. v 

Graph indicated the percentage of immobile time of mice. vi Representative track plots of mice. **p 

< 0.01, ***p < 0.001 versus the vehicle control.  
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Figure 5a  

Effect of MG on anxiety-like behavior in vivo after 7 weeks MG treatment. OFT 

 

Figure 5b  

Effect of MG on anxiety-like behavior in vivo after 10 weeks MG treatment. OFT 
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For the LDB test (Fig.6), significantly increased percentage of time spent in the 

dark chamber by 15% of the MG-treated group (90.5 ± 2.13) then the control group 

(75.8± 2.83). Prolonged latency of the first light chamber entries were observed in 

the MG-treated group (11.3 ± 4.56 sec.) than in the control group (106 ± 21.5 sec.). 

And the number of light zone entries was markedly decreased by around 3 times in 

the MG group than the control group. Results of light/dark box test were consistent 

with that of the OFT, which suggested that MG could induce anxiety-like behavior.   
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Figure 6 Effect of MG on anxiety-like behavior in vivo. LDB test 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice respectively. Anxiety-

like behavior of mice was examined by light/dark box test after 10 weeks. Significant differences of 

all tested parameters were observed between MG-treated group and the control group after 10 weeks 

treatment. a Graph indicated the latency of the first light chamber entries of mice. b Graph indicated 

percentage of time spent in the dark chamber of mice. c Graph indicated the number of light zone 

entries of mice. d Representative track plots of mice. Data correspond to the mean and SEM of 10 

mice in control group and 15 mice in MG-treated group. **p < 0.01, ***p < 0.001 versus the vehicle 

control. 
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Figure 636  

Effect of MG on anxiety-like behavior in vivo. LDB test 
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3.3.2.2 Effect of MG on depressive-like behavior 

The force swim test (FST) was conducted after 7 and 10 weeks MG treatment to 

determine the effect of MG on the depressive-like behavior in vivo (Fig.7). The tail 

suspension test (TST) was conducted after 10 weeks MG treatment to further 

examine the effect of MG (Fig.8). 

 

According to the FST results, significantly increased immobile time can be 

observed not until 10 weeks MG treatment (Fig. 7b). The percentage of immobile 

time of the MG-treated group (77.6 ± 2.19) was about 10% longer than that of the 

control group (68.7 ± 2.42). 
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Figure 7 Effect of MG on depressive-like behavior in vivo after 7 / 10 weeks MG treatment. FST 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice respectively. 

Depressive-like behavior of mice was examined by forced swim test after 7 and 10 weeks. a Slight 

increase of the immobile time was observed in the MG-treated mice after 7 weeks treatment. Data 

correspond to the mean and SEM of 10 mice in control group and 20 mice in MG-treated group. b 

Significantly increased immobile time of the MG-treated group was observed after 10 weeks 

treatment. Data correspond to the mean and SEM of 10 mice in control group and 15 mice in MG-

treated group. *p < 0.05 versus the vehicle control. 

  

Figure 7a  

Effect of MG on depressive-like behavior in vivo after 7 weeks MG treatment. FST 

 

Figure 7b  

Effect of MG on depressive-like behavior in vivo after 10 weeks MG treatment. FST 
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For the TST conducted after 10-week MG treatment (Fig. 8), significant increase 

by around 20% in immobile time of the MG-treated group (35.4 ± 5.33) than the 

control group (57.2 ± 2.00) can be observed. Result of TST was consistent with that 

of the FST after 10 weeks MG treatment, which suggested that long-term MG 

accumulation could induce depressive-like behavior.  
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Figure 8 Effect of MG on depressive-like behavior in vivo. TST 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice respectively. 

Depressive-like behavior of mice was examined by tail suspension test after 10 weeks. Significantly 

increased immobile time of the MG-treated group was observed after 10 weeks treatment. Data 

correspond to the mean and SEM of 10 mice in control group and 15 mice in MG-treated group. **p 

< 0.01 versus the vehicle control.  

  

Figure 8 

Effect of MG on depressive-like behavior in vivo. TST 
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3.4 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 (21). 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 hyperglycemic conditions (80). It is observed that the levels of 

MG in diabetes patients' erythrocytes are 15- to 25-fold higher than that of healthy 

individuals (81). Even in the absence of hyperglycemia, the accumulation of high 

concentrations of MG was considered to be sufficient for inducing diabetic 

complications (82). As an AGEs precursor, MG can turn into AGE inducing 

oxidative stress and contributing to neurodegeneration (74, 83). In AD, 

accumulation of AGEs was observed in brain cells, including, astrocytes and 

neurons, and was found to correlate with the existence of amyloid plaques and 

neurofibrillary tangles (NFTs) (84). Increased formation of AGEs and enhanced 

MG levels in the cerebrospinal fluid were also observed in AD and diabetes patients 

(85). In addition, increased cognitive decline is associated with up-regulation of 

serum MG levels in the elderly (86). MG was proposed to be a contributor of PD 

pathogenesis (87) by inducing macromolecular modifications, causing direct 

damage to the intracellular proteolytic apparatus, inducing proteins cross-linking, 

and producing and accumulating salsolinol-like product, 1-acetyl-6,7-dihydroxy-

1,2,3,4-tetrahydroisoquinaline (ADTIQ), in the brain through reacting with 

dopamine (88). Research on the involvement of MG level modulation in anxiety 

and depression is relatively fewer (89) (90). These studies suggest that MG could 

be a key factor in the pathogenesis of diabetes-related neurodegeneration. 
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Although studies are indicating the possible effect of MG on the modulation of 

behavioral patterns, including memory, cognition, and executive function (75-79), 

motor coordination (89), anxiety-like behavior (89, 91) and depression (79, 90). For 

example, spatial memory impairment was observed in 3-month-old male rats after 

a single intravenous MG injection (75) One study showed that alteration in 

cognitive function was not significant in rats after 12 months of 0.5% MG drinking 

water treatment (76), and another study showed that memory decline was observed 

in mice after 4 weeks of 1% MG drinking water treatment (77). A study 

demonstrated that 6-day intracerebroventricular (i.c.v.) MG injections (3 

µmol/µL/day) would induce cognitive decline, diminish anxiety-related behavior, 

and have no alteration in locomotion behavior (78). Memory impairment and 

depressive-like behavior were observed in 3-month-old mice after acute (90 min), 

7 and 10 days i.p. MG injection (10-200 mg/kg) (79). Another study demonstrated 

that 6-day i.c.v MG injection to mice would reduce anxiety- and depressive-like 

behavior (91). Acute high dose single intraperitoneal injection of MG also results 

in similar anxiolytic effect, sedative effects, and locomotor depression (89). 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 in our previous 

paper (92). MG is unavoidably produced within the mammalian cells and it is 

elevated by the hyperglycemic condition in DM. In type 2 diabetic patients, the MG 

plasma concentration could be as high as 0.4 mM. While the MG level could be 
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slightly lower in the cerebrospinal fluid than in the plasma. Yet, MG could be 

generated at a correspondingly increased rate raising the local MG concentration 

because of the high metabolic activity involving glucose in neural cells together 

with the decreased glyoxalase activity due to DM or AD. Moreover, the basal 

metabolic activity is higher in small rodents than that in human which the 

production rate of MG may also be correspondingly higher. Therefore, the 

concentration of methylglyoxal used in our report is likely to be representative of 

that seen in clinical situations. To eliminate any possible additional effect due to 

aging and highlight the effect of MG, 5-week-old young-aged mice, approximately 

corresponding to humans aged before 25 (93), 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 (94). Long-term 

exposure to MG, for up to 11 weeks, was designed to imitate the accumulation of 

MG in DM patients due to chronic hyperglycemia-induced metabolic dysfunction. 

Different behavioral experiments according to the respective diseases were 

performed at two time points to access the effect of MG on the disease progression 

and to compare the performance of the animals in the test under different duration 

of MG treatment. 

 

For the behavioral test of AD, according to our MWM experiment results, MG-

treated mice have a markedly longer escape latency than that of the control group 

(Fig.3a). 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 9-week MG treatment (Fig.3b). These results were consistent with 

studies that also demonstrate the effect of MG in inducing memory impairment, 
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more importantly, we further highlighted the long-term effect of MG in a non-aging 

model implying chronic hyperglycemia-induced MG accumulation could induce 

spatial learning ability impairment and cognition decline leading to AD. 

 

Although DM was considered to be a risk of PD and the pathological pathways 

were found alike between DM and PD, there is limited concrete evidence 

demonstrating MG could exhibit the behavioral pattern of PD. According to the 

Rotarod test results, there is no significant reduction of latency to fall off and the 

corresponding speed observed in the MG-treated group until 10 weeks of MG 

treatment (Fig.4a, b). These results provide a clue that the pathogenesis of DM-

induced PD through the accumulation of MG could be a long process. 

 

Our results also demonstrated that MG could induce neurodegenerative disorder-

related psychiatric behavior in vivo. From the OFT (Fig. 5) and the LDB test (Fig.6) 

conducted after 7- and 10-week MG treatment, significant differences in various 

tested parameters in the experiments were observed between the MG-treated and 

the control group. The result was quite obvious in pointing that chronic MG 

treatment would induce anxiety-like behavior, which the observation is opposing 

some of the studies suggesting that MG could have anxiolytic and sedative effects 

(89, 91). The contradiction may be due to different administration method and 

duration that some of the studies demonstrated the anti-anxiety effect of MG were 

by acute treatment with a relatively higher dosage. In addition to the recent reports 

showing the beneficial effects of acute MG treatment, our findings suggest that 

prolonged MG accumulation could induce anxiety-like behavior. 
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For the exanimation of the effect of MG on depressive-like behavior FST (Fig. 7) 

and TST (Fig. 8) were conducted. According to the FST result, an increase in the 

immobile time is observed only after 10-week MG treatment, while a significant 

elevation of immobile time is observed in the TST. Our findings were in line with 

some of the recent report demonstrating MG could induce depressive-like behavior 

(79), yet in a more clinically comparable model which imitate chronic MG 

accumulation in the pathological condition in DM. 
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3.5 Conclusion 

 

To conclude, our data demonstrated that long-term MG accumulation could 

modulate behavioral patterns, including the induction of spatial learning ability 

impairment and cognition decline leading to Alzheimer’s disease, motor 

coordination and balance impairment leading to Parkinson’s disease, anxiety- and 

depressive-like behavior leading to psychiatric disorders in a more clinically 

comparable in vivo model. We suggest that DM-induced chronic MG upregulation 

plays a significant role in the pathogenesis of neurodegenerative disorders and their 

related psychiatric symptoms.  
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Chapter 4 The role of astrocytes in diabetes-induced neurodegenerative 

disorder – Alzheimer’s disease  

4.1 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 significant comorbidity of 

diabetes (95). DM patients have a markedly greater chance of developing the 

neurodegenerative disorder, mainly Alzheimer’s disease (AD) (96), 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. Compared with neurons, there are much fewer studies targeting 

astrocytes as a significant candidate participating in the pathological progression of 

AD. Yet, increasing evidence shows the significant role of astrocytes in the CNS 

and the development of neuronal diseases (97). This gives us a reasonable 

foundation for investigating the participation of astrocytes in diabetes-related 

neurodegeneration. 

 

Astrocytes are the most numerous specialized glial type cells in the CNS, and 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 
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secreting nutrients and maintaining a microenvironment to support and protect 

neurons, healthy astrocytes regulate extracellular ion concentrations, monitor 

synaptic remodeling, and maintain protective barriers, including glia limitans, glial 

scars, and blood-brain barrier (51). They also take a crucial part in controlling the 

inflammatory activity in the brain. (98). 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 and protective function and gain toxic function. (49) (54) Reactive 

astrocytes lead to neuroinflammation and neuronal dysfunction by becoming 

neurotoxic due to their production of pro-inflammatory cytokine and reactive 

oxygen species (ROS) (99). An increase of reactive astrocytes is often correlated 

with cognitive decline (100). Recent studies have confirmed that astrocytes also 

contribute to the formation of AD’s hallmarks (101), and astrogliosis appears in 

multiple areas in the brain with DM (102) and AD (103). 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 (16). It is maintained at a low level in healthy 

individuals. Increased formation and accumulation of MG often occur under 

metabolic disorders, including DM which is associated with hyperglycemia, also 

with aging (70). In the plasma of diabetic individuals, there is a significantly 

elevated MG level (21). MG induces cross-linking of protein, cellular damage (19) 



 

57 

 

and takes an essential role in the pathogenesis of various neurodegenerative 

disorders through inducing oxidative stress and ROS production (77). Elevated MG 

level in AD patients was also observed (85). 

 

MAPK signaling cascade is a significant candidate for regulating the initiation of 

inflammatory responses. Our previous studies have demonstrated that MG 

promotes neuroinflammatory responses and JNK activation in astrocytes (92). 

However, the JNK pathway was found to only contribute to part of the development 

of neuroinflammation, via TNF-α, among the tested inflammatory markers 

implying that other mechanisms are also involved. Growing evidence shows that 

the ERK pathway is also a critical regulator of pro-inflammatory activation (104). 

ERK kinase, which consists of ERK 1 and 2, is one of the members of the MAPK 

signaling modules. Apart from regulation of the inflammatory cytokine genes, 

activation of ERK1/2 also takes part in regulating neuronal function as well as the 

development of neurodegenerative disorders (105). More importantly, it was 

suggested that ERK1/2 was the only MAPK pathway signaling protein that 

correlated strongly with neuropathology (106-107). Rising evidence suggests that 

ERK1/2 has an important role in the CNS, by regulating synaptic plasticity, neural 

survival, neuroinflammation, learning and memory. Moreover, abnormal elevated 

ERK1/2 levels have been found in the brain of patients with AD which may damage 

hippocampal function leading to memory impairment (108). ERK1/2 is one of the 

kinases that has been linked to NFTs and senile plaques and has been demonstrated 

to phosphorylate tau (109). The link between ERK1/2 and neurodegenerative 

diseases demonstrates the importance of studying the pathway.  
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In this study, therefore, consistent with the hypothesis of hyperglycemia-induced 

MG would damage astrocytes causing neuroinflammation and thus leading to 

neurodegenerative disorder, we further investigated the involvement of the ERK 

pathway. Furthermore, the harmful role of reactive astrocytes towards neurons was 

investigated by the use of MG-ACM.  

 

In line with our previous study, our findings further implied that the ERK pathway 

plays an essential role in diabetes-related neuroinflammation and 

neurodegeneration. Crucial 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. In addition, MG-ACM was found to be 

able to increase pro-inflammatory cytokines and essential AD markers in neuronal 

cells. These findings implicate the close linkage between DM and AD through the 

MG-activated ERK pathway in reactive astrocytes. Further investigation of the 

underlying mechanism in detail could benefit the development of therapeutic 

strategies regarding diabetes-induced AD. 
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4.2 Objectives 

1. To investigate the effect of MG on astrocytes in vivo 

Long-term MG treatment was applied to young-aged mice, hippocampus were then 

collected. RT-PCR and Western blotting were used to examine the expression of 

astrocytic markers, pro-inflammatory markers, AD-related markers and the 

pathway molecules. 

 

2. To investigate the effect of MG on astrocytes in vitro 

Astrocytic cell line was treated with MG. RT-PCR and Western blotting were used 

to examine the gene expression of astrocytic markers, pro-inflammatory markers, 

disease-related markers, apoptotic markers, and matrix metalloproteinases.  

 

3. To investigate the effect of MG on ERK pathway in astrocytes 

Astrocytic cell line was treated with MG and Western blotting was used to examine 

the ERK pathway molecules. ERK upstream kinase MEK inhibitor was applied to 

the cells prior to MG treatment, RT-PCR was used to examine the gene expression 

of astrocytic markers, pro-inflammatory markers, disease-related markers, and 

apoptotic markers. 

 

4. To investigate the effect of MG-ACM on neuronal cells 

Neuronal cell was treated with MG-astrocytes condition medium. RT-PCR was 

used to examine the gene expression of pro-inflammatory markers and disease-

related markers. 
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4.3 Results  

4.3.1 Effect of MG on astrocytes in vivo 

4.3.1.1 MG induces astrogliosis and Aβ accumulation in hippocampus of 

mice 

Half brains of the mice were extracted and fixed after 11-week MG injection to 

investigate the effect of MG on GFAP and Aβ expression in vivo. IHC staining of 

visualization of GFAP (Fig.9) and IF staining of visualization of GFAP and Aβ 

(Fig.10) was performed. 

 

According to the photomicrographs of the IHC staining, GFAP was strongly 

expressed by the reactive astrocytes in the MG-treat mice. While GFAP expression 

was less observable in the normal group.  
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Figure 9 Effect of MG on GFAP expression in hippocampus of mice. IHC  

MG solution (60 mg/kg) or vehicle solution were administrated into the mice for 11 weeks 

respectively. a Representative photomicrographs showing the immunohistochemistry staining for 

GFAP (indicated by red arrow) in the hippocampus of mice in each group. One representative panel 

per group out of 4 mice is shown. b Bar graph indicates quantified result in relative fold change of 

pixel count of reactive astrocytes. Data correspond to the mean and SEM of 4 mice in each group. 

**p< 0.01 versus the vehicle control. 

  

Figure 959  

Effect of MG on GFAP expression in hippocampus of mice. IHC 

 

Figure 60  

Effect of MG on GFAP expression in hippocampus of mice. IHC 

 

Figure 61  

Effect of MG on GFAP expression in hippocampus of mice. IHC 

 

Figure 62  

Effect of MG on GFAP expression in hippocampus of mice. IHC 

Control 

 

MG 

 

(b) 
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For the IF staining, photomicrographs show that the reactive astrocytes in the MG-

treated group have a stronger GFAP and Aβ immunoreactivity than that in the 

normal group. These results suggest that abnormal MG accumulation could induce 

astrogliosis and c ontribute to Aβ deposition.  
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Figure 10 Effect of MG on GFAP and Aβ expression in hippocampus of mice. IF 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice for 11 weeks 

respectively. a Representative photomicrographs showing the immunofluorescence staining for 

GFAP (green) and Aβ (red) in the hippocampus of mice in each group. One representative panel per 

group out of 4 mice is shown. b Bar graph indicates quantified result in relative fold change of 

fluorescence intensity. Data correspond to the mean and SEM of 4 mice in each group. *p< 0.05, 

**p< 0.01 versus the vehicle control.  

Figure 1063  

Effect of MG on GFAP and Aβ expression in hippocampus of mice. IF 

 

Figure 64  

Effect of MG on GFAP and Aβ expression in hippocampus of mice. IF 

 

Figure 65  

Effect of MG on GFAP and Aβ expression in hippocampus of mice. IF 

 

Figure 66  

Effect of MG on GFAP and Aβ expression in hippocampus of mice. IF 
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4.3.1.2 MG induces astrogliosis and ERK pathway activation in 

hippocampus of mice 

Hippocampi were extracted after an 11-week MG injection for western blotting 

analysis to examine the effect of MG on the GFAP and p-ERK protein expression 

in vivo.  

 

According to the result, a significant increase in GFAP protein expression up to 

around 2 times was found in the hippocampus of MG-treated mice than that of the 

control group. The expression of phosphorylated ERK were also markedly raised 

by around 2 times in the hippocampus of MG-treated mice. These results suggest 

that long-term MG exposure could induce astrogliosis, which echoes the staining 

results, and that long-term MG could activate ERK pathway. 

 

  



 

65 

 

 

Figure 11 Effect of MG on GFAP and ERK protein expression in hippocampus of mice 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice for 11 weeks 

respectively. a Representative blots of GFAP and p-ERK expression in hippocampus of the two 

animal groups in relation to beta-actin and ERK respectively. b Bar graph indicates quantified result 

in percentage. Data correspond to the mean and SEM of 6 mice in each group. *p< 0.05, **p< 0.01 

versus the vehicle control.  
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Figure 11  

Effect of MG on GFAP and ERK protein expression in hippocampus of mice. 
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4.3.1.3 MG induces astrogliosis, inflammatory response, and AD-related 

markers alteration in the hippocampus of mice 

The extracted hippocampi after 11-week MG injection were further examined by 

RT-PCR to determine the effect of MG on the mRNA expressions of different 

markers, including astrocytic markers, pro-inflammatory markers, and AD-related 

markers.  

 

According to the results, the mRNA expression of an astrocytic marker GFAP and 

S100B, TGF-β were significantly increased by approximately 2-fold (Fig. 11a). Up-

regulation of the mRNA expression of pro-inflammatory cytokines (Fig. 11b), TNF-

α (3.25±0.822), IL-1β (1.77±0.219), and IL-6 (4.91±1.32) were also observed. For 

the AD-related markers (Fig. 11c), APP, BACE1, PS1, ApoE, HO-1, and HIF-1α 

were markedly elevated by around or more than 1.5-fold, while BDNF was 

significantly decreased to around 0.5-fold in the hippocampus of 11-week MG-

treated mice. These results suggest that long term MG accumulation could cause 

astrocytes activation, inflammatory responses, and alteration in AD-related markers.  
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Figure 12 Effect of MG on mRNA expression on astrocytic marker, inflammatory markers, and 

AD-related markers in hippocampus of mice 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice for 11 weeks 

respectively. a Gene expressions of astrocytic marker and TGF-β, b inflammatory cytokines, and c 

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. *p< 0.05, **p< 0.01 versus the vehicle 

control. 

  

(a) 

 

(b) 

(c) 

Figure 1275  

Effect of MG on mRNA expression of astrocytic marker, inflammatory markers, and AD-
related markers in hippocampus of mice 
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4.3.2 Effect of MG on astrocytes in vitro 

4.3.2.1 MG induces cytotoxicity in DITNC1 cells 

Cytotoxicity of MG in astrocytes culture is determined through MTT assay. 

Different concentrations of MG (50-550 uM) were incubated with DITNC1 cultures 

cells for 24 hours. Result shows that the cytotoxicity of MG in DITNC1 cells was 

in a dose-dependent manner, which the viability of the cells decreases as the 

concentration of MG increases. The cell viability significantly dropped to around 

88% at 150 µM MG, and to around 68% when MG concentration reached 300 µM. 

300 μM was considered to be the effective concentration of MG for DITNC1 culture. 

MG concentration of 150, 300 μM will be applied to conduct other assay to show 

the dose-dependent effect of MG. 
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Figure 13 Effect of MG on cell viability of DITNC1 cell 

Cells were treated the indicated concentrations of MG for 24 hours. The cell viability of DTNC1was 

assessed by MTT assay (n = 5). Results are presented as means ± SEM, ***p < 0.001 versus the 

vehicle control. 

  

Figure 1384  

Effect of MG on cell viability of DITNC1 cell 

 

Figure 85  

Effect of MG on GFAP protein expression of DITNC1 cellFigure 86  

Effect of MG on cell viability of DITNC1 cell 

 

Figure 87  

Effect of MG on GFAP protein expression of DITNC1 cell 

 

Figure 88  

Effect of MG on GFAP protein expression of DITNC1 cellFigure 89  

Effect of MG on cell viability of DITNC1 cell 

 

Figure 90  

Effect of MG on GFAP protein expression of DITNC1 cellFigure 91  

Effect of MG on cell viability of DITNC1 cell 
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4.3.2.2 MG induces astrogliosis in DITNC1 cells 

GFAP protein expression in DITNC1 cells was investigated using Western blot after 

24 hours MG treatment to further examine the occurrence of astrogliosis. Result 

shows that GFAP in DITNC1 cells is significantly increased to about 200% and 

250% when challenge by 150 μM and 300 μM MG respectively, where the 

upregulation is in a dose-dependent manner. The result implied that MG induces 

astrocytic dysfunction in in vitro DITNC1 cultures, and the severity is correlated 

with MG concentration.  
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Figure 14 Effect of MG on GFAP protein expression of DITNC1 cell 

GFAP expression of DITNC1 was examined by Western blot and was significantly increased after 

MG treatment. a Representative blots of GFAP expression at different concentrations of MG in 

relation to beta-actin. b Bar graph indicates quantified result in percentage. (n=7) Results are 

presented as means ± SEM, **p < 0.01, ***p < 0.001 versus the vehicle control. 

  

Figure 1492  

Effect of MG on GFAP protein expression of DITNC1 cell 
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4.3.2.3 MG activates astrocytic markers and pro-inflammatory responses 

on DITNC1 cells 

The gene expression of astrocytic markers were further examined through RT-PCR 

analysis to confirm the effect of MG on astrocytes culture (Fig. 15). mRNA 

expression of different inflammatory mediators, IL-1β, IL-6, TNF-α, and COX-2, 

in DITNC1 cells after 24 hours MG treatment were also examined to determine the 

effect of MG on inflammation (Fig.16)  

 

In line with the Western blotting results, mRNA expression of GFAP increased to 

around 2.5-fold significantly after 300 μM MG treatment implying the occurrence 

of astrogliosis. The other astrocytes activation-related markers, S100B and TGF-β 

were also increased to about 2-fold when MG concentration reached 300 μM (Fig. 

14). These results reinforced the idea that MG could induce astrogliosis causing 

dysfunction of astrocytes cell. 

 

  



 

73 

 

Figure 15 Effect of MG on astrocytic markers and TGF-β mRNA expressions of DITNC1 cells 

Cells were treated the indicated concentrations of MG for 24 hours. The mRNA expression of 

DITNC1 were assessed by RT-PCR. a astrocytic marker b TGF-β. Beta-actin was used as mRNA 

internal control. Results are presented as means ± SEM, *p< 0.05, **p < 0.01, and ***p < 0.001 

versus the vehicle control. (n = 8) 

Figure 1596  

Effect of MG on astrocytic markers and TGF-β mRNA expressions of DITNC1 cells 

 

Figure 97  

Effect of MG on astrocytic markers and TGF-β mRNA expressions of DITNC1 cells 

 

Figure 98  

Effect of MG on astrocytic markers and TGF-β mRNA expressions of DITNC1 cells 

 

Figure 99  

Effect of MG on astrocytic markers and TGF-β mRNA expressions of DITNC1 cells 
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For the RT-PCT result of inflammatory mediators, all tested markers show 

significant increase for 2-fold or above in mRNA expression as MG treatment 

concentration increases to 300 μM (Fig. 16). These results implied that MG could 

induce pro-inflammatory response and neuroinflammation may be involved in 

diabetes-related neurodegeneration when astrocytes were challenged by MG 
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Figure 16 Effect of MG on pro-inflammatory cytokines and enzyme mRNA expressions of DITNC1 

cells 

Cells were treated the indicated concentrations of MG for 24 hours. The mRNA expression of 

DITNC1 were assessed by RT-PCR. a pro-inflammatory cytokines b pro-inflammatory enzyme. 

Beta-actin was used as mRNA internal control. Results are presented as means ± SEM, **p < 0.01, 

and ***p < 0.001 versus the vehicle control. (n = 8) 

  

Figure 16 

Effect of MG on pro-inflammatory cytokines and enzyme mRNA expressions of DITNC1 
cells 

 

Figure 104  

Effect of MG on pro-inflammatory cytokines and enzyme mRNA expressions of DITNC1 
cells 

 

Figure 105  

Effect of MG on pro-inflammatory cytokines and enzyme mRNA expressions of DITNC1 
cells 

 

Figure 106  

Effect of MG on pro-inflammatory cytokines and enzyme mRNA expressions of DITNC1 
cells 
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4.3.2.4 MG alters AD’s related markers mRNA expressions on DITNC1 cells 

To study the effect of MG on the development of Alzheimer’s disease, gene 

expression of different AD-related markers in DITNC1 cells after 24 hours MG 

treatment were examined through RT-PCR analysis. 

 

According to the results, the mRNA expression of BDNF decreases to around 0.75-

fold as MG concentration increases to 300 μM. All the other markers show a 

significant increase in mRNA expression as MG treatment concentration increases 

to 300 μM, which HO-1 increases to over 3-fold; APP and BACE-1increase to about 

2.5-fold; ApoE increases to around 1.75-fold; PS-1 and HIF-1α increase to near 1.5-

fold of mRNA expression. These results suggested that MG-challenged astrocytes 

could contribute to the development of AD directly. 
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Figure 17 Effect of MG on AD’s related markers mRNA expressions on DITNC1 cells 

Cells were treated the indicated concentrations of MG for 24 hours. The AD’s markers mRNA 

expression of DITNC1were assessed by RT-PCR (n = 5). 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 

control. 

  

Figure 17 

Effect of MG on AD’s related markers mRNA expressions on DITNC1 cells 

 

Figure 112  

Effect of MG on matrix metalloproteinase mRNA expressions of DITNC1 
cellsFigure 113  

Effect of MG on AD’s related markers mRNA expressions on DITNC1 cells 

 

Figure 114  

Effect of MG on matrix metalloproteinase mRNA expressions of DITNC1 
cells 

 

Figure 115  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 
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4.3.2.5 MG increases matrix metalloproteinase mRNA expressions on 

DITNC1 cells 

The effect of MG on the selected matrix metalloproteinase mRNA expressions in 

DITNC1 cells after 24 hours MG treatment were examined using RT-PCR. It is 

observed that the mRNA expression of MMP-2, 3, 9 have a significant increase of 

up to 3-fold as MG concentration increases, implying MG could activate matrix 

metalloproteinases in astrocytes. 
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Figure 18 Effect of MG on matrix metalloproteinase mRNA expressions of DITNC1 cells 

Cells were treated with the indicated concentrations of MG for 24 hours. The matrix 

metalloproteinase mRNA expressions were assessed by RT-PCR. Beta-actin was used as mRNA 

internal control. Results are presented as means ± SEM, *p< 0.05, ***p < 0.001 versus the control. 

(n = 8) 

  

Figure 120  

Effect of MG on matrix metalloproteinase mRNA expressions of DITNC1 cells 

 

Figure 121  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cellsFigure 122  

Effect of MG on matrix metalloproteinase mRNA expressions of DITNC1 cells 

 

Figure 123  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cells 

 

Figure 124  

Effects of MG on ERK pathway molecule of DITNC1 cellsFigure 125  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cellsFigure 126  

Effect of MG on matrix metalloproteinase mRNA expressions of DITNC1 cells 

 

Figure 127  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cellsFigure 128  

Effect of MG on matrix metalloproteinase mRNA expressions of DITNC1 cells 
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4.3.2.6 MG alters apoptotic markers mRNA expressions on DITNC1 cells 

mRNA expression of apoptotic markers in DITNC1 cells after 24 hours MG 

treatment was examined using RT-PCR to study the effect of MG on apoptosis in 

astrocytes. According to the results, significant increase in Bax mRNA expression 

to over 1.5-fold and significant decrease in Bcl-2 mRNA expression to around 0.75-

fold were observed when MG concentration reaches 300 µM, which Bax/Bcl-2 ratio 

increased to around 3-fold. These results implied that MG could alter Bax/Bcl-2 

ratio and induce apoptosis in astrocytes culture.  
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Figure 19 Effect of MG on apoptotic markers mRNA expressions of DITNC1 cells  

Cells were treated with the indicated concentrations of MG for 24 hours. The apoptotic markers 

mRNA expressions were assessed by RT-PCR. Beta-actin was used as mRNA internal control. 

Results are presented as means ± SEM, *p< 0.05, and ** p < 0.01 versus the control. (n = 8) 

  

Figure 19129  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cells 

 

Figure 130  

Effects of MG on ERK pathway molecule of DITNC1 cellsFigure 131  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cells 

 

Figure 132  

Effects of MG on ERK pathway molecule of DITNC1 cells 

 

Figure 133  

Effects of MG on ERK pathway molecule of DITNC1 cellsFigure 134  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cells 

 

Figure 135  

Effects of MG on ERK pathway molecule of DITNC1 cellsFigure 136  

Effect of MG on apoptotic markers mRNA expressions of DITNC1 cells 
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4.3.3 Effect of MG on ERK pathway in astrocytes 

4.3.3.1 MG activates ERK pathway on DTNC1 cells 

Protein expressions were analyzed by Western blot to examine the influence of MG 

to the function of astrocytes through cellular pathways. DITNC1 cells were treated 

with different concentration of MG for 24 hours and the phosphorylation of ERK 

was examined, with ERK as the endogenous control. From the result, significant 

increase of phosphorylation of ERK molecules to around 170% and almost 250% 

were observed after 150 µM and 300 µM MG treatment respectively. These results 

suggested that MG could activate ERK pathway in reactive astrocytes.  
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Figure 20 Effects of MG on ERK pathway molecule of DITNC1 cells 

Cells were treated the indicated concentrations of MG for 24 hours. P-ERK expression of 

DITNC1were assessed by Western blot with ERK as the endogenous control a Representative blots 

of p-ERK expression at different concentrations of MG in relation to ERK. b Bar graph indicates 

quantified result in percentage. Results are presented as means ± SEM, **p < 0.01, and ***p < 0.001 

versus the vehicle control. (n = 10) 

  

Figure 20 

Effects of MG on ERK pathway molecule of DITNC1 cells 
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4.3.3.2 ERK inhibition normalizes mRNA expression of astrocytic markers, 

inflammatory markers, AD-related markers, and apoptotic markers 

on DITNC1 cells 

To further examine the importance of the ERK pathway to astrocytic markers (Fig. 

21a), pro-inflammatory responses (Fig. 21b), AD-related markers ((Fig. 21c), and 

apoptotic markers (Fig. 21d) in astrocytes, ERK upstream kinase MEK inhibitor 

PD98059 was applied to DITNC1 cells 2 hours before MG treatment. 

 

According to the RT-PCR results, mRNA expression of the listed markers, except 

Bcl-2, were markedly increased to at least 1.5-fold after MG treatment alone, trend 

of down-regulation of the markers were observed after inhibitor pre-treatment 

treatment. While mRNA expression of Bcl-2 was decreased to around 0.5-fold after 

MG treatment and trend of up-regulation of the expression was observed after 

inhibitor pre-treatment treatment. These results suggested that ERK may play a role 

in regulating astrogliosis, inflammation, Aβ formation and apoptosis, while ERK 

inhibition could normalized the effect of MG. 
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Figure 21 Effects of ERK inhibitor on astrocytic markers, inflammatory markers AD-related markers 

and apoptotic markers mRNA expressions of DITNC1 cells 

Cells were incubated with 20 μM of PD98059 for 2 hours prior to 300 μM MG treatment. Cells were 

then harvested after 24 hours MG treatment. mRNA expression of a astrocytic marker and TGF-β 

(n=6) b inflammatory markers (n=6) c AD-related markers (n=4) d apoptotic markers (n=3) in 

DITNC1 cells were assessed by RT-PCR. Beta-actin was used as mRNA internal control. 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. 

  

Figure 21 

Effects of ERK inhibitor on astrocytic markers, inflammatory markers AD-related 
markers and apoptotic markers mRNA expressions of DITNC1 cells 
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4.3.4 Effect of MG-ACM on neuronal cell  

4.3.4.1 Differentiation length of PC12 cell 

To determine the effective differentiation length of PC12 cell using nerve growth 

factor (NGF), neuronal marker, NeuN, expression of the cells was examined by 

Western blot after PC12 cells were incubated with the differentiation medium for 0, 

5 and 10 days. 

 

According to the result, the NeuN expression of the PC12 cells was markedly 

increased to nearly 1000% after incubating with NGF medium. There is no 

significant different of the NeuN expression observed after 5 and 10 days 

differentiation. 5 days was considered as the effective length of complete 

differentiation of PC12 cells into mature neuron cells. 
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Figure 22 Effect of NGF on the differentiation length of PC12 cell  

PC12 cells were treated with medium with 100ng/mL nerve growth factor for 0, 5, 10 days. The 

neuron biomarker NeuN protein expression of PC12 was assessed by Western blot. a Representative 

blots of NeuN expression at different length of differentiation in relation to beta-actin. b Bar graph 

indicates quantified result in percentage. Results are presented as means ± SEM, **p < 0.01 in 

comparison to vehicle control. (n=5) 

  

Figure 22 

Effect of NGF on the differentiation length of  PC12 cell  
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4.3.4.2 MG-astrocytes condition medium increases pro-inflammatory and 

AD-related markers mRNA expressions in differentiated PC12 cells 

To study the interaction between astrocytes and neurons, astrocytes condition 

medium (ACM) was applied to well-differentiated PC12 cells. Gene expression of 

inflammatory markers and AD-related markers in neuron cells were examined 

through RT-PCR analysis after 24 hours MG-ACM treatment.  

 

According to the results, significant increase of mRNA expressions of the tested 

markers in the differentiated PC12 cells after incubating with 300 µM MG-ACM 

were observed, including IL-1β (2.96-fold), IL-6 (5.00-fold), TNF-α (8.80-fold), 

COX-2 (4.30-fold), APP (4.30-fold), and BACE-1 (1.22-fold). However, there is no 

significant different of the mRNA expression observed between 0 µM MG-ACM 

treatment and the vehicle control implying ACM alone would not cause significant 

effect on the neuron cells. These results suggest that MG-induced activated 

astrocytes would cause pro-inflammatory response and AD-related markers 

activation in neuron cells. 
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Figure 23 Effect of MG-astrocytes condition medium on pro-inflammatory and AD-related markers 

mRNA expressions of PC12 cells 

Well-differentiated PC12 cells were incubated with the indicated concentration of MG-ACM for 24 

hours. Well-differentiated PC12 cells that incubated with normal DMEM was considered as the 

vehicle control. mRNA expression of a inflammatory markers (n=4) b AD-related markers (n=4) in 

PC12 cells were assessed by RT-PCR. 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. 

  

Figure 23 

Effect of MG-astrocytes condition medium on pro-inflammatory and AD-related markers 
mRNA expressions  of PC12 cells 

 

Figure 150  

Effect of MG on the variety of gut microbiota in vivo after 11 weeks MG treatmentFigure 
151  

Effect of MG-astrocytes condition medium on pro-inflammatory and AD-related markers 
mRNA expressions  of PC12 cells 

 

Figure 152  

Effect of MG on the variety of gut microbiota in vivo after 11 weeks MG treatment 

 

Figure 153  

Effect of MG on the variety of gut microbiota in vivo after 11 weeks MG treatmentFigure 
154  

Effect of MG-astrocytes condition medium on pro-inflammatory and AD-related markers 
mRNA expressions  of PC12 cells 
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4.4 Discussion 

Increasing research has studied and recognized the role of MG in DM and diabetic 

complications, including neurodegenerative disorders. DM-induced hyperglycemic 

conditions escalate MG fragmentation, as the rate of glycolysis was interrupted (80), 

leading to abnormal elevated accumulation of MG in DM patients (21). The high 

MG concentrations were considered to be adequate for inducing diabetic 

complications even without hyperglycemia (82). It is reported that MG could lead 

to neurodegeneration through various mechanisms, including, for example, 

promoting oxidative stress, and turning into AGEs (74, 83). The aggregation of 

AGEs in brain cells, such as astrocytes and neurons, has been linked to the 

occurrence of neurofibrillary tangles (NFTs) and amyloid plaques in AD. (84) It is 

observed in both DM and AD patients that the MG level is significantly increased 

in the cerebrospinal fluid (85). In the aging population, moreover, association was 

found between up-regulation of serum MG levels and enhanced cognitive decline 

(86). These studies implied that MG plays a critical role in the cause of diabetic 

neurodegeneration. 300 μM was considered as the effective concentration of MG 

and was used to determine the effect of MG in different assays. The MG dosage 

used in this report was likely to represent the clinical situation as briefly described 

in our previous paper (95). Hyperglycemic condition in DM accelerates the 

production of MG. The plasma concentration of MG could be as high as 0.4 mM 

and the level could be slightly lower in the cerebrospinal fluid which is close to our 

experimental value.  

 

Astrocytes are specialized glial cells that can be found throughout the CNS regions 

and make up about a third of the total CNS cell population (110). Astrocytes 
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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 (100). S100B is 

another astrocyte biomarker and established harmful effects under astrogliosis 

causing neuronal apoptosis and its increase is found in the diseased brain of AD 

(111). Furthermore, neuroinflammation takes an essential part in the development 

of AD. AD patients have a raised 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 

markers, including IL-1β, IL-6, TNF-α (112), and COX-2, an enzyme producing 

pro-inflammatory mediators (113). Meanwhile, TGF-β is typically upregulated in 

chronic neurodegeneration and neuroinflammation (114). Being the major cause of 

the astroglial scar formation, fibrosis and sclerosis, TGF-β directly increases GFAP 

transcription in astrocytes. Extensive astrogliosis promoted by the presence of 

elevated TGF-β would hasten the pathogenesis of neurodegenerative disorder (115). 

 

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 (95). Results of the dose-dependent effect of MG on 

astrocytes cells shown in this report, that MG induces cytotoxicity (Fig. 13), 

astrogliosis (Fig.14, 15), and up-regulates pro-inflammatory responses (Fig. 16) in 

astrocytes cells, were in line with our previous findings. Consistent in vivo results 
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were also demonstrated (Fig. 11, 12a, 12b). IHC visualization of increased GFAP 

expression of reactive astrocytes in the hippocampus of MG-treated mice supports 

that MG could aggravate astrogliosis (Fig. 9). 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 β-amyloid (Aβ). While Aβ is formed by cleavage of APP by the 

enzymes BACE1 then by γ-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 Aβ. However, studies 

have confirmed the contribution of astrocytes to Aβ formation that both APP and 

BACE1 also express in high levels in reactive astrocytes (105). 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-1β (116) and TGF-β (117). 

While upregulation of BACE-1 may be promoted by TNF-α, and other 

inflammatory mediators and pathways, including NF-kB (118), JAK2, and ERK1/2 

signaling (119). Mutations in the PSEN1 gene, encoding presenilin-1 (PS1), also 

take a part in Aβ production. Being the catalytic subunit of the γ -secretase 

complex, PS1 plays a role in the cleavage of APP. It has been suggested that PSEN1 

mutations increase the ratio of Aβ42/Aβ40 thus leading to neurodegeneration and 

dementia (26). 

 

Considering the contribution of astrocytes in Aβ formation and the involvement in 
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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, BACE1, and PS1 expression in astrocytes. According to our results, 

mRNA expression of the three markers in astrocytes cells was significantly 

increased after MG treatment (Fig.17). The three markers were also found up-

regulated in the hippocampus of mice after long-term MG treatment (Fig. 12c). 

Further, IF visualization of stronger GFAP and Aβ immunoreactivity in reactive 

astrocytes in the hippocampus of the MG-treated group were observed (Fig. 10). 

Taken together, these results implied that MG could contribute to the development 

of AD directly through promoting Aβ formation in astrocytes. 

 

In addition to the pathogenesis of AD, ApoE is considered to be a risk factor for 

AD and is mainly produced by astrocytes. ApoE is strongly associated with the 

metabolism, aggregation, and deposition of Aβ. It also contributes to 

neuroinflammation and tau pathology (26). Study suggested that ApoE expression 

in astrocytes contributes to cognitive function impairment and amyloid plaque 

formation through promoting astrogliosis and the amyloidogenic process of APP 

(120). It is suggested that HO-1 is another possible biomarker of AD as its 

dysregulation is related to neurodegeneration. Other than the neuroprotective effect, 

the neurotoxic effect, including brain inflammation and neurodegeneration, of 

overexpressed HO-1 is reported (32-33), which increased HO-1expression is 

observed in AD patients’ hippocampus and is found co-localized with reactive 

astrocytes, senile plaques, and NFTs (34). A study reported that brain astrocytes 

undergo apoptosis and promote neuronal apoptosis through overexpression of HO-

1 induced by MAPK-mediated NF-κB and AP-1 cascades when they were exposed 
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to high concentration of glucose (121). Meanwhile, overexpression of HO-1 was 

reported to be able to induce the Aβ and tau oligomers aggregation (122-123). 

Increasing research has been discussing the neuroprotective or neurotoxic role of 

HIF-1α in AD. It is reported that elevated HIF-1α contributes to Aβ formation by 

inducing the formation of APP, promoting the activities of BACE-1 and γ -

secretase, and suppressing the activities of α-secretases expression (30). HIF-1α 

may also involve in neuroinflammation by activating microglial cells and regulating 

inflammatory cytokines (27). Yet, the role of HIF-1α upregulation in AD is still 

under debate. Aside from the above markers, involvement of the alteration of 

astrocytes produced BDNF level in the pathogenesis of AD is also recognized and 

explored. An acute increase of BDNF was found after brain injury, yet reduction of 

BDNF level was observed in AD patients in most studies (47). Neuron dysfunction 

and disease severity were related to the diminished production of BDNF in 

astrocytes. It is proposed that enhanced BDNF delivery from astrocytes could 

counteract neurodegeneration and improve memory function through the BDNF-

TrkB pathway (124). Another study also demonstrated that BDNF produced from 

astrocytes could improve learning and memory (125). And increased BDNF level 

could lower brain injury severity by reducing astrogliosis and inflammation through 

JAK/STAT3 pathway (126). Further, it is found in the STZ-induced diabetes mice 

model that overexpressed BDNF could inhibit hyperglycemia-induced 

neuroinflammation by suppressing pro-inflammatory cytokines TNF-α and IL-6 

(127). 

 

We, therefore, evaluate the effect of MG on the modulation of ApoE, HO-1, HIF-

1α, and BDNF in light of their potential role in the pathogenesis of AD. It is 
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observed in our results that the mRNA expression of ApoE, HO-1, and HIF-1α was 

significantly raised in MG-treated astrocytes cells (Fig.17). The three markers were 

also found increased in the hippocampus of mice after chronic MG treatment (Fig. 

12c). While BDNF mRNA expression was found decreased in both in vivo and in 

vivo models.  These results reflect that DM-induced MG may up-regulate the risk 

of AD development by up-regulating the marker ApoE and HO-1, contributing to 

hypoxia through inducing HIF-1α, and diminishing the neuroprotective effect 

through down-regulating BDNF in astrocytes. 

 

Matrix metalloproteinases (MMPs), which compose the endopeptidases is marked 

by the stabilization of zinc cation through interacting with histidine residues in the 

catalytic site, have been proposed to be a therapeutic target for AD recently as 

MMPs are crucial in regulating various physiological function as well as 

pathological progression in the CNS (128). MMP-2, MMP-3, and MMP-9 are the 

most studied MMPs in the pathogenesis of AD (129), their upregulation was 

observed in AD patients (130) and they are highly associated with Aβ, tau, 

neuroinflammation, and other dysregulation in the brain (131-132). In particular, 

significant induction of the MMPs together with neurological damage was observed 

in patient samples and/or in disease models and they are present in activated 

astrocytes co-localized with amyloid plaques. Chronic overexpression of the MMPs 

was suggested to be neurotoxic and is related to cognitive decline. The MMPs also 

contribute to the mediation of pro-inflammatory response and BBB breakdown 

(133). In view of the role of MMPs in AD, we also investigate the effect of MG on 

MMPs modulation in astrocytes. Our result suggested that MG could induce MMPs 

production in reactive astrocytes and their activation may hasten the pathogenesis 



 

96 

 

of AD. 

 

The role of apoptosis, a programmed cell death, is essential in the progression of 

various chronic neurodegenerative illnesses, including AD. Neuronal cell death due 

to apoptosis is widely studied and is known to be a key contributor to 

neurodegeneration (134). Comparatively less research describes the role and 

mechanism of astrocytic apoptosis in the development of AD. Pro-apoptotic BCL2-

associated X protein (Bax) and B-cell CLL/lymphoma 2 (Bcl-2) are key regulatory 

components of the apoptotic pathway. The ratio of Bax/Bcl2 was found detrimental 

in deciding the occurrence of apoptosis, which increased Bax expression promotes 

apoptosis while increased Bcl-2 expression suppresses apoptosis (135). Thus, we 

examine the gene expression of Bax and Bcl-2 expression in astrocytes and a 

significant elevated Bax/Bcl-2 ratio was observed. The results were in line with the 

MTT results reinforcing that MG may have a direct cytotoxic effect and decrease 

cell viability through promoting apoptosis.  

 

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 (136). However, only the ERK/MAPK 

pathway takes the major role in Aβ generation by regulating APP and BACE1 genes 

(106). Also, it was suggested that ERK1/2 was the only MAPK member with 

increased protein expression and positive associations with neuropathological grade 

(107). Apart from regulation of the inflammatory response, ERK regulates neuronal 

function, development of the CNS, synaptic plasticity, learning, and memory 
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formation 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 

mechanisms. ERK1/2 cascades activation is found to contribute to neuronal 

apoptosis induction (137). It is demonstrated in in vitro experiments that ERK 

would cause neuroinflammation by regulating inflammatory cytokine production 

in activated astrocytes (105) Other than inflammation, ERK contributes to NFTs 

formation by phosphorylating tau (113). ERK is also associated with senile plaques 

by mediating 𝛽- and 𝛾-secretases (121, 138) and up-regulating APP (139-140). 

Moreover, elevated ERK levels have been observed in the brains of Alzheimer's 

patients (141). Abnormal ERK activation in the hippocampus may lead to memory 

impairments in Alzheimer's patients by impairing hippocampal function (105). In 

addition, activation of the ERK1/2 could be pro-apoptotic (142). 

 

The link between ERK and AD illustrates the significance of investigating the effect 

of MG on this pathway in astrocyte cells. We demonstrated that MG would activate 

ERK in astrocytes (Fig.20). 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 Aβ through activating the ERK pathway in 

astrocytes.  

 

Regarding the correlation between the ERK signaling pathway and a variety of 

neurological conditions, including neurodegenerative illnesses and neurological 
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disorders, such as neurodegenerative diseases, it is suggested that ERK signaling 

inhibitors were likely to be developed for the therapeutic drugs for the diseases 

(105). 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 different markers. Our 

preliminary results show the trend of normalization in astrocytic markers and TGF-

β, inflammatory cytokines TNF-α, IL-1β, IL-6, inflammatory enzyme COX-2, AD-

related markers APP, BACE1, PS1, and apoptotic markers Bax, Bcl-2 mRNA 

expression after ERK inhibition (Fig.21). According to the results, we propose that 

the ERK pathway could take a part in regulating pro-inflammatory responses and 

contributing to neuroinflammation in reactive astrocytes leading to Aβ formation. 

Additionally, ERK could be a key regulator of apoptosis in astrocytes and resist the 

cytotoxic effect of MG through suppressing astrocytes cell death. 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 (112), and JAK2 (119), should be investigated to evaluate their 

responsibility in regulating the markers. 

 

As mentioned, the protective effect of astrocytes on neurons was widely recognized 

and studied. Astrocytes condition medium (ACM) has been applied to the 

investigation of astrocytes-neuron interaction. Studies using ACM has reported that 

astrocytes are essential in neuroprotection by secreting neurotrophic factors, like 
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BDNF (143-144). Recent studies, however, discover the adverse effect of astrocytes 

on neurons that lipopolysaccharide-stimulated and oligomeric Aβ-stimulated ACM 

could promote apoptosis in neurons (145-146). The current report demonstrated that 

MG could promote the pathogenesis of AD through activating astrocytes, we 

further hypothesized that MG-treated ACM would cause negative influences on 

neuron cell and aggravate disease progression. According to our result, MG-ACM 

significantly induced inflammatory markers and AD markers in well-differentiated 

neuron cells reinforcing the hypothesis that MG-induced activated astrocytes no 

longer protect neurons and could induce neuroinflammation and promote Aβ 

formation in neurons leading to neurodegeneration and AD eventually. Further 

investigation is needed to understand the underlying mechanism of MG on 

astrocytes-neuron interaction towards neurodegeneration.  
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4.5 Conclusion 

To conclude, our in vitro and in vivo results are in agreement that MG would induce 

astrogliosis, inflammatory response, up-regulation of AD-related markers, MMPs 

activation, apoptosis, and ERK activation. While ERK could participate in the 

promotion of neuroinflammation, Aβ formation, as well as apoptotic response 

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. Moreover, the use of MG-ACM implied that MG could induce 

neuroinflammation and Aβ formation in neuron cells through altering astrocytes’ 

function. The possible mechanism and the component of MG-ACM are suggested 

to be further studied. Our findings provide significant evidence on the possible 

underlying mechanism of diabetes-related neurodegeneration that ERK may be one 

of the key pathways regulating Aβ formation and neuroinflammation, 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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Chapter 5 Additional finding 

5.1 Determination of the effect of MG on gut microbiota modulation in vivo 

and its relationship with Alzheimer’s disease  

The importance of microbiota is being investigated and recognized recently. 

Growing evidence has shown that microbiota alteration involves in various chronic 

disease progression, including DM and AD. Possible mechanisms of microbiota 

effects on the metabolism in DM patients are suggested among studies including 

regulation of inflammation, interaction with dietary constituents, alteration of 

intestinal permeability, modulation of lipid and glucose metabolism, change in 

insulin sensitivity, energy expenditure, fatty acid oxidation and synthesis, as well 

as dysregulation and secretory changes of intestinal microbial metabolites (147-

148). According to the commonly reported findings recently, the bacteria genera 

that are positively related to DM include Blautia, Fusobacterium, and 

Ruminococcus, whereas the bacteria genera that are negatively related to DM 

include Akkermansia, Faecalibacterium, Bacteroides, and Roseburia (147).  

 

Increasing evidence has indicated the relationship between the composition of gut 

microbiota composition and AD. Research has proposed that the Microbiota-Gut-

brain axis (MGBA) take part in diabetic cognition impairment and gut microbiota-

mediated inflammation also take an essential part in the development of AD (149) 

(150). Under chronic metabolic disorder condition like DM, the production of 

inflammatory cytokines and AGEs are significantly elevated in the internal 

environment, dysbacteriosis also occurs and increase the generation of endotoxin 

and inhibit the level of short-chain fatty acids (SCFAs). Meanwhile, decrease 

production of anti-inflammatory cytokines and increase production of pro-

inflammatory cytokines due to inhibition and stimulation of the corresponding 
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bacteria respectively would further accelerate BBB dysfunction, 

neuroinflammation, Aβ and p-Tau formation and thus leading to neurodegeneration. 

In addition, Akkermansia, a bacteria genus negatively related to DM, is found to 

have protective effects on amyloid pathology and cognitive deficits in animal model 

of AD. 

 

As DM patients have an elevated systemic inflammation level and are at high risk 

of developing cognitive impairment. Intensified microbiome dysbiosis is observed 

in the gut of DM patients and quantitative and qualitative alterations in gut 

microbiota composition were associated with a variety of neurodegenerative 

conditions. Moreover, the gut microbiota is crucial for the regulation of 

inflammation, which systemic inflammation and neuroinflammation are critical 

factors to exacerbate the development of AD by intensifying neuronal dysfunction 

and the pathology. Therefore, the determination of DM-induced MG modulation on 

gut microbiota variety in vivo leading to subsequence AD is worth exploration. 

 

In our animal model, fecal samples from mice were collected after 11 weeks MG 

treatment and were examined by 16S rRNA gene sequencing to investigate the 

effect of MG on the modulation of gut microbiota variety.  

 

According to our preliminary result, the gut microbiota composition was 

significantly variated between the 11-week-MG-treated group and the control group. 

It is observed that one of the disease-related bacteria, Akkermansia, which is 

negatively associated with DM and has protective role against AD, has a significant 

decrease in the MG-treated group. Our preliminary findings implied that MG could 
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modulate microbiota variety in the gut and possibly contribute to the pathogenesis 

of DM-induced neurodegenerative disorders. We suggest that improvement of the 

gut microbiota variety could be a therapeutic target of DM-associated 

neurodegeneration. Comprehensive investigation of the mechanism of the 

modulation is thus proposed.  

 

 

 

Figure 24 Effect of MG on the variety of gut microbiota in vivo after 11 weeks MG treatment 

MG solution (60 mg/kg) or vehicle solution were administrated into the mice for 11 weeks 

respectively. Fecal sample was then collected. Graph showing the relative abundance of 10 

microbiota species in each group. Data correspond to 5 mice in each group. 

  

Figure 24 

Effect of MG on the variety of gut microbiota in vivo after 11 weeks MG treatment 
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Chapter 6 Limitation and further study 

6.1 Limitations of the current study 

The current report has limitations due to time, materials, and other constraints. First, 

DM is closely related to various neurodegenerative disorders (23). It is observed in 

our in vivo model that MG could exhibit the behavioral pattern of AD, PD, anxiety 

and depression. In order to narrow down the research focus in limited time, only 

AD, the most common and fatal neurodegenerative disease, was chosen to be the 

major investigated disease. Further investigation on the underlying mechanism of 

the effect of MG on other diseases was also necessary to understand the correlation 

between DM and these diseases through MG. 

 

Second, AD is characterized by both amyloid plaques and tau-formed 

neurofibrillary tangles (25). Immunohistochemical studies of Aβ plaques and NFTs 

were crucial to confirm the effect of MG on inducing Alzheimer’s disease in animal 

model. Yet, the current study only shows the potential effect of MG on some of the 

possible markers that are related to Aβ production and implying the induction of on 

amyloid plaques formation contributing to AD through activated astrocytes. The 

effect of MG on tau hyper-phosphorylation in astrocytes was not demonstrated 

successfully which may be due to the selection of antibodies or other possible 

problems encountered during Western blotting. The effect of MG on tau-formed 

neurofibrillary tangles shall further be investigated using suitable antibody with 

improved lab skills in order to have a more comprehensive understanding on the 

underlying mechanism of the pathogenesis of DM-induced AD.   

 

Third, neuron and glia, including astrocytes, microglia, and oligodendrocytes, are 

the two main types of cells in the nervous system which play an essential role in the 
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development of brain, regulation of brain homeostasis, and pathogenesis of brain 

disorders. Among glia cells, astrocytes are the most abundant brain cells with 

multiple important functions. The positive and protective role of astrocytes have 

been well studied and emphasized (40). Yet the negative and neurotoxic effect of 

activated astrocytes are not fully being understanded. Also, in order to have a 

specific focus due to time constraint, only astrocyte was selected to study the effect 

of hyperglycemia-induced MG. Astrocytes interact with other brain cells actively. 

In this report, our preliminary results suggest that MG-ACM could affect neuronal 

activities. In addition, some papers have demonstrated the effect of MG on 

microglia using similar approach (151-152). They have suggested that MG could 

activate the pro-inflammatory phenotype of microglia, leading to 

neuroinflammation and subsequent neurodegeneration. Regarding the complex 

relationship between astrocytes and other brain cells, the investigation of the effect 

of MG on the interaction between these cells was necessary. 

  

Fourth, ERK pathways was found to be closely related to the pathogenesis of 

neurodegenerative disorders by involving in inflammatory response, neuronal 

function, apoptosis, etc. (105).  Both of our in vivo and in vitro model implying the 

activation of ERK pathway. ERK inhibitor was further introduced to cell model to 

show the importance of ERK in the regulation of markers from several category. 

Yet, its’ effect was not demonstrated in animal model. Thus, the in vivo effect should 

be further investigated to verify the role of ERK inhibitor as a possible therapeutic 

target of DM-induced AD. 

 

Fifth, the current report only shows the dose effect of MG on the modulation of the 
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markers. The time course of the events was not clarified due to time constraint. 

Which brings confusion to some of the results, for example the induction of 

astrogliosis and apoptosis. Therefore, the verification of the sequence of the events 

after MG treatment was important and necessary. In addition, preliminary screening 

the effect of MG on markers modulation was mostly demonstrated by using RT-

PCR due to limited sample amount and time constraint. Western blotting shall 

further be performed to verify and confirm the RT-PCR findings.  

 

Sixth, different types of animals were used in our in vivo (mouse) and in vitro (rat) 

study due to restricted experimental setup. Rat was selected and used to perform 

the behavioral tests. However, the behavioral experiment equipment, like the water 

tank of the MWM, was not suitable for the size of the rat. Which the results were 

not convincing using unsuitable experiment tool. Thus, mouse was used to perform 

the in vivo tests eventually. Improvement on the setup or using other behavioral 

tests that suitable for rat may be tried to improve the current model. 

 

Seventh, MG is the major precursors of AGEs, and is commonly being used as a 

marker in clinical measurement. In our study, MG level was being tried to measure 

by using LC-MS from the serum collected from the in vivo model. Yet, due to the 

lack of a key material used as a reference control of the standard curve. The 

quantitative analysis of MG level was not success. And the results were 

inconsistence. We have found other examination method using ELISA kid recently. 

With improved technology and assessment tools, the serum level of MG shall be 

determined. 
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Extensive study could be conducted to overcome the above limitations and have a 

better understanding of the underlying mechanism of DM-induced 

neurodegenerative disorders. In addition, some of the possible future studies that 

could continue be investigated based on the current research were suggested below. 

 

6.2 Determination of the effect of MG on the progression of 

neurodegenerative disorder through other pathway 

We have demonstrated in this report that the ERK pathway may take a major role 

in MG-induced neuroinflammation and neurodegeneration, examination of the time 

course of the events is suggested. Astrocytes cell treated with constant among of 

effective MG (300 μM) will be incubated for different durations of time (0, 1, 3, 6, 

and 24 hours), protein of p-ERK/ERK molecules and mRNA expression of different 

markers will then be examined by Western blotting and RT-PCR respectively. The 

time-dependent model shall provide evidence of the sequence of the events and 

verify our hypothesis.  

 

As mentioned, other possible signaling pathways that are involved in regulating 

inflammation and promoting neurodegeneration shall also be investigated to 

evaluate their responsibility in regulating the markers. Glycogen synthase kinase-

3β (GSK-3β) plays an important role in the pathogenesis of AD. Evidence 

suggested that elevated GSK-3β activity would lead to inflammatory responses, Aβ 

production, tau hyper-phosphorylation, and memory impairment (153-155). GSK-

3β would also down-regulate acetylcholine generation, which is commensurate 

with the cholinergic deficiency seen in AD. Moreover, GSK-3β might contribute to 

neuron cell death in AD directly as a major regulator of apoptosis (156). Regarding 

the importance of GSK3 in AD, investigation on the effect of MG on the regulation 

of GSK3 is suggested. Protein expression of p-GSK-3β/GSK-3β molecules will be 
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evaluated by the Western blot, and upregulation of the molecules is expected. 

Inhibitor will then be introduced to confirm the participation of GSK-3β in 

regulating different inflammatory and disease-related markers. 

 

6.3 Determination of the underlying component and mechanism of MG-

ACM  

The effect of astrocytes on neuronal survival through their interaction was 

increasingly studied. It is demonstrated in the current report that MG-ACM could 

induce inflammatory response and AD markers in neuron cells, yet the underlying 

mechanism remains unclear and is worth further investigation. Determination of the 

component of the MG-ACM would shed light on the possible pathway that 

astrocytes contribute to AD pathogenesis through affecting neuronal function. As 

described, the level of neurotrophic factors secreted by astrocytes, like BDNF, as 

well as inflammatory cytokines would modulate neuron action and survival. 

According to our RT-PCR result, the mRNA expression of BDNF and several 

inflammatory markers in astrocytes was significantly altered after MG treatment. 

We propose that the amount of BDNF and inflammatory markers secreted into the 

culture media shall be evaluated by enzyme-linked immunosorbent assay (ELISA) 

to understand how astrocytes interact with neurons by modulating their secretion. 

In addition, different pathway molecules (ERK, JNK, etc.) and more markers 

(apoptotic markers, etc.), will be examined by Western blotting and RT-PCR. 
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6.4 Screening potential traditional Chinese medicine for the treatment of 

diabetes associated AD 

Studies have reported that most of the chemical treatments for DM-associated 

neurodegenerative diseases could only control hyperglycemia, the complications 

could yet be improved (157). Chinese medicine or the extracts of their active 

ingredients are suggested to be a more effective treatment approach towards these 

diseases not only because they have less harmful side effects but also due to their 

high anti-oxidative, anti-inflammatory, and anti-apoptotic effect. Other possible 

pathways of their action improving learning, memory, and cognition include 

inhibiting neurotoxicity and neuronal cell death, increasing glucose uptake by cells, 

and enhancing neurotransmitters levels (157-158). Studies have demonstrated that 

some of the traditional Chinese medicine show neuroprotective effects and could 

attenuate the behavior and cognitive deficit, for example, Salvia miltiorrhiza, 

Curcuma longa, Panax spp., Gardenia jasminoides, Rhizoma coptidis,  Poria 

cocos , ginseng, and notoginseng (159).  In view of the beneficial effect of 

traditional Chinese medicine on improving neurodegeneration, investigation on 

their effect on attenuating MG-induced in vivo and in vitro disease models is 

suggested. 

  

https://www.sciencedirect.com/topics/medicine-and-dentistry/cognitive-defect
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/curcuma-longa
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/panax
https://www.sciencedirect.com/topics/medicine-and-dentistry/gardenia-jasminoides
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/coptis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/wolfiporia-extensa
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/wolfiporia-extensa
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ginseng
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Chapter 7 General discussion and conclusion 

Diabetes mellitus (DM), marked by chronic hyperglycemia due to insulin resistance 

and/or insulin deficiency, causes various enduring organ and system dysregulation 

and dysfunction resulting in a diversity of complications, including 

neurodegenerative disorders (58).  It is well observed in DM-related studies that 

diabetic patients are at a high chance of developing neurodegenerative disorders, 

including, for example, Alzheimer’s disease (AD) (62), Parkinson’s disease (PD) 

(65), as well as the related neuropsychiatric symptoms (66). Cognitive decline, 

memory and motor coordination impairment, depressive- and anxiety-like behavior 

were also observed in diabetic animal models (75-79, 89, 91). Increased formation 

of advanced glycation end products (AGEs) due to hyperglycemia is one of the 

mechanisms contribute to the pathogenesis of DM-induced neurodegeneration. 

Plasma level of methylglyoxal (MG), a major AGEs precursor, is found abnormally 

formed and accumulated in diabetic patients and is highly associated with 

neurodegeneration (21). The role of DM-induced MG in modulating animal 

behaviour and the underlying mechanism, including different signaling pathways 

and markers, in cell model is therefore investigated in this report. 
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First, we demonstrated that MG could induce the behavioural pattern of 

neurodegenerative disorders. There is an increasing study showing the possible 

effect of MG on animal model in different aspects by a variety of methods. Some 

of the studies focused on the extreme toxic effect of MG by using acute and direct 

administration of high MG dosage to the brain (78). Some of the studies perform 

the contribution of MG in aging by using aging animal model (79). Some of the 

studies show no effect or positive effect of MG on modulating the behaviour of 

animal which may be due to the use of ineffective MG administration (76). After 

reviewing the experiment design for the examination of MG in animal study 

recently, we have concluded that the methodologies reported were highly variable 

and the results were still inconclusive and worth further investigation. We, therefore, 

established a more clinically comparable experimental approach to present the 

effect of MG in vivo, long-term administration of a reasonable amount of MG was 

Figure 25 

Schematic diagram of the summary of in vivo behavioral study 
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introduced to young-aged mice, imitating the chronic MG accumulation in the 

pathological condition and progression of DM. The results from all tests, including 

the MWM, rotarod, OFT, LDT, FST, and TST, agreed that prolonged MG treatment 

would have a significant adverse effect on animal behavior. In particular, MG could 

induce spatial learning ability impairment and cognition decline leading to 

Alzheimer’s disease, motor coordination and balance impairment leading to 

Parkinson’s disease, anxiety- and depressive-like behavior leading to psychiatric 

disorders Our findings provide important evidence that DM-induced chronic MG 

upregulation may play a significant role in the pathogenesis of neurodegenerative 

disorders and its related psychiatric symptoms. 

 

 

Figure 26 

Schematic diagram of the summary of in vivo and in vitro study 
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Next, regarding the effect of MG in vivo, we further investigate the underlying 

mechanism of MG on the pathogenesis of neurodegenerative disorders, and our 

research starts with the most common and fatal neurodegenerative disorder, AD. 

The close and complicated relationship between AD and DM is widely studied, the 

underlying pathogenic mechanisms of the progression of AD from DM have yet 

been fully understood (96). A comparatively fewer study has evaluated the role of 

astrocytes than neuron in the participation of the pathogenesis of DM-induced AD. 

Astrocytes, the most abundant glial cell type in the central nervous system (CNS), 

is involved in various crucial functions in maintaining brain homeostasis, they 

interact with neuron and provide protection and support. However, reactive 

astrocytes under pathological conditions are suggested to be a critical candidate in 

the pathophysiology of diabetes-related neurodegeneration recently (97). Therefore, 

we targeted astrocytes in this report and hypothesized that hyperglycemia-induced 

MG could alter astrocytes activity leading to neuroinflammation and 

neurodegeneration causing subsequence AD. Hippocampi collected after 11-week 

MG treatment and astrocytic cells treated with MG for 24 hours were examined by 

RT-PCR and Western blotting for the gene expression of different markers and 

pathway molecules respectively. 

 

Our results demonstrated that MG could induce astrogliosis, by upregulating GFAP, 

S100B, and TGF-β. MG could also intensify inflammatory response by stimulating 

the production of inflammatory factors including IL-1β, IL-6, TNF-α, and COX-2. 

Alteration of AD-related markers was also observed. APP, BACE1, and PS1 

expressions were upregulated implying that MG could induce Aβ formation in 

astrocytes. Our staining results visualized the chronic effect of MG on activating 
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astrocytes and inducing Aβ production in the hippocampus reinforcing the 

implication that MG could promote neurodegeneration. Also, MG could increase 

the risk of developing AD through elevating the markers ApoE and HO-1, 

contributing to hypoxia by inducing HIF-1α, and suppressing neuroprotective effect 

by diminishing BDNF in astrocytes. Further, MG could promote MMPs production 

in reactive astrocytes and MMPs activation may hasten the pathogenesis of AD due 

to their ability to mediate pro-inflammatory response and amyloid plaques 

formation. In addition, the results of the MTT assay and RT-PCR regarding the 

increase of Bax/Bcl-2 ratio suggest that MG has a direct cytotoxic effect and 

decreases cell viability through promoting apoptosis.  

 

The ERK was found to be a major pathway correlated strongly with neuropathology 

due to its ability to regulate inflammatory response, neuronal function, apoptosis, 

the formation of senile plaques, and the phosphorylation of tau leading to 

neurodegeneration (105). We, therefore, examine the effect of MG on modulating 

the ERK pathway in astrocytes, and activation of the pathway molecule was found. 

Further, inhibitor was applied to examine the importance of ERK in the control of 

different markers. Normalization of the astrocytic marker and TGF-β, inflammatory 

cytokines TNF-α, IL-1β, IL-6, inflammatory enzyme COX-2, AD-related markers 

APP, BACE1, PS1, and apoptotic markers Bax, Bcl-2 mRNA expression was 

observed in our preliminary results demonstrating the role of ERK in the 

pathogenesis of neurodegeneration and inhibitor of ERK could be a possible 

therapeutic target of diabetes-induced AD.  
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Then, we also investigate the interaction between astrocytes and neurons through 

ACM in order to understand the possible adverse effect of MG-induced activated 

astrocytes over its widely established protective effect. We found that MG-ACM 

could markedly up-regulate inflammatory markers and AD markers in neuron cells 

verifying our hypothesis that MG-induced activated astrocytes could no longer 

provide protective effect to neurons but induce neuroinflammation and 

neurodegeneration. These findings suggested the importance of further 

investigation on the underlying mechanism of MG on astrocytes-neuron interaction 

towards neurodegeneration. 

 

Finally, we propose some new insight for future studies for a deeper and more 

comprehensive understanding on this topic. Increasing research has proposed the 

role of microbiota modulation in the pathogenesis of chronic diseases including DM 

and AD (148-149). We have demonstrated preliminary that MG could affect gut 

microbiota variety and possibly lead to DM-induced neurodegenerative disorders 

which is worth further investigation. Additionally, regarding the increasingly 

recognized beneficial effect of traditional Chinese medicine over chemical 

treatments for DM-associated neurodegenerative disease (157), we propose that 

screening of potential traditional Chinese medicine and examination on their effect 

on attenuating MG-induced disease model for the treatment of DM-associated AD 

are necessary.  

  

In summary, our findings demonstrated that chronic MG accumulation may exhibit 

the behavioral pattern of AD, PD, anxiety, and depression in a more clinically 

comparable model. The in vitro and in vivo results are consistent with each other 
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that MG would induce astrogliosis, inflammatory response, alteration of AD-related 

markers, MMPs activation, apoptosis, and ERK activation. While ERK could be a 

potential candidate for the treatment of diabetes-induced AD given its ability in 

regulating neuroinflammation, Aβ formation, as well as apoptotic response causing 

neurodegeneration in MG-induced reactive astrocytes. Moreover, MG could 

promote neuroinflammation and Aβ formation in neuron cells through altering 

astrocytes’ function. Further investigation on the underlying mechanism and the 

possible therapeutic targets would be precious for understanding the pathogenesis 

of diabetes-induced neurodegeneration and developing its treatment. 
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Appendix I List of primary antibodies 

 

Antibodies for 

Western blotting 
Origin Concentration Source Catalog number 

GFAP Rabbit Monoclonal 1 : 1000 Cell Signaling 80788 

Beta-actin Rabbit Monoclonal 1 : 1000 Cell Signaling 4967 

ERK1/2 Rabbit Monoclonal 1 : 1000 Cell Signaling 4695 

p-ERK1/2 Rabbit Monoclonal 1 : 1000 Cell Signaling 4370 

NeuN Rabbit Monoclonal 1 : 1000 Cell Signaling 24307 

 

Antibodies for 

IHC, IF staining 
Origin Concentration Source Catalog number 

GFAP Mouse Monoclonal 1 : 500 Servicebio GB14089 

Beta-amyloid Mouse Monoclonal 1 : 500 Servicebio GB14006 

Appendix II List of secondary antibodies 

 

Antibodies Origin Concentration Source Catalog number 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

Goat anti-rabbit 1 : 3000 Cell Signaling 

 

7074 

Anti-mouse IgG, 

HRP-linked 

Antibody 

Horse anti-mouse 1 : 3000 Cell Signaling 

 

7076 
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Appendix III List of primers 

List of primers used in the sample from Mus musculus 

Markers Forward primer (5' to 3') Reverse primer (5' to 3') 

IL-1β TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT 

IL-6 CACTTCACAAGTCGGAGGCT CTGCAAGTGCATCATCGTTGT 

TNF-α ACAGAAAGCATGATCCGCGA TTGCTACGACGTGGGCTAC 

TGF-β AGGGCTACCATGCCAACTTC CCACGTAGTAGACGATGGGC 

GFAP AACCGCATCACCATTCCTGT TGGCAGGGCTCCATTTTCAA 

S100B CTAGGCTAGGCATTCCCGTG ATGAGCAACCTCTTCGGGTG 

HO-1 ATGGCGTCACTTCGTCAGAG GCTGATCTGGGGTTTCCCTC 

COX-2 AGTCTTTGGTCTGGTGCCTG GGGGTGCCAGTGATAGAGTG 

BACE-1 GCTGGGAGCTGGATTATGGT CGTAGCTTTCGGGGTCTTCC 

APP GAACCAGTCTCTGTCCCTGC CAGAACCTGGTCGAGTGGTC 

ApoE GTGCTGTTGGTCACATTGCT CAGGTAATCCCAGAAGCGGT 

Bax ACAGGGGCCTTTTTGCTACA CACTCGCTCAGCTTCTTGGT 

Bcl-2 TGGCCTTCTTTGAGTTCGGT CCCAGGTATGCACCCAGAGT 

BDNF GGCTGACACTTTTGAGCACGTC CTCCAAAGGCACTTGACTGCTG 

HIF-1α CCTGCACTGAATCAAGAGGTTGC CCATCAGAAGGACTTGCTGGCT 

PS-1 GAGACTGGAACACAACCATAGCC AGAACACGAGCCCGAAGGTGAT 

Beta-actin TAGGCGGACTGTTACTGAGC TGCTCCAACCAACTGCTGTC 

 

  



 

134 

 

List of primers used in the sample from Rattus norvegicus 

Markers Forward primer (5' to 3') Reverse primer (5' to 3') 

IL-1β CAGGAAGGCAGTGTCACTCA AAAGAAGGTGCTTGGGTCCT 

IL-6 ACCACCCACAACAGACCAGT ACCACCCACAACAGACCAGT 

TNF-α TGCCTCAGCCTCTTCTCATT CCCATTTGGGAACTTCTCCT 

TGF-β GTCAACTGTGGAGCAACACG CGTCAAAAGACAGCCACTCA 

GFAP CAACCTCCAGATCCGAGAAA TCCTTAATGACCTCGCCATC 

S100B TAGTCCTTGGACACCGAAGC AGACATCAATGAGGGCAACC 

HO-1 GAGCGAAACAAGCAGAACCC ACCTCGTGGAGACGCTTTAC 

COX-2 TCCATTTGTGAAGATTCCTGTGT ATTCCACATCGGTTGCTCCT 

BACE-1 CCTTCCGCATCACCATCCTT GTCTTCCATGTCTGCCGTGA 

APP CCAACCGTGGCATCCTTTTG   AGTGGTCAGTCCTCGGTCAG   

ApoE TGTTTCGGAAGGAGCTGACTGG CAGTTCCTGTGTGACTTGGGA 

Bax CAAGAAGCTGAGCGAGTGTCT GGGGGTCCCGAAGTAGGAAA 

MMP2 GTTATGAGACCCTGAGCCCG CCTTGGGGCAGCCATAGAAA 

MMP3 GCAGAAGTTCCTTGGGCTGA CAAGACCATTCCAGGCCCAT 

MMP9 CCTTTCTTATTGCCCGCACG TTTCCAGATACGTTCCCGGC 

BDNF AACCATAACCCCGCACACT AAAAGTGTCAGCCAGGGACG 

HIF1a CAAGCAGCAGGAATTGGAACG TCATCCATTGACTGCCCCAG 

PS-1 GGTCCACTTCGTATGCTGG GTTGTGTTCCAGTCCCCAC 

Beta-actin AGCCATGTACGTAGCCATCC ACCCTCATAGATGGGCACAG 
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Appendix IV List of buffers, solutions, reagents, and fixative 

Animal Model preparation 

1. Methylglyoxal (MG)           5.5 M 

 

Cell Culture 

1. Methylglyoxal (MG)           5.5 M 

2. Culture medium 

Dulbecco’s modified Eagle's medium (DMEM), low glucose (Gibco)  

Fetal bovine serum (FBS) 10% 

Penicillin/streptomycin (P/S) 1% 

(Culture medium were stored at 4°C until use.) 

3. Differentiation culture medium 

Dulbecco’s modified Eagle's medium (DMEM), low glucose (Gibco)  

Fetal bovine serum (FBS) 1% 

Penicillin/streptomycin (P/S) 1% 

Nerve growth factor (NGF) 100 ng/mL 

MTT Assay 

1. MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) 

2. Dimethylsulfoxide (DMSO) solution 

 

RNA Extraction 

1. TRIzol Reagent (Ambion by Life Technologies) 

2. 2-propanol (Sigma-Aldrich) 

3. Chloroform 

4. Ethanol 

5. High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) 
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Protein Extraction 

1. RadioImmunoPrecipitation Assay (RIPA) buffer 

Tris 50 mM 

Sodium Chloride (NaCl) 150 mM 10% 

Sodium dodecyl sulfate (SDS) 0.1% 

sodium deoxycholate 0.5% 

Triton X-100 1% 

 

2. Complete cell lysis buffer 

RIPA  960 μL 

Phenylmethanesulfonyl fluoride (PMSF) 100mM 10 μL 

Sodium orthovanadate (Na2VO3) 100mM 10 μL 

Roche Protease inhibitor cocktail 40 μL 

(Complete cell lysis buffer was prepared when needed.) 

 

3. Phosphate buffered saline (PBS)  

Phosphate buffer 50 mL 

Sodium chloride (NaCl)  8.76 g 

Potassium chloride (KCl)  0.2 g 

Milli-Q water  950 mL 

(PBS was stored in 4℃ for a different use.) 

 

Protein Assay 

1. 1X sample buffer 

Sample buffer (Bio-Rad) 200 μL 

Milli-Q water 800 μL 

Potassium chloride (KCl)  0.2 g 

 

Western Blot 
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1. 5X Loading buffer 

Tris (pH 6.8) 0.313 M 

Glycerol 50% 

Sodium dodecyl sulfate (SDS) 10% 

Dithiothreitol (DTT) 10 mM 

Bromophenol blue 0.05% 

 

10% Sodium dodecyl sulfate (SDS) 

Sodium dodecyl sulfate (SDS) 5 g 

Milli-Q water 50 mL 

(10% SDS was used in SDS-PAGE and transfer buffer and stored at room 

temperature.) 

 

2. 10% Ammonium persulphate (APS) 

Ammonium persulphate (APS) 1 g 

Milli-Q water 10 mL 

(10% APS was used for the preparation of SDS-PAGE and stored at -20°C.) 

 

3. 10X Running buffer (pH 8.3) 

Tris-base 15.15 g 

Glycine 72.1 g 

Sodium dodecyl sulfate (SDS) 5 g 

Milli-Q water 500 mL 

HCl acid pH adjustment 

(10X running buffer was diluted to 1X by milli-Q water when needed.) 

 

4. 10% SDS-polyacrylamide separating gel  

Milli-Q water 2.35 mL 

Tris-HCl (1.0M, pH 6.8) 3 mL 
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30% polyacrylamide 2.65 mL 

10% Sodium dodecyl sulfate (SDS) 40 μL 

10% APS 40 μL 

Tetramethylethylenediamine (TEMED) 8 μL 

(It is prepared for one 1.5mm thick 10% running gel). 

 

5. 10X Tris buffer saline (TBS, pH 7.4)  

Milli-Q water 1000 mL 

Tris-base (1.0M, pH 6.8) 30 g 

Sodium chloride (NaCl)  80 g 

Potassium chloride (KCl)  2 g 

HCl acid pH adjustment 

(10X TBS was diluted to make 1X TBS and stored at room temperature.) 

 

6. 1X Tris buffer saline –Tween 20 (TBST, pH 7.4)  

1X TBS (pH 7.4) 500 mL 

Tween-20 0.5 mL 

(It was used as the washing buffer and antibodies mixing the solution in Western 

Blotting. It was stored at room temperature.) 

 

7. 1.0M Tris-hydrochloric acid (Tris-HCl)  

Milli-Q water 100 mL 

Tris-base (1.0M, pH 6.8) 15.76 g 

HCl acid pH adjustment 

(Tris-HCl was used to prepared gels in western blotting. Different pH values were 

adjusted to obtain Tris-HCl with pH values of 6.8, 8.3 and 8.8 for preparing stacking 

gel, transfer buffer and running gel respectively. They were stored at room 

temperature.) 
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8. 1X Transfer buffer 

Glycine (USB)  11.2 g 

Milli-Q water  740 mL 

Methanol  200 mL 

Tris-HCl (pH 8.3)  50 mL 

(Transfer buffer was freshly prepared for transferring proteins from running gels to 

PVDF membrane.) 

 

9. Blocking reagent 

Non-fat dry milk 1 g 

1X TBS-T 20 mL 

(5% non-fat milk was used as the blocking reagent in immunoblotting.) 

 

10.  ECL Western blotting analysis system 

SuperSignal™ West Pico reagent A 1 mL 

SuperSignal™ West Pico reagent B 1 mL 

SuperSignal™ West Femto reagent A 100 μL 

SuperSignal™ West Femto reagent B 100 μL 

(The SuperSignal™ West Pico ECL detection solution was freshly prepared in a 1:1 

ratio according to the protocol by Thermo Scientific. 100 μL of each SuperSignal™ 

West Femto ECL detection reagent was added to ECL mixture when needed.) 

 

Protein Stripping 

1. Stripping buffer 

Milli-Q water 500 mL 

NaOH  40 g 

(Stripping buffer was used to remove antibodies on PVDF membrane after the 

Western Blotting experiment.) 
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Appendix V Supplementary Data 

 

Fig.20 supplementary ERK inhibition did not show trend of attenuation in ApoE, 

HIF-1, and BDNF mRNA expression in astrocytes.  
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