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Abstract 

Diabetes Mellitus is a chronic disease characterized by uncontrollable chronic high blood 

glucose (hyperglycemia) and complications, leading to serious damage to different tissues. In 

clinical studies, diabetic patients are found to have a higher risk of developing 

neurodegeneration and osteoporosis, and hyperglycemia-induced formation of advanced 

glycation endproducts (AGEs) may contribute towards the pathogenesis of diabetes-induced 

neurodegeneration and osteoporosis. Therefore the aim of this project is to investigate the role 

of hyperglycemia-induced methylglyoxal (MG) on neurodegeneration, neuroinflammation and 

osteoporosis. 

 

Firstly, the role of MG on neurodegeneration of neuronal astrocytes, a kind of major glia in 

the brain, was studied. Astrocyte plays roles in the structural and functional support of the 

brain neurons and maintains normal brain physiology. In the present study, MG disturbed 

insulin signaling and led to apoptosis in rat primary astrocytes. Furthermore, the protective 

effects of ginsenosides were studied. From the results, impairment of insulin signaling was 

found in astrocyte culture under MG treatment. Moreover, cleavage of caspase and Poly ADP 

ribose polymerase (PARP) was observed together with insulin signaling disruption, showing 

the neurotoxic effects of MG towards astrocytes. The effects of ginsenosides in MG-treated 

astrocytes were also investigated. The ginsenosides Rd and R-Rh2 were shown to ameliorate 

the cell viability of MG-treated astrocytes and improve insulin signaling and inhibit apoptosis, 

indicating that Rd, R-Rh2, and related compounds may have therapeutic potential in treating 

diabetes-induced neurodegeneration. 
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Secondly, the role of MG on neuroinflammation was studied. The effects of MG in astrocytic 

cultures and hippocampi of experimental animals were compared. The astrocyte DITNC1 and 

C57BL/6 mice were treated with MG solution and hippocampi were harvested. MG induced 

astrogliosis in DITNC1 astrocytic cultures and C57BL/6 mice. Also, activation of the 

proinflammatory JNK signaling pathway was observed. Furthermore, increased gene 

expression of pro-inflammatory cytokines and astrocytic markers were observed. In addition, 

inhibition of JNK activities resulted in down-regulation of TNF-± in MG-treated astrocytes. 

Our results suggest that MG may contribute to the progression of diabetes-related 

neurodegeneration through JNK pathway activation in astrocytes and the subsequent 

neuroinflammatory responses in the central nervous system. 

 

Thirdly, the role of MG on osteoporosis and osteoclasts were studied. The osteoclasts are 

bone cells having catabolic action in the bone remodeling cycle. The effects of MG on 

osteoporosis in both animal and cell models were investigated. SD rats were treated with 

either MG or streptozotocin and the macrophage RAW264.7 was treated with MG. MG was 

shown to induce osteoclastogenesis by increased gene expression of osteoclast bone 

biomarkers CTSK, OSCAR and TRACP5. The results of MG-treated rats were similar to type 

1 diabetic model. Furthermore, in MG-treated macrophages activation of the JNK was 

observed, and inhibition of JNK activities resulted in down-regulation of osteoclast 

biomarkers. Our results, suggested that MG may contribute to the progression of 

diabetes-related osteoporosis and the imbalanced bone remodeling through the JNK pathway 

in osteoclasts. 

 

To conclude, MG causes different diabetic complications in multiple organs. It may be a 
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potential therapeutic target to reduce and delay the development of neurodegeneration, 

neuroinflammation, and osteoporosis in diabetes. 
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Chapter 1 Introduction 

1.1.Diabetes  

1.1.1. Definition of diabetes 

Diabetes Mellitus (DM) means “passing through with honey-sweet taste”, which came from 

the Ancient Greek word ´ ¹±² ®Ä· Â (diab•t•s) (1) and Latin word mell+tus. The name for DM 

was first invented in 1675, by Thomas Wills, an English Doctor in the 17th century, to 

describe such a chronic syndrome distinguished by the medical (2). The definition of Diabetes 

Mellitus from the World Health Organization (WHO) is that “Diabetes is a chronic disease 

that occurs either when the pancreas does not produce enough insulin or when the body 

cannot effectively use the insulin it produces. Insulin is a hormone that regulates blood sugar. 

Hyperglycemia (HG), or raised blood sugar, is a common effect of uncontrolled diabetes and 

over time leads to serious damage to many of the body's systems, especially the nerves and 

blood vessels.” (3). We could say that DM means “A chronic disease of insulin 

malfunction-induced hyperglycemia”. Hyperglycemia does not make DM patients vulnerable, 

complications do. DM causes a series of complications including retinopathy, vasculopathy 

and so on which these complications could cause high morbidity and mortality to live.  

 

1.1.2. Epidemiology 

DM is a global issue that worldwide is together facing the same chronic disease. According to 

the Global report on Diabetes published by the WHO in 2016, there are 422 million DM 

patients worldwide up to 2014 (4).In 1980, there were 108 million DM patients diagnosed. It 

was nearly 4 folds the number of patients for this 34 years over (4). The global prevalence of 

diabetes (aged 18 or above) has been up to 8.5% in 2014. It was just 4.7% in 1980 (4).  
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Estimated 2.2 million of DM patients died from DM hyperglycemia and that 50% of all the 

deaths are related to hyperglycemia occurred before 70-years-old. DM is announced as the 7th 

leading cause of death 13 years later in 2030 (3) (4). A number of DM patients estimated 

around the world is like, 62 million in America (4) include 29.1 million in the U.S. (5) and 2.4 

million in Canada (6). 64 million in Europe (4) includes 3.6 million in the U.K. (7) 240 

million in China (8). 96 in southeast Asia (4) include 62 million in India (9). 25 million in 

Africa (4) and 0.7 million in Australia (10) 

 

1.1.3. Types of diabetes 

DM may be primary or secondary (11). Primary DM is being classified in pathophysiological 

means. They are Type 1 diabetes, Type 2 diabetes, and Gestational diabetes. They are 

common in featured insulin deficiency causing hyperglycemia and glycosuria. 

 

1.1.3.1. Type 1 Diabetes 

Type 1 Diabetes (T1DM) is usually idiopathic. Patients got ² -cell destruction due to unknown 

reasons. Immune pathogenesis could be one of the possibilities (12), causing failure of insulin 

generation. In nondiabetic subjects, the fasting insulin level is below 174 pmol/L, and raise to 

208-1597 pmol/L 30 minutes after glucose administration. Insulin deficiency leads to 

hyperglycemia and also other complications. More details on the pathophysiology of DM 

would be explained in 1.1.6. T1DM patients are usually children aged between 5-6 years old 

and 10 years old (having two peaks of prevalence) (13) (14). Thus T1DM was once namely 

juvenile diabetes (15). Of all DM patients in the world, only 5-10% is diagnosed with T1DM 

(4). WHO estimated that the number of T1DM patients would rise from 19.4 million in 1995 

up to 57.2 million in 2025 (16).  T1DM symptoms include significant polyuria, polydipsia 
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and polyphagia and weight loss. Symptoms also include vision dysfunction and even fatigue 

(17). Complications arise after 5 years of onset. Since polyuria and polydipsia from T1DM 

are severe and sudden, patients are easily diagnosed in early onset (18). 

 

1.1.3.2. Type 2 Diabetes 

Type 2 Diabetes (T2DM) could be idiopathic or happens secondarily (11). There are several 

risk factors and diseases that might lead to T2DM. This will be explained in 1.1.5. T2DM 

onsets with normal pancreas and fine ² -islet cells. T2DM patients are found to have normal or 

even high level of insulin in the blood. Insulin resistance or impaired responsiveness is the 

reason for the onset of T2DM (19) (20). T2DM patients may get ² -cell dysfunction afterward 

(21). More details on the pathophysiology of DM would be explained in 1.1.6. T2DM usually 

occurred in adults aged 40 or above (3). Incidence increased as age increased. Nonetheless, 

the incidence of T2DM is also rising in younger age. 85-90% of DM patients are diagnosed as 

T2DM worldwide (4). Symptoms from T2DM are like those of T1DM. Despite symptoms 

progress gradually and slightly, complications are often first being spotted before diagnosed 

as DM (22). People may get to the doctor because of vision change caused by retinopathy and 

vasculopathy. They later recognized the reason for vision change is due to DM. T1DM and 

T2DM were once named as insulin-dependent diabetes mellitus (IDDM) and 

non-insulin-dependent diabetes (NIDDM) but this name was replaced in the 21st century (23). 

The reason for name replacing is that the name does not well-fit the truth about the 

classification of DM. For T2DM, it might be non-insulin dependent at the very beginning. As 

the disease progress, it became dependent (21). Meanwhile, T1DM usually related to 

immune-mediated diabetes, Details would be explained later in 1.1.6. 
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1.1.3.3. Gestational Diabetes 

Gestational diabetes is not a chronic disease but just a situation during pregnancy (24). 

Gestational diabetes is diagnosed as a pre-diabetic state as the blood glucose value is between 

normal and DM (3). Gestational diabetes is diagnosed during prenatal screening instead of 

blood check or through any occurrence of symptoms and complications. Gestational diabetes 

is a risk factor for both the mother and their offsprings (25). They have a higher risk of having 

T2DM in the future (3). 

 

1.1.3.4. Latent Autoimmune Diabetes of Adults (LADA)  

Latent autoimmune diabetes of adults (LADA) could be described as T1DM found in adults 

or said to be a hybrid form of T1DM and T2DM, known as Type 1.5 Diabetes Mellitus (26). 

The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus banned the 

concept of LADA when it was first suggested in 1993. LADA was treated as a subtype of 

T1DM in the 20th. (27) Though, LADA has a slower onset than normal T1DM but is much 

severe than T2DM. Adults with LADA are easily misdiagnosed as T2DM based on age when 

it onsets (26). 

Hyperglycemia and also clinical results on ² -islet cells dysfunction is the key to diagnosis of 

LADA. Also, LADA is also significant for the detection of a low C-peptide and autoimmune 

pathogenesis with increased pancreatic-against antibodies. Insulin treatment and long-term 

medication are needed. (28) (29) 

 

1.1.3.5. Maturity Onset Diabetes of the Young (MODY) 

Maturity-onset diabetes of the young (MODY) is defined as Diabetes with altered insulin 
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production due to severe hereditary mutating autosomal dominant gene (30). MODY is 

classified under “monogenic diabetes”, while the other types of DM include T1DM and 

T2DM are “polygenic diabetes”. 

 

1.1.3.6. Secondary Diabetes 

Secondary Diabetes are non-idiopathic DM. The failure of blood glucose regulation might be 

due to other diseases or drugs. Some examples of the primary causes for secondary diabetes 

include acromegaly, Cushing’s syndrome (31), pancreatitis (32), neoplasia in exocrine 

pancreas, hemochromatosis, “Stiff-person” syndrome (33), Down’s syndrome (34) and others 

(35). 

 

1.1.4. Diagnosis of Diabetes 

By means of symptoms suspecting, T1DM could be spotted out easily as they got significant 

polyuria, polydipsia, and polyphagia and weight loss. T2DM might not be easily spotted out 

and thus regular body check for confirmation of a clinical diagnosis is important. One thing to 

be noted is that glycosuria should be differentiating diagnosed (36). Renal glycosuria is due to 

a low renal threshold for glucose reabsorption in the state of pregnancy, young age or any 

other renal disease. Alimentary glycosuria happens after meals as the level of glucose in the 

blood exceeds the renal threshold at the moment. Gestational glycosuria is common as the 

glomerular filtration rate increased. These are noted to be differentiated from DM or 

gestational diabetes. There are a few ways to diagnose diabetes, include fasting plasma 

glucose (FPG), postprandial plasma glucose (PPG), urine test, oral glucose tolerance test 

(OGTT), Glycated hemoglobin (HbA1C) and others such as renal function test, complete 

blood culture (CBC), visual acuity and visual field, funduscopic, and history of the patient. 
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Among these, FPG, OGTT, and HbA1C are the more common tests (24). 

1.1.4.1. Blood Glucose 

FPG- This is the most common way to test DM. Patients have to check with fasting for more 

than 8 hours. If the value is over 7mmol/L, DM is diagnosed (37). PPG- This is tested 1 to 2 

hours after meals. PPG is usually used as a comparison with FPG (37). 

 

1.1.4.2. Urine Test 

Ketonuria is a medical disorder found in T1DM patients. The test should be taken 1 to 2 hours 

after meals (37). 

 

1.1.4.3. Oral glucose tolerance test (OGTT) 

75g of water dissolved glucose is given orally, and blood glucose is checked every half hour. 

If blood glucose rises up to 11.1mmol/L and did not decrease back to normal even after 2 

hours waiting, DM is diagnosed (37). 

 

1.1.4.4. Glycated hemoglobin (HbA1C) 

Glucose molecules react with hemoglobin to form HbA1C (38). Glycated hemoglobin will 

remain as A1C for the rest of the life of the erythrocyte, which is nearly 3 months. Thus 

HbA1C is a more reflective standard of the average blood glucose level over the past three 

months. If HbA1C is larger than 6.5%, DM is diagnosed (37). 

 

1.1.4.5. Pre-diabetic state of hyperglycemia  

Such as impaired glucose tolerance (IGT) and impaired fasting glucose (IFG) are diagnosed 

as the value for blood glucose test is between normal and DM-diagnosed value, such that 
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HbA1C is tested 5.6-6.5% and blood glucose 6.1-7.0mmol/L for IFG, 7.8-11.1mmol/L for 

IGT (3) (24). 

 

1.1.5. Risk factors 

The cause for T1DM is unknown, but there are some risk factors that might lead to immune 

disease in T1DM, causing the destruction of ² -islet cells in the pancreas. Risk factors for 

T1DM include genetic susceptibility and inheritance, infection from mumps, Coxsackie, 

retrovirus, rubella and so on, immunological factors such as slow T-cell autoimmune disease, 

Human Leukocyte Antigen (HLA)-associated immune problem (12), bovine serum albumin 

implicated diet, over-consumption of nitrosamines used in smoked meat, diet with gluten, 

long-term stress causing abnormal secretion of cortisol and adrenaline, environmental factors, 

age under 40 years old and even races white. These are the risk factors that lead one prone to 

T1DM (39). Some of the risk factors for T2DM are similar to that of T1DM. These include 

genetic inheritance, lifestyle such as overeating, obesity and under activity, malnutrition, 

environmental factors, age over 50 years old and races African-American, Hispanic, Native 

American and so on (39). 
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1.2.Diabetic complications 

Without proper treatments, diabetes mellitus patients are vulnerable to various life-threatening 

complications. The consistently uncontrolled high blood glucose levels can lead to serious 

long-term damages to the heart, blood vessels, eyes, kidneys, and nerves. People with diabetes 

are also at higher risk of developing infections such as skin infections, respiratory infections, 

and periodontal disease. In almost all high-income countries, diabetes is a leading cause of 

cardiovascular disease, blindness, and kidney failure and lower-limb amputation. Various 

diabetic complications of blood vessels can be classified into two categories: microvascular 

complications and macrovascular complications.  

 

1.2.1. Classifications of diabetic complications 

Microvascular complications include diabetic retinopathy, which is the most common 

microvascular complication that can lead to blindness, diabetic nephropathy leading to renal 

failure and diabetic peripheral neuropathy leading to sexual impotence and diabetic foot (in 

which increases the risk of ulceration, infection and properly leads to amputation). 

Macrovascular complications include peripheral arterial disease (PAD) that blood vessels in 

legs of patients are narrowed or even blocked, cardiovascular diseases such as peripheral 

arterial disease, coronary artery disease, and stroke. Among all complications of diabetes, 

cardiovascular disease is the main cause of disability or even death in diabetic patients. 

According to the American Diabetes Association, 2 in 3 patients with diabetes die because of 

heart disease or stroke and 1 in 3 patients with diabetes over 50 years old suffer from PAD. 

 

1.2.2. Diabetic microvasculopathy and neurodegeneration 

The growing prevalence of neurodegenerative disease in connection with DM has drawn 
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much interest in the research field in recent years. Apart from stroke, the decline in cognitive 

function in diabetes is another serious problem now because of the aging population. DM has 

been shown to increase the risk and damage in both vascular dementia as well as Alzheimer’s 

disease (AD). Arvanitakis et al cohort study in 2004 demonstrated that subjects with DM had 

a 65% increased risk of developing an AD and a 44% greater rate of decline in perceptual 

speed compared to those without DM. Cognitive impairments can also exist in children and 

young adults for those who have early onset of type 1 diabetes. An early report found that 

24% of adolescents with early onset of type 1 diabetes showed clinically significant cognitive 

impairments compared with only 6% for those with late-onset or people without DM (40). 

Imaging studies have consistently shown structural abnormalities and lesions in the brain of 

diabetic patients. Reduced volume of hippocampus, amygdala and increased incidence of 

lacunar infarcts and white matter lesions were shown in diabetic patients, for which these 

abnormalities and small vessel diseases are associated with Alzheimer-related neuropathology 

(senile plaques) and cognitive impairments in AD patients. High glucose induced-vascular 

pathology and blood-brain barrier (BBB) malfunction are one of the main postulates that lead 

to neurodegenerative disease. Hyperglycemia can directly damage microvasculature by 

disrupting endothelial function, diminishing perfusion of certain essential substance and 

increased permeability. Additionally, hyperglycemia generated oxidative stress and 

inflammatory response can also cause BBB breakdown, for which may ultimately cause brain 

dysfunction. 

 

1.2.3. Diabetic microvasculopathy and osteoporosis 

Diabetes is characterized by uncontrollable hyperglycemia and fetal complications in the 

human system. Diabetes is reported to cause inflammation to different tissues, and the 
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inflammatory response of bone is the primary mediators of the accelerated bone loss causing 

osteoporosis (41). From clinical studies, diabetic patients have worse bone quality and a 

higher risk of developing osteoporosis (42) (43) (44). In addition, women with type 1 diabetes 

had around 7- to 12-fold relative risk of hip fractures (45) (46), and the forearm bone mineral 

density was 20–50% lower than that in control subjects in children with 4–6 years of type 1 

diabetes (47). Scholars suggested diabetes to be one of the risk factors causing osteoporosis 

(48) (49) (50). These clinical observations indicated that hyperglycemia is one of the factors 

leading to lower bone mineral density (BMD) and increase the risk of fracture. Advanced 

glycation end-products may be one of the factors causing these events. These issues cause a 

heavy economic burden to the society. From experimental research, Zucker diabetic rats could 

have a lower bone mineral density in the tibia (51). Furthermore, a lower strength of the tibia 

and femur was observed in STZ-induced diabetic rats (52). These observations may be caused 

by activation of osteoclast and dysfunction of osteoblast due to diabetes (53). All these 

evidence have illustrated the involvement of diabetes in osteoporosis. 
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1.3.Mechanisms of diabetic complications 

Intracellular hyperglycemia is known to activate five pathways which associate with diabetic 

complications, including oxidative stress pathway, polyol pathway, protein kinase C (PKC) 

pathway, hexosamine pathway, and advanced glycation end-product (AGE) pathway. In this 

project, the AGE pathway is focused. 

 

1.3.1. Oxidative stress pathway 

Oxidative stress pathway is thought to be the central pathway among the five as it is a 

pathway that can link up and induce the other four. There is abundant data showing 

hyperglycemia can increase reactive oxygen species (ROS) level in animals and diabetic 

patients. Increased ROS production is a result of abnormal metabolism of glucose, free fatty 

acid and other reactive metabolites in diabetes. Hyperglycemia triggers the over-production of 

electron donors NADH and FADH2 from the TCA cycle and generates a high mitochondrial 

membrane potential by pumping protons across the mitochondrial inner membrane. The high 

membrane potential inhibits electron transport at complex III and also prolongs the half-life of 

free-radical intermediates of coenzyme Q (ubiquinone), which is able to reduce O2 to 

superoxide. The hyperglycemia-induced mitochondrial superoxide activates the other diabetic 

complication pathways through inhibiting glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), in turn increasing all of the upstream glycolytic intermediates, including 

glyceraldehyde 3-phosphate, fructose6-phosphate, as well as the intracellular levels of the 

first glycolytic metabolite, glucose. Increased level glyceraldehyde 3-phosphate, a precursor 

of methylglyoxal (MG) and diacylglycerol (DAG), causes the activation of AGE and PKC 

pathway respectively. Increase the level of fructose 6-phosphate, a precursor of 

UDP-N-acetylglucosamine, causes the activation of the hexosamine pathway. Lastly, 
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increased level of glyceraldehyde 3-phosphate and glucose causes the activation of the polyol 

pathway, where they are reduced by the enzyme aldose reductase (AR). 

 

1.3.2. Polyol pathway 

In the polyol pathway, Aldose reductase (AR) is the main enzyme involved and found in 

tissues such as retina, nerve, vascular cells and glomerulus. In a normal glucose condition, 

only a small proportion of glucose enters this pathway, since the Michaelis–Menten kinetics 

of AR for glucose is above normoglycemic levels (i.e. high Km and low affinity to glucose). 

AR is able to reduce the variety of carbonyl compounds to their respective sugar alcohols 

(polyols). In the past, researchers suggested that glucose is the main substrate of AR. However, 

in recent kinetic studies, it was found that the affinity for AR of glycolytic metabolites such as 

glyceraldehyde 3-phosphate is actually much higher than glucose, suggesting these 

metabolites may be the physiologically more relevant substrate. In polyol pathway, 

hyperglycemia condition triggers the reduction of glucose to sorbitol by AR, then the 

oxidation of sorbitol to fructose by the enzyme sorbitol dehydrogenase (SDH), with the 

cofactor NAD+ reduced to NADH. Several potential mechanisms were proposed about how 

hyperglycemia-induced polyol pathway could cause damage to tissues. One of which is the 

increased cytosolic NADH : NAD+ ratio resulted from oxidation of sorbitol could cause 

inhibition of GAPDH and raise the concentration level of triose phosphate, which in turn 

could increase formation of both MG, a precursor of AGEs, and diacylglycerol (DAG) 

(through a-glycerol-3-phosphate), thus the activating AGE and PKC pathway. NADPH is also 

the essential cofactor for the regeneration of the important intracellular antioxidant, reduced 

glutathione (GSH). Hence, the reduction of NADPH and the increased NADH/NAD+ ratio 

alters the intracellular redox balance and results in the reduced production of nitric oxide (NO) 
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and increased oxidative stress. In addition, this abnormal NADH/NAD+ ratio has been 

suggested to cause vascular damage by osmotic stress and decrease Na+/K+-ATPase activity. 

 

1.3.3. Protein kinase C (PKC) pathway 

The PKC family is comprised of at least 12 isoforms that are involved in the control of the 

countless function of various proteins and therefore play an important role in different signal 

transduction pathways. Hyperglycemia can induce the increase in DAG level as stated above 

through the increased triose phosphate concentration, where it subsequently increases the de 

novo synthesis of DAG and activates PKC. In diabetic patients, a widespread activation of the 

PKC pathway is found in metabolic, cardiovascular and renal tissues. 

Hyperglycemia-stimulated PKC activation can inhibit insulin-stimulated expression of the 

mRNA for endothelial nitric oxide synthesis (eNOS) in cultured endothelial cells, increase 

MAPK-stimulating activity by endothelin-1 (ET-1) in glomerular mesangial cells, induce 

expression of permeability-enhancing factor vascular endothelial growth factor (VEGF) in 

smooth muscle cells, increase microvascular matrix protein accumulation through the 

expression of fibronectin, transforming growth factor-²  (TGF-² ) and type IV collagen in 

cultured mesangial cells and increase the production of ROs through up-regulating NADPH 

oxidases. Hyperglycemia-induced activation of PKC has also been implicated in the 

overexpression of the fibrinolytic inhibitor PAI-1, the activation of NF-kB in cultured 

endothelial cells and vascular smooth muscle cells. This mentioned abnormal activation or 

suppression of genes expression is contributed to the blood flow abnormalities, increased 

vascular permeability, abnormal angiogenesis, capillary occlusion, vascular occlusion, 

pro-inflammatory gene expression in diabetic complications. 
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1.3.4. Hexosamine pathway 

In the hexosamine pathway, glutamine fructose-6-phosphate aminotransferase (GFAT) is the 

main enzyme involved. First, this pathway starts with the fructose-6-phosphate, which is a 

glucose intermediate metabolite produced excessively in hyperglycemia condition. GFAT 

converts fructose 6-phosphate to glucosamine 6-phosphate, and then to 

UDP-N-acetylglucosamine. Then, UDP-GlcNAc is used by specific O-GlcNAc transferases 

(OGT) for post-translational modification of specific serine and threonine residues on 

cytoplasmic and nuclear proteins by O-GlcNAc. These modifications by the glucosamine can 

often result in increased production of factors such as TNF-±, TGF-² , and PAI-1 which can 

cause vascular occlusion problems. In addition, O-GlcNAcylation at the Akt activation site of 

eNOS causes inhibition of eNOS activity in arterial endothelial cells. 

 

1.3.5. Advanced glycation end-product (AGE) pathway 

AGEs are formed from the non-enzymatic reactions between glucose and protein. The AGE 

pathway, as the main focus of this project, is able to induce cellular damages in three ways 

based on the location of AGEs. The first is through glycation of intracellular proteins. The 

second mechanism is through glycation of extracellular matrix protein. The third mechanism 

is through glycation of plasma protein and binding to AGE receptors on various cells. More 

about AGEs are further elaborated in the next section. 
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1.4.Methylglyoxal 

 

 

 

Methylglyoxal (MG, C3H4O2, molar mass 72.06 gmol−1, density 1.046 g/cm3, boiling point 72

℃) is an AGE precursor that formed under normal glucose metabolism. Its formation is due to 

glucose degradation, so the glucose concentration is proportional to MG formation rate. The 

glyoxalase system is a set of enzymes that carry out the detoxification of methylglyoxal and 

the other reactive aldehydes that are produced as a normal part of metabolism (54). When the 

formation rate of MG overcomes the glyoxalase system, net MG formation will be occurred. 

MG can encourage the formation of AGE and interact with lipids, peptides and free amino 
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groups in blood and causes different complications in the body (55) (56)through binding with 

the receptor for advanced glycation endproducts (RAGE) and other mechanisms. The 

activation of RAGE can induce inflammation,thrombosis, angiogenesis and tissue injury in 

human body, such as cell death in neural progenitor cells (57) and delayed bone healing (58). 

In clinical studies, serum MG concentration of diabetic patients (106-245 ng/mL with relative 

standard deviation RSD 1.7-3.4%) is around 400 fold higher than non-diabetic (0.21-0.66 

ng/mL with RSDs 1.4-3.6%) (59). Other studies indicated that the issue is observed in both 

type 1 and type 2 diabetes patients (60) (61).  
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1.5.Medications for diabetic complications 

1.5.1. Medications of western medicine 

The existing treatments of diabetes are not specifically destined to treat diabetic complications. 

ACE inhibitor used primarily for the treatment of hypertension and congestive heart failure is 

a drug rather frequently prescribed in diabetes to treat diabetic nephropathy. Other 

mechanism-targeted drugs are either not in routine prescription yet or under clinical testing. A 

drug named aminoguanidine, a diamine oxidase and nitric oxide synthase inhibitor and an 

inhibitor of AGE formation through interacting with 3-deoxyglucosone, has once been a hope 

for treating diabetic complications. However, at high dose the side effects such as anemia, 

affecting liver function, and disturbing gastrointestinal movements occurs and the use was 

abandoned (62) (63). 

.  

1.5.2. Traditional Chinese herbal medicine 

DM is often regarded as “Xiao-Ke Bing” in traditional Chinese medicine (TCM), for which 

“Xiao-Ke” means “wasting and thirst”. Xiao-Ke can be graded in three stages, which are the 

early, middle and late stage. Complications of the disease mostly appeared in the middle and 

late stages. There are a few syndrome types of diabetes, include syndrome of fluid 

consumption due to lung heat, fire syndrome of the stomach, deficiency of the kidney Yin, 

deficiency of both Yin and Yang, internal blockade of static blood, and deficiency of Qi and 

Yin. Patients of Xiao-Ke middle stage usually develop a deficiency of Qi and Yin. Symptoms 

of Qi and Yin deficiency are fatigue, shortness of breath, dryness of mouth, thirst, frequent 

urination, discomfort hot feeling, pale thick tongue and weak pulse etc. Nevertheless, 

stagnation of blood also plays a central role in the complications of Xiao-Ke. Deficiency of Qi 

and Yin can increase the viscosity of blood and slow down blood flow, which can leads to 
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stagnated blood, resulting in diabetic complications or further aggravating diabetic 

complications. 

 

Therefore, the principle of treating Xiao-Ke middle stage consists of replenishing Yin, 

tonifying Qi and promoting blood circulation to remove blood stasis. The most frequently 

used traditional Chinese herbal medicine in treating DM middle stage and its complications 

include Ginseng. Publications of randomized studies reported the beneficial effects of ginseng 

on the fasting blood glucose (64) (65) (66). The ginseng-related therapy exerts better 

glycemic control, with a good safety profile. Furthermore, it might be a better option in 

drug-naive diabetic patients, rather than as an adjunct therapy for patients on anti-diabetic 

medications (67). 
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1.6.Neurodegeneration and neuroinflammation 

1.6.1. Physiology of nervous system 

The nervous system is formed mainly of two heterogeneous classes of cells which are neurons 

and glia (68). The astrocyte is a kind of glia that is a major cell type in the brain. It plays roles 

in the structural and functional support of the brain neurons. Astrocytes have a variety of 

active roles in maintaining normal brain physiology such as secretion of several active 

compounds, the formation of the blood-brain barrier, metabolism of several neurotransmitters 

and maintenance of the ionic balance of the extracellular medium (69). Glial cells are also 

involved in providing neurotrophic signals to neurons required for their survival, proliferation, 

and differentiation (70) (71). It is generally believed that activation of astrocytes could slow 

down the normal neuronal function (72). Astrocytic activities increased in experimental 

diabetes models (73) (74). The reactive astrocytes or functional activation of astrocytes 

abundantly occurred in the brain (75). Astrocytes could monitor neurotransmitter 

concentration and produce cytokine which could influence the physiology of neurons (76) 

(77). For these reasons, astrocytes are often defined as “homeostatic neuroglial cells.”, highly 

recognized as being of paramount importance in the maintenance of the neuronal 

environment. 

 

1.6.2. Role of astrocytes in neurodegeneration and neuroinflammation 

Given the huge amount and great complexity of astrocyte functions in the maintenance of 

brain homeostasis, alterations in their physiology may be involved in the pathogenesis of 

various neurological disorders, such as amyotrophic lateral sclerosis, Alzheimer’s disease, 

Huntington’s disease and Parkinson’s disease (78). For instance, astrocytes could protect 

neurons from different stress insults such as ROS and oxidative stress by its high 
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anti-oxidative capacity and the release of neurotrophic factors such as brain-derived 

neurotrophic factor and nerve growth factor (79) (80). However, upon neurodegeneration, 

dysfunction of astrocytes is usually seen accompanied with neuronal cell death in the brain 

(81). Not only these dysfunction astrocytes give less support to the neurons, they also release 

pro-inflammatory mediators which cause neuronal cell death (82) (83). Recent reports have 

also shed light on one of the possible mechanisms that lead to the dysfunction of astrocytes 

under the diabetic condition, which is the formation of MG and related AGEs in diabetic 

patients (84). Upon neurodegeneration, several neurotrophic factors such as S100B protein 

will be released from astrocytes (85) (86). Glial scars are frequently found in several nervous 

system disorders. This heavily implicates the astrocytic cells not only in the physiology of the 

nervous system as well as in neural disease development (87) (88). However, the role of 

diabetes in modulating the secretion of these neurotrophic factors from astrocytes and the 

subsequent interactions in neurons are still not clearly known. 
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1.7.Osteoporosis 

1.7.1. Physiology of Bone Remodeling 

Bone tissue is continuously lost by resorption and rebuilt by formation; when the resorption 

rate is faster than the formation rate, bone loss occurs (89). Osteoporosis is defined as a kind 

of systemic skeletal disorders characterized by compromised bone strength, low bone mass 

and microarchitectural deterioration of bone tissue, forming porous bone, which increases 

bone fragility and susceptibility of fracture (90) (91). In osteoporosis, the bone cells, 

osteoclasts, and osteoblasts play the very important roles in bone resorption and bone 

formation, once the osteoclastic and osteoblastic functions are disturbed, skeletal disorders 

like osteoporosis occurs. 

 

1.7.2. Role of osteoclast in osteoporosis 

Bone is mainly composed of three kinds of cells, osteoblast, osteoclast, and osteocytes. 

Osteoblasts are bone cells having anabolic action in the bone remodeling cycle. The 

osteoblast is in response to the synthesis of bone matrix, which is the bone formation process. 

After bone formation process in the bone remodeling cycle, most of the osteoblasts are 

removed by apoptosis, while some of those remaining at the bone/marrow interface as lining 

cells or within the bone as osteocytes. The osteoblast is also responsible for the regulation of 

synthesis and activation of osteoclast through the RANK-RANKL expression, which trigger 

differentiation and activation of osteoclasts through cell  (92). Osteoclasts are bone cells 

having catabolic action in the bone remodeling cycle. The osteoclast is in response to bone 

resorption. Osteoclast attaches to the bone surface, secrete lysosome and others to carry out 

bone resorption by degrading the bone matrix and also collagen within the bone. This action 

could only be activated under the acidic environment (92). Osteocytes are small cells derived 
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from osteoblasts. Osteocytes are embedded within the bone after the formation phase of a 

bone remodeling cycle. Osteocytes are interconnected and form a network of linkage with 

lining cells and thus this increase the strength of the bone. Osteocytes are special as they 

respond to mechanical stress and activate bone formation despite the presence of bone 

resorption or bone remodeling trigger (92). 

 

Abnormal bone remodeling is the cause of various bone diseases including osteoporosis. The 

loss of bone mass and an increase in bone fragility in patients with osteoporosis can result in 

three ways. The first is that the patient is unable to produce an optimal bone mass during 

youth. The second is insufficient bone synthesis response during bone remodeling. The last 

one is excess bone resorption response (93). Osteoclasts, acting as the only known responsible 

cells that resorb bone (94) (95), play an important role in both normal bone remodeling and 

the development of osteoporosis. Activated osteoclasts undergo internal structural changes 

that allow the osteoclast to proceed on the bone resorption process. The actin cytoskeleton of 

osteoclasts will be rearranged and a sealed gap between the bone surface and the basal 

membrane will be formed. There are highly active ion channels in the extensively folded basal 

membrane of osteoclasts, which facilitates bone removal by highly increasing the surface area 

for secretion and uptake of the resorption products. Osteoclasts actively secrete hydrogen ions 

into extracellular space between osteoclasts and the bone surface. This lowering of pH causes 

bone minerals to dissolve into degradation products and creating a scalloped contour. The 

degradation products such as collagen fragments and soluble calcium are then processed 

within osteoclasts and released into circulation (95) (96). In a normal situation, functions of 

osteoclasts and osteoblast couple well with each other. However, if the action of osteoclastic 

resorption of bone outweighs the formation of bone in a systemic manner, osteoporosis can be 
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caused. 

1.8.Research hypothesis 

From previous reports, the underlying mechanisms of diabetes-induced neurodegeneration, 

neuroinflammation, and osteoporosis remain unclear. As previously mentioned, diabetic 

patients were found to have higher serum MG level. MG might be one of the main causes 

inducing these diabetes-related diseases. 

 

In this report, we hypothesize that MG could induce neurodegeneration and 

neuroinflammation through dysfunction of astrocytes, and induce osteoporosis through 

activation of osteoclasts. 
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1.9.Research plan and objectives 

1. To examine the neurodegenerative effect induced by methylglyoxal 

The astrocytic cell line and primary astrocytes were treated with MG. The expression of 

apoptotic markers and the insulin signaling pathway molecules were measured. The protective 

effect of ginsenosides was also examined. 

 

2. To examine the neuroinflammatory effect induced by methylglyoxal 

The astrocytic cell line and animals were treated with MG. The gene expression of 

proinflammatory cytokines and the pathway molecules were measured by Real-time PCR and 

Western Blotting. 

 

3. To examine the osteoporotic effect induced by methylglyoxal 

The macrophage cell line and animals were treated with MG. The architecture, gene 

expression of osteoclast biomarker and the pathway molecules were measured by micro-CT 

scanning, Real-time PCR, and Western Blotting. 
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Chapter 2 Materials and Methods 

Protein Extraction 

Cells after treatment were then washed twice with cold phosphate buffered saline (PBS). 

Samples were then scraped with a cleaned scraper and transferred to microcentrifuge tubes. 

Samples were then centrifuged at 2000 x g for 5 minutes. After removal of PBS, 40µL of 

RIPA buffer (Cell Signaling, Beverly, MA, USA) with protein inhibitors PMSF, Na2VO4 and 

Complete Mini TM protease inhibitor cocktail (Roche) was added to the samples and 

incubated in ice for 30 minutes. The samples were centrifuged at 25000 x g at 4℃ for 10 

minutes. Supernatants were transferred to new microcentrifuge tubes and kept in -80℃ for 

storage or proceed to the next step. 

 

Protein concentration was determined by protein assay using RC DC Protein Assay Kit 

(Bio-Rad) and bovine serum albumin (BSA) as standards. 1µL of each protein sample was 

mixed with 1mL of diluted dye reagent consisting 200µL of dye and 800µL of Milli-Q water, 

and the mixed solution was incubated at room temperature for 5 minutes. 200µL of each 

incubated samples was added to a 96-well plate for absorbance measurement at 595nm by a 

microplate reader (Bio-Rad, Hercules, CA, USA). Protein concentrations were then calculated 

according to the prepared protein standard curve. 

 

Western blot analysis 

Different protein samples were diluted to the same concentrations in the same volumes 

according to results of calculation obtained from protein assay. The samples were then boiled 

with lysis buffer and loading dye at 95℃ or above for 10 minutes. Equal amounts of samples 
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and a fixed amount of protein standard molecular weight markers were loaded into the wells 

of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. Gel 

electrophoresis was carried out at a constant voltage of 80V for the first 15 minutes and 

constant 120V for the next 70 minutes at room temperature in running buffer (Tris-HCl, 

Glycine, SDS, pH 8.3). After electrophoresis, the proteins were transferred to PVDF 

membrane (Bio-Rad) at a constant current of 350mA for 2 hours in transfer buffer (Tris-HCl, 

Glycine, Methanol, pH 8.3) in an ice bath. After milk blocking for 1 hour, the membrane was 

probed with different primary antibodies overnight at 4oC. The membrane was washed for 3 

times with TBST (a mixture of Tris-buffered saline and tween 20) and probed with 

HRP-conjugated secondary antibodies (Invitrogen) for 1 hour. After 3 times of TBST washing, 

the membrane was treated with ECL Western blot detection reagents (Thermo Scientific) for 

visualizing protein bands as fluorescence signals. The fluorescence of protein bands was 

captured in the ChemiDoc™ Touch Imager. The strengths of fluorescence of protein bands 

were then analyzed by ImageJ. 

 

The used membrane was stripped and then re-probed. The membrane was stripped with 

stripping buffer (2M NaOH) for 1 hour at room temperature. The membrane was then washed 

for 3 times with TBST. Milk blocking with 5% non-fat milk was conducted afterward for 1 

hour. The membrane was probed again with the same blotting procedures as above using 

primary antibodies other than the previous ones. 

 

mRNA Extraction 

The mRNA of cells after treatment was extracted with Trizol reagent (Ambion). The samples 

were incubated at room temperature with 1mL Trizol reagent for 5 minutes. 200µL 



27 
 

chloroform was well-mixed into the samples and incubated for 15 minutes at room 

temperature. The samples were centrifuged at 12000 x g for 15 minutes. The supernatant was 

carefully transferred to clean microcentrifuge tube. 500µL isopropyl alcohol was added and 

mixed well. The samples were centrifuged at 12000 x g for 15 minutes. Isopropyl alcohol was 

discarded and the mRNA pellets were then washed twice with 75% ethanol. The pellets were 

then left to dry. 

 

Reverse Transcription 

Different mRNA samples were redissolved in nuclease-free water and then diluted to the same 

concentrations in the same volumes according to the mRNA concentrations obtained using 

NanoDrop (Thermo Scientific). The mRNA samples were then converted into single-stranded 

cDNA by reverse transcription using High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) and a thermal cycler (Applied Biosystems Verti 96) with condition 

setting of 25oC for the first 10 minutes, 37oC for 120 minutes, then 85oC for 5 minutes and 

4oC for infinite time. 

 

Quantitative real-time polymerase chain reaction analysis 

Each well of optical 96-well reaction plate consists of 10µL SYBR Green Master Mix, 8µL 

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

backward primers. Quantitative real-time PCR was performed by using the ViiA 7 PCR 

system (Life Technologies) with the thermal cycler conditions of 1 cycle at 50°C for the first 

2 minutes, 1 cycle at 95°C for 10 minutes, followed by 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. 
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Cell viability assessment by MTT assay 

Cell viability of different concentrations of MG was assessed by MTT assay. MTT assay is a 

colorimetric assay that can reflect the number of living cells survived after treatment. 

0.5mg/ml MTT solution was added to the culture medium in each well of 96-well plate and 

incubated at 37oC for 4 hours. Insoluble purple formazan salts formed in cells were dissolved 

by dimethyl sulfoxide (DMSO) and absorbance was measured at 570 nm by a microplate 

reader (Bio-Rad, Hercules, CA, USA). 

 

Statistical analysis 

Results were presented as means ± standard error of the mean (SEM). The data were analyzed 

by Student's t-test and one-way analysis of variance (ANOVA) followed by Tukey's range test. 

P<0.05 was considered statistically significant (*p<0.05 in comparison to the control. 

**p<0.01 in comparison to the control). 
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Chapter 3 Diabetes and neurodegeneration 

3.1. Introduction 

Diabetes Mellitus (DM) is a chronic metabolic disorder due to the failure of the pancreas to 

produce sufficient insulin or the body could not utilize the secreted insulin effectively. It is 

characterized by hyperglycemia and distinctive complications in various tissues. Recently, it 

has been shown that diabetic patients have a higher risk of developing neurodegenerative 

diseases such as Alzheimer disease (AD) or Parkinson's disease and with significant 

deterioration of cognitive functions including psychomotor efficiency, intelligence, attention, 

and information processing in diabetic patients (97). However, the underlying mechanisms of 

diabetes-related neurodegeneration remain largely unknown. Nowadays, increasing evidence 

shows that astrocytes may play pivotal roles in the progression of; neurodegenerative disease 

(98). In particular, astrocytes could be activated under pathophysiological conditions and they 

are involved in various diabetes-related complications including neuropathy and 

neurodegeneration (99). Astrocytes are one of the major cell types found in the human central 

nervous system (CNS) and they are classically considered as structural cells which hold 

neurons together. It is also known that astrocytes participate in many housekeeping functions 

such as stabilizing the extracellular environment, regulating cerebral blood flow, maintaining 

synaptic functions and even supporting neuronal survival (81). For instance, astrocytes are 

responsible for recycling glutamate via glutamate transporter from the synaptic cleft into itself 

(100). Dysfunction of astrocytes could result in increased glutamate concentration and 

excitotoxicity (101). Furthermore, astrocytes could protect neurons from different stress 

insults such as reactive oxygen species (ROS) and oxidative stress by its high antioxidative 

capacity and the release of neurotrophic factors such as brain-derived neurotrophic factor and 
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nerve growth factor (79) (80) (102). However, upon neurodegeneration, dysfunction of 

astrocytes is observed which accompanies neuronal cell death in the brain (103) (104). Not 

only these abnormal astrocytes give less support to the neurons, they also release 

proinflammatory mediators to cause neuronal cell death (82) (83). Until recently, one of the 

possible mechanisms that link dysfunction of astrocytes and diabetes-related 

neurodegeneration is the formation of methylglyoxal (MG) and related advanced glycation 

end product (AGE) in diabetic patients (105) (106) (84). 

 

In the human body, MG is formed as a result of normal glucose metabolism (107). It is an 

AGE precursor that can foster the formation of AGE and this AGE, in turn, could interact 

with free amino groups, lipids and peptides in the blood (107) (108). MG is one of the major 

representative alpha-oxoaldehyde compounds and it is inevitably produced from glucose, 

fatty acid and protein metabolism (109). Within the intracellular environment, the glycolytic 

pathway is the most important endogenous source of MG via fragmentation of 

glyceraldehydes- 3-phosphate (84) (109).  

 

Since the brain has a very high demand of energy required in order to maintain neural cells 

function, neural cells are more likely to be exposed to MG compare with other cell types. In 

previous reports, MG could induce cellular degeneration by induction of ROS and oxidative 

stress (110) (111). Also, depleted ATP production and mitochondria dysfunction were found 

in MG-treated neuronal cells (112) therefore suggesting the role of MG in energy production 

disturbance and degeneration. Such MG burden associated with stress stimulus may cause 

neurodegeneration in CNS.  
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Panax ginseng is a well-known herb that has been widely used in traditional Chinese medicine 

to treat diseases such as type 2 diabetes, inflammation, cancer and hyperlipidemia (113) (114) 

(115). Active components of ginseng, namely ginsenosides, have been isolated and 

investigated. Ginsenosides are recognized as the bioactive components in ginseng and they 

are reported to have a wide spectrum of physiological and pharmacological effects such as 

modulating cardiovascular and neurological functions, protecting against chemically-induced 

tissues damage and delaying aging (116) (117) (118). In addition, their protective effects have 

been demonstrated in various diabetic models (119) (120) (121). Since abnormal MG 

production was found in a diabetic patient, we, therefore, investigated whether ginsenosides 

could protect astrocytes from MG-associated stress. Furthermore, possible mechanisms of 

neuroprotective effects of ginsenosides in astrocytes were studied. From our results, we were 

able to demonstrate in vitro primary astrocytic cultures that MG-induced astrocytic 

dysfunction was associated with the disturbance of insulin signaling and activation of the 

apoptotic pathway. In addition, ginsenosides Rd and RRh2 could counteract the effects of MG 

by attenuating insulin signaling and inhibiting subsequent apoptosis. These results, therefore, 

demonstrated the beneficial effects of ginsenosides against MG-induced astrocytic 

dysfunction. 
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3.2. Objectives 

To examine the apoptotic effect induced by methylglyoxal to astrocytes 

The astrocytic cell line and primary astrocytes were treated with MG. The expression of 

apoptotic markers and the insulin signaling pathway molecules were measured by Western 

Blotting. 

 

To examine the protective effect of ginsenosides against methylglyoxal 

The astrocytic cell line and primary astrocytes were treated with different ginsenosides prior 

to the MG treatment. The expression of apoptotic markers and the insulin signaling pathway 

molecules were measured by Western Blotting. 
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3.3. Materials and Methods 

Animal 

Postnatal day 1 Sprague Dawley rats were obtained from the University of Hong Kong. The 

handling of rats and all procedures were in accordance with the Animals (Control of 

Experiments) Ordinance, Hong Kong, China, and approved by the Committee on the Use of 

Human and Animal Subjects in Teaching and Research, Hong Kong Baptist University, and 

conformed to the Principles of Laboratory Animal Care (NIH publication No. 86-23, revised 

1985). All efforts were made to minimize the number of animals employed and the extent of 

their suffering in the experiments. 

 

Chemicals 

Methylglyoxal, insulin, MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) 

and anti-b-actin antibody were purchased from Sigma (St. Louis, MO, USA). Anti-glial 

fibrillary acidic protein (GFAP) antibody was purchased from Dako (Copenhagen, Denmark). 

Other primary antibodies were purchased from Cell Signaling Technology (Beverly, MA, 

USA). Unless otherwise stated, all chemicals were of reagent-grade quality and were 

purchased from Sigma (St. Louis, MO, USA). Ginsenosides Rd (C48H82O18) and R-Rh2 

(C36H62O8) with approximately 98% purity were obtained from Fleton (Chengdu, China). The 

purities of all ginsenosides are verified by high-performance liquid chromatography and 

thin-layer chromatography. 

 

Preparation of primary rat astrocytic cultures 

Primary astrocytes were prepared and cultured in Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F-12) medium supplemented with 10% fetal bovine 
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serum (FBS) and 1% penicillin/streptomycin/neomycin (PSN) antibiotics (Invitrogen, 

Carlsbad, CA, USA) according to previous protocol with a few modifications (122) (123). 

Briefly, brain tissues without hindbrain were isolated from postnatal day 1 Sprague-Dawley 

rats. It was minced and dissociated in trypsin solution for 15 min at 37℃. The cultures were 

allowed to seed overnight and mechanical shaking (200 rpm) was applied to dissociate 

neurons and microglia. Finally, astrocytes were yielded and grown for 3 weeks which were 

developed into homogenous cultures. 

 

Methylglyoxal and pharmacological treatment 

Astrocytes were seeded on 96 well plates (for MTT assay) and 6 well plates (for Western 

Blotting) for 24 h with 5*103 and 2*105 of cells respectively. Cell cultures were then switched 

to DMEM low glucose medium supplemented with 1% FBS for 24 h. To examine the effects 

of MG in astrocytic cultures, cells were exposed to different concentrations of MG at 

increasing concentrations from 200 µM to 2000 µM for 24 h or longer. In order to investigate 

the protective effects of insulin and active ginsenosides compound, 1 µM of insulin and 

different concentrations of ginsenosides were incubated with MG in cultures for 24 h 

respectively and proceeded to MTT assay and Western blotting experiments. 
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3.4. Results 

3.4.1. 24 h methylglyoxal treatment reduced cell viability and increased GFAP expression in a 

concentration-dependent manner in primary astrocytic cultures  

To examine the cytotoxicity of MG in astrocytes, different concentrations of MG (200 µM to 

2000 µM) were incubated with primary astrocytic cultures. MG toxicity in primary astrocytes 

was in a dose-dependent manner in which cellular viability was gradually decreased from 200 

µM to 600 µM and decreased sharply from the concentration of 700 µM, with LD50 

occurring around 700 µM (Fig 1a). To determine whether astrocytic dysfunction occurred in 

MG-treated astrocytes, GFAP expression was investigated in astrocytes after MG treatment. 

A significant increase in GFAP expression was observed in astrocytes upon 700 µM (Fig 1b).  

  



36 
 

 

 

Figure 1 24 h methylglyoxal treatment induced cytotoxicity and up-regulation of GFAP in 

astrocytic cultures. 
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Figure 1 24 h methylglyoxal treatment induced cytotoxicity and up-regulation of GFAP in 

astrocytic cultures. 

(a) Astrocytic cell viability was accessed by MTT assay after 24 h MG treatment. Data 

correspond to the mean and SEM of three independent experiments (n=3). *p < 0.05 in 

comparison to vehicle control.  

(b) GFAP was significantly increased in astrocytes challenged with 700 µM MG or above 

compared with normal vehicle control. Data correspond to the mean and SEM of three 

experiments (n=3) and represents the band densities that were normalized with respect to 

beta-actin. *p < 0.05 in comparison to vehicle control. 
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3.4.2. Impairment of insulin signaling activities by increased phosphorylation of insulin 

receptor substrate-1 (IRS-1) and insulin receptor (IR) and apoptosis was induced in astrocytes 

after methylglyoxal treatment  

Endogenous protein expressions in astrocytes were further studied by Western blotting. To 

examine if insulin signaling disturbance occurred in astrocytes upon MG treatment, 

phosphorylation of IRS-1, IR, and Akt in astrocytes were investigated. A significant increase 

of phosphorylation of IRS-1 and IR, accompanied with the reduction of phosphorylated Akt 

expression, was found in astrocytes, showing that insulin signaling and PI3K/Akt activities 

were inhibited (Fig 2a). Since the apoptotic pathway is closely related to PI3K/Akt activities 

(124), we also investigated if MG could induce apoptosis in astrocytes by examining the 

cleavage of caspase and poly ADP ribose polymerase (PARP), as cleavage of these molecules 

is a well-defined biomarker for apoptosis (125). In line with our results, MG treated astrocytes 

showed significantly increased cleavage of caspase 3, caspase 7 and PARP, demonstrating 

that MG could induce insulin insensitivity and trigger apoptosis in astrocytes (Fig 2b). 
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Figure 2 Methylglyoxal disturbed insulin signaling and induced apoptotic pathway in 

astrocytes. 
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Figure 2 Methylglyoxal disturbed insulin signaling and induced apoptotic pathway in 

astrocytes. 

(a) Representative blots against p-IRS-1 (Ser 612), p-IR (Tyr 1150/1151), p-Akt (Ser 473) 

and p-Akt (Thr 308) of astrocytes exposed to different concentrations of MG. Graphs below 

showing quantification of western blot. Data correspond to the mean and SEM of three 

experiments (n=3) and represents the band densities that were normalized with respect to 

respective endogenous protein. *p < 0.05, **p < 0.01 in comparison to vehicle control.  

(b) Representative blots against cleaved PARP, caspase 3 and caspase 7 of astrocytes exposed 

to different concentrations of MG. Graphs below showing quantification of western blot. Data 

correspond to the mean and SEM of three experiments (n=3) and represents the band densities 

that were normalized with respect to respective endogenous protein. *p < 0.05, **p < 0.01 in 

comparison to vehicle control. 

 

  

 

  



42 
 

3.4.3. Chronic methylglyoxal treatment induced IRS-1 phosphorylation and cleavage of 

caspase 3 

To simulate the chronic disease condition, MG treatments with a lower concentration (400 

µM) and longer period (24 to 96 h) were applied in astrocytic cultures. From Western Blotting, 

a lower concentration of MG (400 µM) could also induce IRS-1 phosphorylation and 

cleavage of caspase 3 after 96 h MG treatment (Fig 3). 
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Figure 3 A lower concentration of methylglyoxal exerted cytotoxic effects in astrocytes with 

longer treatment period. 

 

Figure 3 A lower concentration of methylglyoxal exerted cytotoxic effects in astrocytes with 

longer treatment period.  

Representative blots against p-IRS-1 (Ser 612), p-Akt (Ser 473) and caspase 3 of astrocytes 

exposed to 400 µM of MG from 24 h to 96 h. Graphs showing quantification of western blot. 

Data correspond to the mean and SEM of three experiments (n=3) and represents the band 

densities that were normalized with respect to respective endogenous protein. *p < 0.05. 
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3.4.4. Insulin treatment prevented methylglyoxal-induced apoptosis in astrocytic cultures 

To further confirm if insulin resistance was involved in this MG induced apoptosis in 

astrocytes, insulin (1 µM) was added to astrocytic cultures to counteract the effects of insulin 

resistance by MG. Since significant toxicity was revealed at MG concentrations 700 µM or 

above, 700 µM and 800 µM were chosen to examine the protective effects of insulin. From 

our results, insulin treatment could ameliorate the cytotoxicity of MG as revealed by MTT 

results (Fig 4a). Simultaneously, insulin treatment could reduce the cleavage of caspase and 

PARP in astrocytic cultures, showing that insulin signaling activities may play an important 

role in controlling apoptotic pathway that was induced by MG in astrocytes (Fig 4b). 
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Figure 4 Enhanced insulin signaling by insulin treatment could reduce methylglyoxal 

cytotoxicity by inhibiting apoptosis. 
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Figure 4 Enhanced insulin signaling by insulin treatment could reduce methylglyoxal 

cytotoxicity by inhibiting apoptosis.  

(a) Insulin could prevent MG cytotoxicity in astrocytes which were revealed by MTT assay. 

Data correspond to the mean and SEM of three independent experiments (n=3). *p < 0.05 in 

comparison to 700 µM MG concentration. #p < 0.05 in comparison to 800 µM MG 

concentration.  

(b) Representative blots against cleaved PARP, caspase 3 and caspase 7 of astrocytes exposed 

to MG and MG plus 1 µM insulin. Graphs below showing quantification of western blot. Data 

correspond to the mean and SEM of three experiments (n=3) and represents the band densities 

that were normalized with respect to respective endogenous protein. *p < 0.05 in comparison 

to 700 µM MG concentration. #p < 0.05 in comparison to 800 µM MG concentration. 
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3.4.5. Co-treatment of ginsenosides Rd and R-Rh2 could ameliorate insulin signaling 

impairment induced by methylglyoxal 

Ginsenosides were reported to protect neural cells in different neurodegeneration models (117) 

(126) (127). They could improve insulin sensitivity and inhibit apoptosis (128). Therefore we 

studied if treatment of ginsenosides could protect astrocytes from MG cytotoxicity. 5 µM, 10 

µM, 20 µM and 50 µM of ginsenosides were used in the experiments with reference to 

previous reports (129). From the results of MTT, a significant increase in cell viability was 

observed in MG treated astrocytes with 20 µM of Rd and R-Rh2 treatments. But no 

significant improvement of cell viability was detected between 20 µM group and 50 µM 

groups (Fig 5a). At the same time, IRS-1, IR phosphorylation, and GFAP were 

down-regulated, following by the up-regulation of phosphorylated Akt expression in 

ginsenosides treatment group compared with the MG-treated group (Fig 5b).  
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Figure 5 Ginsenosides Rd and R-Rh2 could ameliorate insulin signaling and rescue astrocytes 

from methylglyoxal cytotoxicity.  
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Figure 5 Ginsenosides Rd and R-Rh2 could ameliorate insulin signaling and rescue astrocytes 

from methylglyoxal cytotoxicity.  

(a) MTT assay revealed the protective effects of ginsenosides Rd and R-Rh2 against MG 

toxicity. A significant increase in cell viability was shown when both ginsenosides were 

incubated with 700 µM MG treated astrocytes. Data correspond to the mean and SEM of three 

independent experiments (n=3). *p < 0.05 in comparison to 700 µM MG concentration.  

(b) Representative blots against p-IRS-1 (Ser 612), p-IR (Tyr 1150/1151), p-Akt (Ser 473) 

and p-Akt (Thr 308) of astrocytes exposed to 700 µM MG and 700 µM MG with different 

concentrations of Rd and R-Rh2 treatment. Graphs below showing quantification of western 

blot. Data correspond to the mean and SEM of three experiments (n=3) and represents the 

band densities that were normalized with respect to respective endogenous protein. *p < 0.05 

in comparison to 700 µM MG concentration. 
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3.4.6. Co-treatment of ginsenosides Rd and R-Rh2 could inhibit the apoptotic pathway 

induced by methylglyoxal 

In addition, cleavage of caspase and PARP were both reduced by ginsenosides treatment, 

implicating that ginsenosides may partially protect astrocytes from MG toxicity by improving 

insulin signaling, re-activating Akt signaling and further inhibiting apoptotic pathway, thereby 

attenuating astrocytic dysfunction in MG-treated astrocytes (Fig 6). 
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Figure 6 Both ginsenosides Rd and R-Rh2 inhibited MG-induced apoptotic pathway. 
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Figure 6 Both ginsenosides Rd and R-Rh2 inhibited MG-induced apoptotic pathway. 

Representative blots against cleaved PARP, caspase 3 and caspase 7 of astrocytes exposed to 

700 µM MG and 700 µM MG with 10 µM or 20 µM of Rd and R-Rh2 treatment. Graphs 

below showing quantification of western blot. Data correspond to the mean and SEM of three 

experiments (n=3) and represents the band densities that were normalized with respect to 

respective endogenous protein. *p < 0.05 in comparison to 700 µM MG concentration. 
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3.5. Discussion 

Diabetes has been shown to be associated with the onset of neurodegeneration and accelerates 

the progress of neuronal cell death in the CNS (130) (131). Recently, researchers have 

suggested that MG, one of the major precursors of AGE, may involve in diabetes-related 

neurodegeneration (132) (133) (84). In diabetic patients, insulin resistance was also found to 

occur in neurons, and it greatly affected neuronal activities or even survival of neurons under 

various stress insult (134). From recent reports, MG was shown to be abnormally 

accumulated in diabetic patients and it could finally result in insulin resistance in the CNS 

(135). On the other hand, astrocytes play a pivotal role in regulating neurotrophic factors, 

calcium homeostasis and neurotransmitter in basal status (136). However, increasing evidence 

showed that astrocytes could, in turn, accelerate neuronal cell death once they are activated by 

external stress stimulus (137) (138). From our results, MG could induce astrocytic 

dysfunction and decrease cell viability in astrocytes. Furthermore, disturbance of insulin 

signaling activities and induction of apoptotic pathway were observed accompanied by the 

increase of GFAP in astrocytes. Conversely, treatment of insulin and ginsenosides could 

reduce MG toxicity by enhancing insulin signaling pathway and inhibiting MG-induced 

apoptotic pathways, thus demonstrating that ginsenosides may have therapeutic potential for 

treating diabetes-related neurodegeneration. 

 

MG formation is accelerated by the condition of hyperglycemia (107) (109). Plasma MG 

could be elevated to 400 µM in type 2 diabetic patients (139). In cerebrospinal fluid, the 

concentration is less than the plasma level (132). However, considering that not only neurons 

would constantly produce MG within CNS because of its high activities of glucose 

metabolism, MG is also highly reactive and it has a short half-life in the cellular environment. 



56 
 

Therefore local concentration at the time and site of production may be much higher than 

expected (140), and thus close to the concentrations employed in our study. 

 

Previous studies have shown that dysfunction of astrocytes was involved in the onset of 

neurodegenerative diseases (75) (141). Upon stress insults, astrocytes could protect neurons 

by secreting neurotrophic factors in order to enhance the survival of neurons (79) (80) (102). 

Overexpression of these neurotrophic factors in astrocytes was shown to be beneficial in 

several neurodegeneration models (142) (143) (144). Here we reported that MG could 

significantly reduce cell viability in astrocytic cultures and stimulate the expression of GFAP 

as increased GFAP was classically recognized as a pathological condition in astrocytes 

(Maragakis and Rothstein, 2006). Up-regulation of GFAP was commonly observed in the AD, 

multiple sclerosis and even in diabetes (99) (75). Pro-inflammatory mediators such as 

cytokines and interleukins were also released accompanied with GFAP increase and 

astrocytic activation, which may have deleterious effects on neuronal survival (137). From 

present results, MG resulted in significant GFAP up-regulation in astrocytes, accompanied 

with the decrease of cell viability as shown by MTT results, demonstrating that astrocytic 

dysfunction occurred and it may link to subsequent degeneration events.  

 

On the other hand, insulin resistance is normally found in diabetic patients, in particular, type 

2 diabetes patients (145). Insulin plays a critical role in controlling glucose metabolism, 

energy storage, cellular proliferation and cell survival (146). Upon insulin binding to IR, IRS, 

a transmembrane receptor tyrosine kinase, could be recruited and activated by the intracellular 

IR beta subunit through its SH-domain (147), thus activating several signaling pathways such 

as Akt pathway and MAP kinase pathway so as to protect cells from various stress insults. 
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Previous reports have revealed that when the cells, including neurons or astrocytes, failed to 

respond to insulin, normal cellular activities would be disrupted and resulted in the onset of 

neurodegeneration symptoms (130) (134). For molecular mechanisms, loss of insulin 

efficiency was attributed to the continuous phosphorylation of IRS and IR at serine/threonine 

sites (148) (149). Such phosphorylation could then interfere binding of IRS to the plasma 

membrane of IR, down-stream effectors such as PI3K/Akt and MAP kinase, and promoted 

dissociation of IRS from the receptor concomitant with IRS degradation. It has been shown 

that disturbance of insulin signaling activities in astrocytes could affect its metabolic process, 

proliferation, and differentiation, which could contribute to the astrocytes neuron interactions 

in the brain (150). From our results, both phosphorylations of IRS-1 and IR were found in 

astrocytes after MG treatment, suggesting the intervention of MG in insulin signaling 

activities in astrocytes.  

 

Furthermore, cleavage of PARP, caspase 3 and caspase 7 in astrocytes were demonstrated 

upon MG treatment. Apoptosis is a down-stream cell death pathway involving the cleavage of 

caspase cascades and PARP (151). Cleavage of PARP and caspase is recognized as a major 

step in the apoptotic process and it could be inhibited by the Akt activities (152). Once cells 

receive apoptotic stimulus from the external environment, intrinsic intracellular reactions 

would occur and lead to the proteolytic cleavage of caspase and subsequent PARP cleavage. 

These cleavages facilitate cellular disassembly and serve as a marker of cells undergoing 

apoptosis. From immunoblotting, up-regulation of cleaved PARP, caspase 3 and caspase 7 

were demonstrated in astrocytes with MG treatment. In line with the MTT results, these data 

together suggested that MG could induce insulin resistance in astrocytes, which would further 

develop into astrocytic dysfunction and apoptotic cell death after MG treatment. To further 
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confirm the involvement of insulin signaling activities in the MG-induced cell death, 

co-treatment of insulin and MG was applied to astrocytic cultures. And insulin could 

ameliorate the degeneration process by increasing phosphorylated Akt expression and 

inhibiting subsequent cleavage of PARP and caspases, resulting in the increase of cell 

viability. Recently, insulin has been proved to be effective in treating the diabetic related 

cognitive disorder (153). However, the underlying mechanisms were still unclear. Our results 

demonstrated that insulin could protect astrocytes from MG induced apoptosis, which may 

partially explain the amelioration of cognitive deficit in those models after insulin treatment.  

 

Ginsenosides are one of the pharmacologically active components found in the Chinese herb 

Panax ginseng. Numerous studies have indicated the neuroprotective effects of ginsenosides 

in different neurodegenerative models (117) (126) (129) (154). From in vivo studies, after 

administration of Rd and Rh2, the bioavailabilities were around 0.3% and 0.9% in plasma 

(155) (156). Owing to their anti-oxidative and anti-stress effects, ginsenosides were 

demonstrated to protect neurons and astrocytes against free radicals and relief from oxidative 

stress (121). In CNS, although the concentration of ginsenosides is low compared with plasma 

level, the neuroprotective effects of ginsenosides in vivo CNS have been demonstrated (157). 

Also, ginsenosides were able to increase insulin sensitivity in adipose cells (128). Thus we 

studied whether ginsenosides could protect astrocytes from MG cytotoxicity and determined 

the underlying mechanisms involved. According to present results, increased cell viability and 

down-regulation of GFAP were observed in MG-treated astrocytes when treated with 

ginsenosides Rd and R-Rh2, therefore implying the neuroprotective effects of ginsenosides on 

these MG-induced astrocytes. Moreover, both Rd and R-Rh2 could attenuate MG-induced 

phosphorylation of IRS-1 and IR and the phosphorylation of Akt was up-regulated. 
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Furthermore, cleavage of caspases and PARP were inhibited by the treatment of ginsenosides, 

thus showing that ginsenosides could improve insulin signaling disturbance and inhibit the 

subsequent apoptosis in astrocytic cultures. 
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3.6. Conclusion 

In conclusion, this study has presented in vitro evidence on the protective role of ginsenosides 

against MG-induced dysfunction of astrocytes. Ginsenosides Rd and R-Rh2 could restore 

insulin signaling and Akt activities and inhibit apoptosis in astrocytes, which were reflected 

by the inhibition of caspases and PARP cleavage. Taken together with previous reports, we 

believe ginsenosides could exert neuroprotective effects on both neurons and astrocytes in 

diabetes condition, and thereby have therapeutic potential in treating diabetes-related 

neurodegeneration. 
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Chapter 4 Diabetes and neuroinflammation 

4.1. Introduction 

Diabetes mellitus is a chronic metabolic disorder that is characterized by the presence of 

hyperglycemia in patients. Consistently high blood glucose level can cause a range of 

complications in different organs including the liver, kidney, heart, eyes and even the brain. 

Diabetic patients are at higher risk of developing neurodegenerative disorders including 

Alzheimer’s disease or Parkinson’s disease (97) (158). However, the underlying mechanisms 

of why diabetes is associated with neurodegeneration have not been elucidated. In the central 

nervous system (CNS), compelling evidence indicates that astrocytes play a pivotal role in the 

progression of neurodegenerative diseases and thus would represent a logical starting point 

for evaluating diabetes-related neurodegeneration (75). Astrocytes represent the most 

abundant glial type cells in the CNS and are responsible for the energetic, metabolic and 

structural support for neurons (75). They are involved in different housekeeping functions 

such as supporting neuronal growth, exerting neurotrophic actions and regulating neuronal 

homeostasis. In particular, astrocytes regulate neurotransmitter release and recycling at 

synaptic clefts (136) (75) and secrete neurotrophic factors such as nerve growth factors, 

brain-derived neurotrophic factors, and glial-derived neurotrophic factors. These substances 

promote the growth and differentiation of neurons and thereby contribute substantially to 

glial-neuron interactions (75). However, astrocytes become activated in response to different 

disease conditions known as astrogliosis, thus resulting in alterations in CNS homeostasis for 

the better or for the worse (102) (80). Dysfunction of astrocytes could result in the increase of 

glutamate in the synapse and cause excitotoxicity (159) (75). Activated astrocytes can give 

rise to neuroinflammation and lessen neurotrophic actions to neurons (160). In 
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neurodegenerative conditions, there is compelling evidence to suggest a role for activated 

astrocytes in disease progression (161). When astrogliosis occurs, it is accompanied by an 

increase of proinflammatory cytokines including TNF-± and IL-1²  (162) and neuronal 

dysfunction, thus resulting in cognitive or motor deficits. In diabetes, astrogliosis is seen in 

different brain regions including the hippocampus (163), but recent findings further revealed 

that advanced glycation products and its precursor do play a critical role in neurodegeneration 

(132).  

 

Methylglyoxal is a highly reactive metabolite formed in diabetic patients and is a precursor of 

advanced glycation end products (AGE) (139). This alpha-oxoaldehyde compound is 

generated from the glycolytic pathway via fragmentation of glyceraldehydes-3-phosphate 

(164) and can facilitate the glycation of proteins and DNA molecules. Under physiological 

condition, MG is converted into a non-toxic form by the glyoxalase system presented in 

mammalian cells (84). Production of MG is enhanced by several conditions such as aging and 

hyperglycemia (133).  

 

In diabetes, MG in the plasma is increased proportionally with the degree and the duration of 

hyperglycemia (97) and is associated with damage in blood vessels and organs (Sena et al. 

2012). Mice have been shown to suffer from cognitive decline and neuronal degeneration 

when treated with MG (165) and it can induce neuronal degeneration in neuronal culture 

through the induction of reactive oxygen species (ROS) and oxidative stress (111). We have 

shown previously that MG induces insulin signaling impairment in astrocytic cultures (55). In 

this report, we further hypothesize that MG could induce JNK pathway activation and 

subsequent neuroinflammatory responses in astrocytes. Using in vitro astrocytic cultures and 
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in vivo animal models treated with MG, JNK pathway molecules and proinflammatory 

cytokines in astrocytic cultures and hippocampus were evaluated. Our results demonstrated 

that MG induced astrogliosis and neuroinflammatory responses in both the in vitro and in 

vivo models, thus implicating the role of MG in diabetes-related neurodegeneration. 

 

  



64 
 

4.2. Objectives 

To examine the proinflammatory effect induced by methylglyoxal to astrocytes 

The astrocytic cell line was treated with MG. The gene expression of proinflammatory 

cytokines and the pathway molecules were measured by Real-time PCR and Western Blotting. 

 

To examine the proinflammatory effect induced by methylglyoxal to animals 

C57BL/6 mice were injected with MG solution. The gene expression of proinflammatory 

cytokines and the pathway molecules were measured by Real-time PCR and Western Blotting. 
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4.3. Materials and Methods 

Animals 

Three months old C57BL/6 mice were obtained from the 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 the Hong Kong 

Department of Health, and the Hong Kong Baptist University committee on the Use of 

Human and Animal Subjects in Teaching and Research, All efforts were made to minimize 

animal number and suffering. 

 

Chemicals 

Methylglyoxal, MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5- diphenyl tetrazolium bromide), SP 

600125 and anti-b-actin antibody were purchased from Sigma (St. Louis, MO, USA). 

Anti-glial fibrillary acidic protein (GFAP) antibody was purchased from Dako (Copenhagen, 

Denmark). Other primary antibodies were purchased from Cell Signaling Technology 

(Beverly, MA, USA). Unless otherwise stated, all chemicals were of reagent-grade quality 

and were purchased from Sigma (St. Louis, MO, USA).  

 

DITNC1 cell culture 

DITNC1 cell cultures and treatments DITNC1 astrocytes (ATCC, cat. number CCL-2005) 

were maintained in DMEM culture medium supplemented with 10%fetal bovine serum, 

100U/ml penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA) at a humidified 

atmosphere at 5%CO2 at 37 °C. Cells were seeded on 96 and 6 well plates for 24 h. For 96 

well plates, cells were treated with sham control or different concentrations of MG for 24 h 



66 
 

for MTT assay. For 6 wells plates, cells were treated with MG and cells were collected at 

different time points. JNK inhibition was evaluated by incubating cells with the JNK inhibitor 

SP600125 (20 µM, Sigma) for 2 h prior to MG treatment. Proteins and mRNA were extracted 

for further investigation. 

 

Intraperitoneal injection of methylglyoxal 

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

arrival, the mice were housed for 7 days and 100 ul of sham control (0.9 % saline) or MG 

solution (60 mg/kg) was administrated into the mice as described before (166). After 6 weeks, 

hippocampi were dissected out and homogenized with lysis buffer for protein extraction or 

Trizol for RNA extraction for further analysis. 

 

  



67 
 

4.4. Results 

4.4.1. Twenty-four hours of methylglyoxal treatment reduced cell viability and increased 

GFAP expressions of DITNC1 cells in a dose-dependent manner  

Concentrations of MG ranging between 200 and 1000 µM were introduced to the DITNC1 

astrocytic cultures to evaluate its cytotoxic potential. This compound induced cell death in a 

dose-dependent manner, with the LD50 being observed at approximately 400 µM (Fig 7a). 

GFAP expression in DITNC1 cells was determined after MG treatment of different durations 

to evaluate for astrogliosis. A significant increase of GFAP was found in DITNC1 cells 24 h 

after MG incubation suggesting astrocytic dysfunction can be induced by MG (Fig 7b). MG 

increased phosphorylation of JNK kinase and downstream effectors in DITNC1 cells Western 

blot analysis was employed to investigate how the JNK pathway of astrocytes was modulated 

by MG. 
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Figure 7 24 h methylglyoxal treatment reduced cell viability and increased GFAP in DITNC1 

cells. 
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Figure 7. 24 h methylglyoxal treatment reduced cell viability and increased GFAP in DITNC1 

cells. 

(a) DITNC1 astrocytes were treated with different concentrations of MG for 24 h. Reduced 

cellular viability was found in a dose-dependent manner. Data correspond to the mean and 

SEM of three independent experiments (n=3). *p < 0.05 in comparison to vehicle control.  

(b) GFAP expression was significantly up-regulated in MG-treated DITNC1 cells. Data 

correspond to the mean and SEM of three experiments (n=3) and represents the band densities 

that were normalized with respect to beta-actin. *p<0.05 in comparison to vehicle control 
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4.4.2. Up-regulation of protein expression of JNK molecules in DITNC1 cells challenged 

with methylglyoxal  

According to the results of the MTT assay, DITNC1 cells were treated with 400 µM of MG 

for 1 h to 24 h and the phosphorylation of JNK and c-jun were examined. Significant 

increases in phosphorylation of JNK molecules and c-jun (Ser 63 and Ser 73) were seen as 

early as 1 h MG treatment. Phosphorylation of JNK pathway molecules reached a maximum 1 

h after MG treatment, and the level returned to the baseline after 24 h (Fig 8). These results 

suggested that activation of the JNK pathway could be an early event in the pathogenesis of 

diabetes-related neurodegeneration when astrocytes are exposed to MG.  
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Figure 8 Methylglyoxal induced activation of JNK pathway in DITNC1 cells. 

 

Figure 8 Methylglyoxal induced activation of JNK pathway in DITNC1 cells. 

Representative blots against p-JNK, p-c-jun (Ser 63), and p-c-jun (Ser 73) of astrocytes 

exposed to 400 µM of MG from 1 h to 24 h. Graphs below showing quantification of western 

blot. Data correspond to the mean and SEM of three experiments (n=3) and represents the 

band densities that were normalized with endogenous JNK and Bactin. *p < 0.05 in 

comparison to vehicle control 
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4.4.3. Up-regulation of mRNA expression of pro-inflammatory mediators and astrocytic 

markers in DITNC1 cells challenged with methylglyoxal  

In the neuroinflammatory process, mRNA expression of proinflammatory cytokines is 

up-regulated in activated astrocytes and cytokines are released. Thus we further examined the 

gene expression of different inflammatory mediators in DITNC1 cells after MG exposure. 

Significant up-regulation of IL-1² , IL-6, TNF-±, and TGF-²  were observed in DITNC1 cells 

6 h after MG treatment. In line with the Western blot results, mRNA expression of GFAP and 

S100B, another astroglial markers that appear after CNS injury, were increased after 24 h of 

MG treatment (Fig 9). These results imply that neuroinflammation might be involved in MG 

induced neurodegeneration.  
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Figure 9 Methylglyoxal-induced a neuroinflammatory response in DITNC1 cells by 

up-regulating pro-inflammatory cytokine gene expressions and astrocytic markers. 
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Figure 9 Methylglyoxal-induced a neuroinflammatory response in DITNC1 cells by 

up-regulating pro-inflammatory cytokine gene expressions and astrocytic markers. 

The increase of TNF-±, TGF-² , IL-1² and IL-6 gene expressions was observed when DITNC1 

cells were treated with MG. On the other hand, astrocytic markers GFAP and S100B gene 

expressions were also increased by MG treatment. Data correspond to the mean and SEM of 

three independent experiments (n=3). Beta-actin was used as mRNA internal control. *p < 

0.05 in comparison to vehicle control 
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4.4.4. JNK activation and neuroinflammatory response in the hippocampus of C57BL/6 mice 

after methylglyoxal treatment  

In order to evaluate the implications of our in vitro findings, C57BL/6 mice were injected 

with MG for 6 weeks according to a previous report (166). Up-regulation of GFAP was 

observed in the hippocampus of MG - treated mice, indicating that MG triggered astrogliosis 

in animals. Significant up-regulation of phosphorylated JNK and c-jun expressions were also 

observed in this group of animals, showing that MG treatment resulted in JNK pathway 

activation in the hippocampus (Fig 10a). Finally, mRNA expression of proinflammatory 

cytokines and astrocytic markers in the hippocampus were measured and the data were in 

agreement with our in vitro results in that significant up-regulation of proinflammatory 

cytokines and astrocytic markers were seen (Fig 10b). These results imply that abnormal 

accumulation of MG in mice could result in neuroinflammation in CNS and may lead to 

neuronal degeneration in diabetes model. 
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Figure 10 6 weeks injection of methylglyoxal resulted in JNK pathway activation and 

neuroinflammatory response in the hippocampus of C57 mice.  
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Figure 10 6 weeks injection of methylglyoxal resulted in JNK pathway activation and 

neuroinflammatory response in the hippocampus of C57 mice.  

Mice were injected with vehicle solution or MG for 6 weeks respectively. 

(a) Representative blots against p-JNK, p-c-jun (Ser 63), and p-c-jun (Ser 73) in the 

hippocampus of two groups of animals. Graphs below showing quantification of western blot. 

Data correspond to the mean and SEM of 6 mice in each group (n=6) and represents the band 

densities that were normalized with endogenous JNK and B-actin.. *p < 0.05 in comparison to 

vehicle control.  

(b) Gene expressions of inflammatory cytokines and astrocytic markers in the hippocampus. 

Up-regulation of cytokines and astrocytic markers gene expressions were observed in the 

hippocampus of MG treated mice. Data correspond to the mean and SEM of five independent 

animal experiments (n=5). B-actin was used as mRNA internal control. *p<0.05 in 

comparison to vehicle control. **p<0.01 in comparison to vehicle control 
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4.4.5. JNK inhibition attenuated TNF-± expression in astrocytes  

To confirm if MG induced a neuroinflammatory response in astrocytes through the JNK 

pathway, DITNC1 cells were pretreated with the JNK inhibitor SP600125 for 2 h prior to MG 

treatment and mRNA expression of inflammatory cytokines was examined. Interestingly, 

downregulation of mRNA expression of TNF-± was observed while other inflammatory 

cytokines tested in previous part were not modulated by JNK inhibitor (Fig 11). This implied 

that the JNK pathway contributed to MG induced neuroinflammation by inducing TNF-± but 

not other mediators in astrocytes. 
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Figure 11 JNK inhibition attenuated mRNA expression of TNF-± in astrocytes. 

 

Figure 11 JNK inhibition attenuated mRNA expression of TNF-± in astrocytes. 

DITNC1 cells were incubated with 20 µM of SP600125 for 2 h prior to 400 µM of MG 

treatment and cells were harvested after 6 h MG treatment. mRNA expression of TNF-± was 

significantly higher in the MG group while down-regulation of TNF-± was observed after 

SP600125 treatment. Data correspond to the mean and SEM of three independent experiments 

(n=3). *p < 0.05 in comparison to vehicle control 
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4.5. Discussion 

There are ongoing discussions indicating that diabetes may predispose one to develop 

neuronal dysfunction and subsequent neurodegenerative diseases (97) (131). Past work 

focusing on the search for responsible molecules for hyperglycemia-induced tissue damage 

have suggested MG as a potential candidate (167). MG enhances the production of ROS and 

increases the oxidative burden in the liver, kidney, and capillaries (168). In the CNS, chronic 

treatment with MG could induce oxidative stress in neurons and results in neuronal cell death 

in vitro cultures (169). In addition, MG impedes the intracellular protein degradation system 

by increasing endoplasmic reticulum stress and this further induces neuronal cell death and 

tau protein aggregation within the brain (132). Although a large amount of work has 

characterized the role it has in neurons, little is known about the effects of MG in astrocytes. 

Astrocytes are one of the major components in the CNS that support neuronal growth and 

maintaining homeostasis and their dysfunction is seen in various diabetic models (163), 

implicating an important role in exacerbating neuronal degeneration in this condition. From 

our previous results, we have demonstrated that MG induces insulin insensitivity in astrocytes 

(55). Our current study further demonstrated that MG induces astrocytic dysfunction, 

stimulating JNK pathway and mRNA expression of proinflammatory mediators in astrocytes. 

Similar changes were also seen in the in vivo model that astrogliosis, JNK pathway activation, 

and neuroinflammatory response occurred in the hippocampus after 6 weeks MG treatment. 

Taken together these results further suggest a deleterious role for MG in diabetes-related 

neurodegeneration.  

 

Under normal physiological conditions, astrocytes protect neurons from various insults 

including oxidative stress and excitotoxicity (75). Astrocytes have the high anti-oxidative 
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capacity that helps to chelate ROS in the CNS and they facilitate the recycling and 

degradation of glutamate in synapse to attenuate excitotoxicity (170) (171). More importantly, 

astrocytes release neurotrophic factors that enhance neuronal survival and overexpression of 

these factors has been shown to be beneficial in neurodegeneration. In contrast, astrocytic 

dysfunction would lead to various deleterious effects including impairment of glutamate 

recycling (172), a reduction in anti-oxidative capability in the CNS (171), induction of protein 

aggregation (173) and a decline in synaptic plasticity (170). As up-regulation of GFAP is a 

consistent pathological marker of astrocytic dysfunction in neurodegeneration, we examined 

the modulation of GFAP in cell cultures and hippocampus respectively. Up-regulation of 

GFAP was found in both cell cultures and hippocampus under following MG exposure. This 

suggested that MG might disturb the function of astrocytes in CNS and lead to further 

neurodegeneration in diabetes patients.  

 

MG is inevitably formed within the mammalian cells and the process is accelerated by 

hyperglycemic condition (107). The plasma concentration of MG could be as high as 400 µM 

in type 2 diabetic patients, which is closed to our experimental value (139). In the 

cerebrospinal fluid, the concentration of MG is slightly lower than the plasma level (132). 

However, due to the high metabolic activity involving glucose in neural cells, MG might be 

produced at a correspondingly higher rate. This along with a decrease in glyoxalase activity 

that is observed in diabetic or Alzheimer’s disease patients, (132) may raise the local 

concentration of MG in the brain towards our experimental value. Furthermore, as in small 

rodents, the basal metabolic activity is higher than in human and the production rate of MG 

may also be correspondingly higher. Therefore the concentration of MG used in our report is 

likely to a representative of that seen in clinical situations. Some may argue that brain suffers 
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from glucose deprivation in diabetic patients and question about the relevance of MG on 

neural cells. However, it has been shown that cells under chronic oxidative stress produce 

more MG that accumulates extracellularly (174), and the brains of diabetic patients are under 

constant oxidative stress (175). It is possible that MG is increased and affects neural cells 

including astrocytes in diabetic patients.  

 

Under normal condition, astrocytes can deal with physiological concentrations of MG to 

protect neurons by its high glyoxalase activity (176). However, under diabetic conditions, 

high levels of MG may overwhelm this mechanism and impair astrocytic function. From our 

results, astrocytes responded to the high concentration MG treatment within a short period of 

time in the in vitro culture model. Therefore it is possible that astrocytes could be activated by 

a sudden increase of MG in the brain. From other reports, a similar concentration of MG was 

shown to induce 50% of cell death in other in vitro model (112).  

 

Our model also demonstrated the modulation of JNK pathway in astrocytes by MG treatment. 

JNK is an important kinase from mitogen-activated protein kinase family (177). Upon 

exposure to stressful insults such as free radicals or protein aggregates (178) (179), JNK could 

be activated and regulate gene transcriptional activity by c-Jun phosphorylation. C-Jun could 

then interact with other transcriptional factors such as AP-1 or c-Fos (177) and initiate 

different gene transcription (180). The activation of transcriptional factors is one of the 

important events for initiating pro-inflammatory cytokines synthesis and cause inflammation 

(180) (181) and phosphorylation of JNK and c-jun molecules were seen in our in vitro and in 

vivo models. Previous studies also demonstrated multiple effects of JNK activation in the 

CNS such as neuronal apoptosis, cell differentiation and inflammation (179) (181). These data 
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implied that MG induced astrocytic dysfunction and activation of the JNK pathway may 

contribute to neurodegeneration. Furthermore, from our in vitro model, JNK was activated as 

early as 1 h after MG treatment in astrocytes. It implied that JNK activation may be an early 

event of astrocytes under MG stress when it is accumulated in diabetes patients.  

 

Interestingly from our PCR analysis, the neuroinflammatory response was also observed as 

indicated by the up-regulation of mRNA expressions of TNF-±, TGF-² , IL-1² , and IL-6 

following MG treatment. TNF-±, IL-1² , and IL-6 are the classic pro-inflammatory markers 

involved in the neuroinflammatory process (182) (183) and they are produced by many cell 

types such as macrophages, neurons, and glial cells. These cytokines serve a range of 

physiological functions under normal circumstance (184) but in an inflammatory state, they 

can be released in excess and cause detrimental effects. For instance, TNF-± could bind to the 

TNF-± receptor and toll-like receptor and cause the modulation of the NF-KB pathway, 

resulting in cellular apoptosis (185). In addition, TNF-± could affect synaptic connectivity 

and neuron overall action potential firing rat. It could also induce phosphorylation and activity 

of the protein tyrosine phosphatase SH-PTPase, which rapidly removes tyrosine phosphate 

group from IRS-1 and FAK and terminate insulin action causing insulin resistant. Induction of 

IL-1²  and IL-6 in the CNS could inhibit p38 mitogen-activated protein kinase activities and 

enhance p53 activities in neural cells, leading to apoptosis or necrosis cell death (186) (181). 

TGF-²  is a secreted protein that can control cell death by the SMAD pathway (187). With the 

binding of TGF-² , SMAD within the cells could form a heterodimeric complex and activate 

cell death program (188). From our results, gene expressions of these pro-inflammatory were 

significantly upregulated by the treatment of MG in both in vitro and in vivo models. These 

data implicated that MG may cause neuroinflammation in CNS by enhancing the synthesis of 
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different pro-inflammatory cytokines in astrocytes, therefore resulting in neurodegeneration in 

CNS. Since JNK pathway is responsible for triggering inflammatory cytokines production 

(189), we evaluated the effect of JNK activation on MG induced neuroinflammation in 

astrocytes. Interestingly only TNF-± was modulated after JNK inhibition (Fig. 5, Appendix 

VII). It implied that apart from JNK pathway that is responsible for the up-regulation of 

TNF-±, other upstream signaling mechanisms such as NF-kB pathway may be involved which 

is responsible for the increase of other inflammatory markers tested in this study (190). 
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4.6. Conclusion 

In conclusion, our data demonstrated that MG induced JNK activation and neuroinflammatory 

responses in astrocytes. These processes may be responsible for neurodegeneration in diabetes. 

JNK pathway contributes to the development of neuroinflammation via TNF-±, but other 

upstream mechanisms producing different inflammatory cytokines are also involved. As 

anti-diabetic treatments targeting AGE and AGE precursors have already been shown to 

ameliorate adverse biological changes in the liver, kidney, and heart (191), we speculate that 

similar treatments may have therapeutic potential in treating diabetes-related 

neurodegeneration through ameliorating neuroinflammation in CNS. 
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Chapter 5 Diabetes and Osteoporosis 

5.1. Introduction 

In diabetic patients, the consistently high blood glucose level causes a range of complications 

in different organs including the liver, kidney, heart, and eyes. Patients with type 2 or type 1 

diabetes are found to have a higher risk of developing bone fracture and osteoporosis (109) 

(192). However, the underlying mechanism in which diabetes is associated with osteoporosis 

has not yet been elucidated. 

 

Osteoclasts are bone cells having catabolic action in the bone remodeling cycle and play a 

critical role in bone resorption (193). This function is critical in the maintenance, repair, and 

remodeling of the vertebral skeleton. Bone resorption is a process of degrading the bone 

matrix and collagen within the bone. This is carried out by osteoclasts by attaching to the 

bone surface and secreting acids and lysosomes (194). On the other hand, osteoblasts are bone 

cells having anabolic action in the bone remodeling cycle. This is responsible for the synthesis 

of bone matrix, which is recognized as the bone formation process (195). However, 

dysfunction of osteoblast and overactivation of osteoclasts results in imbalanced bone 

remodeling. When the rate of bone resorption is higher than the rate of bone formation, it 

eventually leads to osteoporosis in the long term (196). Although there are a number of 

studies characterizing the role of MG in affecting bone, most of the reports mainly focused on 

the osteoblasts (197) (198). The role of MG in affecting osteoclast is rarely reported and 

worthy of further investigation (199). 
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In osteoporosis, there is strong evidence suggesting the role of activated osteoclasts in disease 

development (109). When osteoclasts are activated, increases of the osteoclast bone 

biomarkers such as cathepsin K (CTSK), osteoclast-associated immunoglobulin-like receptor 

(OSCAR), and tartrate-resistant acid phosphatase isoforms 5 (TRACP5) are accompanied. 

CTSK is a lysosomal cysteine protease involved in bone remodeling and resorption, 

catabolizing elastin, collagen, and gelatin to break down bone and cartilage (200), while 

OSCAR is an important bone-specific regulator of osteoclast differentiation (201). TRACP is 

an enzyme that is expressed in high quantity by bone-resorbing osteoclasts, dendritic cells and 

inflammatory macrophages (202). 

 

Osteoclastogenesis, the development of osteoclasts, can be induced by different factors in 

osteoporosis, such as estrogen deficiency (203). Recently researchers demonstrated that 

advanced glycation products and its precursor are playing an important role in osteoclast 

activation (204). Methylglyoxal (MG), an Advanced Glycation Endproduct (AGE) precursor, 

is one of the highly reactive metabolites formed in diabetic patients (139). This is an 

alpha-oxoaldehyde compound produced from the glycolytic pathway through fragmentation 

of glyceraldehydes-3-phosphate, which could aid the glycation of DNA molecules and 

proteins (164). Under normal condition, MG will be detoxified by the glyoxalase system in 

mammalian cells (205). However, several conditions such as aging and hyperglycemia 

stimulate the production of MG (206). In diabetes, the concentration of serum MG is 

increased proportionally with the duration and the degree of hyperglycemia (207). Its 

accumulation is also closely related to damaging blood vessels and organs (208) (209). 
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In this report, we hypothesize that MG could trigger the c-Jun N-terminal kinases (JNK) 

pathway and subsequent osteoclasts activation. Using animal models treated with MG, the 

architecture and the osteoclast bone biomarkers of the proximal end of the tibia was 

investigated. Using macrophage cell cultures with the potential to form osteoclast-like cells 

and treated with MG, JNK molecules and the osteoclast bone biomarkers was investigated. 

Our results demonstrated that MG induced osteoclastogenesis in both the animal and cell 

models and thus implicating the role of MG in diabetes-related osteoporosis. 
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5.2. Objectives 

To examine the osteoporotic effect induced by methylglyoxal and diabetic conditions 

SD rats were induced to type 1 diabetes or injected with MG solution. The architecture and 

the gene expression of osteoclast biomarker were examined by micro-CT scanning and 

Real-time PCR. 

 

To examine the effect of methylglyoxal on osteoclast 

Macrophages cell line was treated with MG. The gene expression of osteoclast biomarker and 

the pathway molecules were measured by Real-time PCR and Western Blotting. 
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5.3. Materials and Methods 

Intraperitoneal injection of MG 

To set up the MG treated model, rats were kept in the animal room with a 12h of the light and 

dark cycle. After arrival, the rats were kept for 1 week. MG (36mg/kg/day) or sham control 

(phosphate-buffered saline) were administrated into the rats by intraperitoneal injection 6 days 

per week. After 8 weeks, the proximal end of the tibia was dissected out and fixed with 

formaldehyde or homogenized with respective reagents for further analysis. 

 

Intraperitoneal injection of streptozotocin 

To set up type 1 diabetic model, rats were kept in the animal room with a 12h of the light and 

dark cycle. After arrival, the rats were again kept for 1 week prior to experimentation. 

Streptozotocin (STZ) (50mg/kg/day) or sham control (0.1M sodium citrate, pH 4.5) was 

administrated in the rats by intraperitoneal injection for 2 continuous days. After 12 weeks, 

the proximal end of tibias was dissected out and fixed with formaldehyde or homogenized 

with respective reagents for further analysis. 

 

Micro-CT scanning 

Bone tissues were fixed in 4% formaldehyde and then dehydrated with 70% ethanol. The 

architecture and bone mineral density of the samples were scanned and analyzed by 

SCANCO® vivaCT 40 (SCANCO Medical, Swiss). The bone mineral density (BMD), bone 

volume/tissue volume (BV/TV), trabecular number (TbN), trabecular thickness (TbTh), and 

trabecular separation (ThSp) of the bone samples were measured. 
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RAW264.7 cell cultures and treatments 

For the cell model, RAW264.7 macrophages (ATCC, TIB-71) were employed as a 

transfectable macrophage cell line with the potential to form osteoclast-like cells. RAW264.7 

were cultured in DMEM supplemented with 10% fetal bovine serum, and 1% 

antibiotic-antimycotic (Invitrogen, Carlsbad, CA, USA) at a humidified atmosphere with 5% 

CO2 at 37 °C. Cells were seeded respectively on 96 and 6 well plates. After 24h, for 96 well 

plates, cells were treated with MG or vehicle control for 24h for MTT assay. For the 6 wells 

plates, cells were treated with MG and harvested at different time after the treatment. For JNK 

inhibition experiments, cells were treated with 10 nM MAPK8 (JNK1) siRNA (Invitrogen) or 

the negative control siRNA (Invitrogen) in Opti-MEM reduced serum culture medium for 24h 

before MG treatment. Proteins and mRNA of samples were then extracted for further analysis. 
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5.4. Results 

5.4.1. Change of architecture, lower bone mineral density, and osteoclast activation in the 

tibia of SD rat after MG treatment 

To investigate the effect of MG in animal model, SD rats were injected with MG for 8 weeks. 

From micro-CT analysis, lower BMD (-17.0%), BV/TV (-17.3%), TbN (-19.0%), TbTh 

(-6.8%), and higher TbSp (+25.3%) indicating looser architecture were observed in the tibia 

of MG - treated rats compared with the control group, suggesting that MG triggered 

osteoporosis in animals (Fig 12a). A significant increase of CTSK (1.51 fold), OSCAR (1.90 

fold), and TRACP5 (2.57 fold) were also observed in MG-treated animals, showing that MG 

treatment also resulted in osteoclastogenesis in the tibia (Fig 12b). These results imply that 

abnormal MG level in rats could also trigger increased resorption in the tibia and may cause 

osteoporosis in diabetes model. 
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(a) 

 

 

(b) 

 

Figure 12 8 weeks injection of MG resulted in looser architecture and lower bone mineral 

density and increased osteoclast activity in the trabecular part of the tibia in SD rats. 
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Figure 12 8 weeks injection of MG resulted in looser architecture and lower bone mineral 

density and increased osteoclast activity in the trabecular part of the tibia in SD rats. 

Rats were injected with sham control or MG for 8 weeks respectively.  

(a) Micro-CT scanning in the tibia of two groups of animals. The graph shows bone mineral 

density, bone volume/tissue volume, trabecular number, trabecular thickness, and trabecular 

separation. Data correspond to 4 rats in the control group and 8 rats in the MG group. *p<0.05 

in comparison to the control. 

(b) Gene expressions of the osteoclast bone biomarkers in the tibia. Up-regulation of bone 

biomarkers mRNA expressions were observed in the tibia of MG treated rats. Data correspond 

to 4 rats in the control group and 8 rats in the MG group. Beta-actin was used as the mRNA 

internal control. *p<0.05 in comparison to the control. **p<0.01 in comparison to the control. 
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5.4.2. Change of architecture, lower bone mineral density, and osteoclast activation in the 

tibia of SD rat after STZ treatment 

To investigate the changes of bone mass and quality in type 1 diabetic model, SD rats were 

injected with STZ for 2 continuous days. After 12 weeks, when analysed by micro-CT looser 

architecture with lower BMD (-37.7%), BV/TV (-38.8%), TbN (-16.7%), TbTh (-22.4%), and 

higher TbSp (+25.4%) were again observed in the tibia of STZ - treated rats compared with 

the control group, indicating that type 1 diabetic condition triggered osteoporosis in these 

animals (Fig 13a). Significant up-regulation of OSCAR (2.10 fold), and TRACP5 (2.14 fold) 

were also observed in the STZ treated animals, showing that STZ treatment resulted in 

osteoclastogenesis in the tibia (Fig 13b). These results imply that type 1 diabetes condition in 

rats could result in increased resorption in the tibia and may lead to osteoporosis, similar to 

those in the MG model. Since MG is known to be produced in a diabetes condition, it may be 

one of the mediators of osteoporosis in diabetes.  
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(a) 

 

 

(b) 

 

Figure 13 12 weeks after injection of STZ resulted in looser architecture and lower bone 

mineral density and increased osteoclast activity in the trabecular part of the tibia in SD rats. 
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Figure 13 12 weeks after injection of STZ resulted in looser architecture and lower bone 

mineral density and increased osteoclast activity in the trabecular part of the tibia in SD rats. 

Rats were injected with sham control or STZ for 2 continuous days respectively.  

(a) Micro-CT scanning in the tibia of two groups of animals. The graph shows bone mineral 

density, bone volume/tissue volume, trabecular number, trabecular thickness, and trabecular 

separation. Data correspond to 6 rats in the control group and 12 rats in the STZ group. 

**p<0.01 in comparison to the control. 

(b) Gene expressions of the osteoclast bone biomarkers in the tibia. Up-regulation of bone 

biomarkers mRNA expressions were observed in the tibia of STZ treated rats. Data 

correspond to 6 rats in the control group and 12 rats in the STZ group. Beta-actin was used as 

the mRNA internal control. *p<0.05 in comparison to the control.  
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5.4.3. 24 hours of MG treatment lowered cell viability and up-regulated CTSK, OSCAR, and 

TRACP5 mRNA expressions of RAW264.7 cells 

In order to evaluate the results of our animal findings and study the mechanistic pathway in 

more details, osteoclast cell culture was employed. Different concentrations of MG between 

100 and 1100 µM were first applied to the RAW264.7 macrophage cultures to evaluate its 

cytotoxicity. MG reduced cell viability dose-dependently, and LD50 was observed at 

approximately 500µM (Fig 14a). CTSK, OSCAR, and TRACP5 mRNA expression in 

RAW264.7 cells were measured after MG treatment of different time to investigate the 

presence of osteoclastogenesis. It was found that a significant increase of CTSK (1.92 fold), 

OSCAR (1.87 fold), and TRACP5 (1.19 fold) were observed after 24h of 400µM MG 

treatment which suggests that osteoclast activation can be caused by MG (Fig 14b). 
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(a) 

 

 

(b) 

 

Figure 14 24h MG treatment reduced cell viability and induced the osteoclast bone 

biomarkers mRNA expressions in Raw264.7 cells. 

 

  



101 
 

Figure 14 24h MG treatment reduced cell viability and induced the osteoclast bone 

biomarkers mRNA expressions in Raw264.7 cells.  

(a) RAW264.7 macrophages were treated with 100µM to 1000µM of MG for 24h. Decreased 

cell viability was found dose-dependently. Data correspond to 10 experiments (n=10). 

**p<0.01 in comparison to the control. 

(b) The osteoclast bone biomarkers mRNA expressions were significantly up-regulated in 

RAW264.7 cells treated with 200µM and 400µM MG. Data correspond to 10 experiments 

(n=10). Beta-actin was used as the mRNA internal control. *p<0.05 in comparison to the 

control. **p<0.01 in comparison to the control. 
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5.4.4. MG induced phosphorylation of JNK in RAW264.7 cells 

Western blotting was used to evaluate if MG affected the JNK pathway in RAW264.7 cells. 

Based on the MTT assay, RAW264.7 cells were cultured with 400µM MG for between 1h and 

24h, and the JNK phosphorylation was examined. The result showed that phosphorylation of 

JNK molecules was significantly increased and reached a maximum after 1h MG treatment 

(10 fold) and the level returned to the baseline after 6h (Fig 15). These results implied that 

JNK pathway activation could be an early event in the diabetes-related osteoporosis when 

macrophages are challenged with MG. 
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Figure 15 . MG-induced phosphorylation of JNK in RAW264.7 cells. 

 

Figure 15 . MG-induced phosphorylation of JNK in RAW264.7 cells. 

Representative blots of p-JNK, JNK, and beta-actin of the macrophages exposed to 400µM of 

MG for the time between 1h and 24h. The graph below shows the band densities 

quantification of Western Blotting. Data correspond to 6 experiments (n=6). Endogenous JNK 

was used as the internal control. **p<0.01 in comparison to the control. 
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5.4.5. JNK inhibition attenuated CTSK, OSCAR, and TRACP5 mRNA expression in 

RAW264.7 cells 

To confirm whether MG-induced osteoclastogenesis in macrophages is mediated through the 

JNK pathway, a knockdown study in which RAW264.7 cells were transfected with JNK1 

siRNA for 24h before the MG treatment and the mRNA expression of the osteoclast bone 

biomarkers was then examined. Interestingly, downregulation of mRNA expression of CTSK, 

OSCAR, and TRACP5 was observed (Fig 16). These results suggested that JNK pathway 

would take part in MG-induced osteoclastogenesis by increasing CTSK, OSCAR, and 

TRACP5 expressions in macrophages. 
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Figure 16 JNK inhibition reduced the mRNA expression of the osteoclast bone biomarkers in 

MG-treated macrophages. 
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Figure 16 JNK inhibition reduced the mRNA expression of the osteoclast bone biomarkers in 

MG-treated macrophages. 

RAW264.7 cells were transfected with 10nM siRNA for 24h before 400µM MG treatment. 

The cells were collected after 24h MG treatment. The mRNA expression of CTSK, OSCAR, 

and TRACP5 was increased in the MG group and the effects of MG were countered by the 

transfection. Data correspond to 10 experiments (n=10). Beta-actin was used as mRNA 

internal control. *p<0.05 in comparison to the control. **p<0.01 in comparison to the control. 
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5.5. Discussion 

There is increasing evidence that diabetes may develop imbalanced bone remodeling and 

subsequent osteoporosis (210) (211). Past work focusing on the search for molecules 

responsible for hyperglycemia-induced tissue damage suggested MG as a potential candidate. 

MG enhances the production of reactive oxygen species and increases the burden of oxidation 

in capillaries, kidney, and liver (212). Additionally, MG reduces protein degradation by 

inducing endoplasmic reticulum stress and bone cell death (213). Although there are a number 

of studies characterizing the role of MG in affecting bone and osteoblasts, the effects of MG 

on osteoclasts are still largely unknown (214) (215). Osteoclasts are one of the major cells in 

the bone that are responsible for resorption and maintaining bone remodeling. Activation of 

osteoclasts is seen in different diabetic models, showing their important role in 

diabetes-related osteoporosis (216). 

 

Our current animal study demonstrated that after eight weeks of MG treatment lower bone 

mineral density, looser architecture and osteoclastogenesis response occurred at the proximal 

end of the tibia (217). Similar modulations were also observed in the cell model in which MG 

induced osteoclastogenesis, triggered by JNK phosphorylation and increased mRNA 

expression of the osteoclast bone biomarkers in osteoclasts. These results altogether suggest 

that MG may play a role in diabetes-related osteoporosis. Under normal conditions, 

osteoclasts cooperate with osteoblast in bone remodeling to maintain bone architecture and 

strength (218). In contrast, osteoclast over activation would lead to deleterious effects 

including increased resorption rate, lower bone mineral density, and a weakened architecture. 

As up-regulation of CTSK, OSCAR, and TRACP5 are consistent pathological markers of 

osteoclast activation in osteoporosis, we examined their modulation in cell cultures and in the 
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proximal end of the tibia from MG-treated rats respectively. Up-regulations of these 

biomarkers were observed in both tibia and cell cultures under MG exposure. These results 

suggested that MG might activate osteoclasts in bones and further cause bone resorption. 

 

MG is spontaneously formed in the mammalian cells and the process is accelerated by the 

hyperglycemic condition (219). In diabetic patients, the serum MG concentration could reach 

up to 400µM, which is close to our experimental concentration (139). Furthermore, as the 

basal metabolic rate of small rodents is higher than human, the production rate of MG could 

also be proportionally higher (220). Therefore, the concentration of MG used in our report is 

comparable to clinical situations. Moreover, it was shown that cells under chronic oxidative 

stress produce more MG that accumulates extracellularly (221). Our results in the cell model 

showed that osteoclasts activated under high concentration MG within a short period of time, 

suggesting that activation of osteoclasts is an early event. 

 

Type 1 diabetic model was conducted to compare with the MG model. Both type 1 diabetes 

and type 2 diabetes are characterized by hyperglycemia. However, in type 2 diabetes, other 

factors such as insulin resistance and aging may be involved (222) (223), therefore type 1 

diabetic model was used in the present study. Our results show the effect of type 1 diabetes is 

similar to the effect of MG. The only difference is CTSK mRNA expression and it is possible 

that there may be some other pathways such as oxidative stress and protein kinase C 

regulating CTSK in type 1 diabetes model, and contribute to this difference (224) (225). In 

any case, our results imply that MG is one of the possible pathways causing 

osteoclastogenesis. 
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RAW264.7 is a transfectable macrophage cell line with the potential to form osteoclast-like 

cells (226). Receptor activator of nuclear factor-kappa B (RANK) is the receptor for 

RANK-Ligand (RANKL). They work with osteoprotegerin (OPG), a decoy receptor for 

RANK, and form RANK/RANKL/OPG signaling pathway that regulates osteoclast 

differentiation and activation (227). RANK is expressed in RAW264.7 macrophages and so it 

potentially differentiates to multi-nucleated osteoclasts. 

 

From RT-PCR analysis, osteoclastogenesis was observed as indicated by an increase of 

mRNA expressions of CTSK, OSCAR, and TRACP5 following MG treatment. The three 

classic osteoclast bone biomarkers, produced by macrophages, are involved in 

osteoclastogenesis produced by macrophages. Our results showed that gene expressions of 

osteoclast bone biomarkers were significantly upregulated by the treatment of MG in both 

animal and cell models. MG may, therefore, cause imbalanced bone remodeling in the bone 

by activating osteoclasts and resulting in osteoporosis. 

 

Also interestingly, we have demonstrated the activation of JNK, p38 and p44/42 pathways in 

osteoclasts after MG treatment. The JNK, p38 and p44/42 pathways are three pathways 

related to osteoclastogenesis (228). The phosphorylation of JNK, p38, and p44/42 were all 

increased and reached a maximum after 1h MG treatment, and the level returned to the 

baseline after 6h. In knockdown studies using respective siRNA, only the knockdown of JNK 

showed the corresponding downregulation in mRNA expression of CTSK, OSCAR, and 

TRACP5 but not in p38 and p44/42 knockdowns (Appendix VII). These results indicate that 

MG is primarily involved in the conversion of macrophage to osteoclast which is the focus of 

this study. However, it will be interesting to explore how MG affects the p38 and p44/42 
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pathways are reported to be involved in proliferation and survival (229) (230). 

 

JNK is in the mitogen-activated protein kinase family and is responsive to stress stimulation 

(231). Upon challenges by stress insults, such as protein aggregates or free radicals, JNK 

pathway could be activated, and then gene transcriptional activity would be regulated by 

c-Jun phosphorylation. Then c-Jun would interact with other transcriptional factors such as 

c-Fos or AP-1, initiating different gene transcription (232). The JNK activation is possibly an 

important event in activating osteoclast, and phosphorylation of JNK molecules causes 

osteoclastogenesis as seen in our cell model. These data showed that MG-induced osteoclast 

activation and the JNK pathway activation may contribute to osteoporosis. In addition, JNK 

was activated as early as one hour after MG treatment in osteoclasts in our cell model. It 

implies that JNK activation may be an early event in osteoclasts under MG stress when it is 

increased in diabetic patients. 
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5.6. Conclusion 

In summary, our findings suggested that diabetes may lead to imbalanced bone remodeling 

and subsequent osteoporosis and increased MG level may cause activation of osteoclasts 

through the JNK pathway. Therefore, inhibiting MG and subsequent osteoclastogenesis 

warrants future study, and maybe a potential therapeutic target to reduce and delay the 

development of osteoporosis in diabetes. 
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Chapter 6 General Discussion and Conclusion 

Diabetes mellitus is a chronic disease characterized by uncontrollable chronic high blood 

glucose (hyperglycemia) and complications in different tissue and caused by insufficient 

insulin secretion or reduced glucose utility by body cells (233). High blood glucose, 

hyperglycemia in both T1DM and T2DM may lead to numerous life-threatening 

complications, including diabetic retinopathy, diabetic neuropathy, diabetic nephropathy (234). 

In clinical studies, diabetic patients are found to have a higher risk of developing 

neurodegeneration and osteoporosis, and hyperglycemia-induced formation of advanced 

glycation endproducts (AGEs) may contribute towards the pathogenesis of diabetes-induced 

neurodegeneration and osteoporosis. Methylglyoxal is regarded as one of the precursors and 

active metabolite leading to the formation of AGE products. Under hyperglycemic conditions, 

it was found to accumulate rapidly and constitute the most important precursor in the 

non-enzymatic glycation of proteins to yield irreversible AGEs (235). Serum AGE levels are 

high in both type 1 and type 2 DM, which are already increased early in the disease, are 

associated with the severity of retinopathy and nephropathy, but also with coronary heart 

disease in type 2 diabetes mellitus patients. Therefore, some researchers recently propose that 

MG is one of the factors contributing to diabetic complications through different cellular 

signaling (132) (133) (236) (237). This is also a reason why MG was chosen as a key 

substance in this project and therefore the aim of this project is to investigate the role of 

hyperglycemia-induced MG on neurodegeneration, neuroinflammation and osteoporosis and 

the underlying mechanism. 
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Firstly, the astrocyte is a kind of glia that is a major cell type in the brain. Astrocytes are 

regarded as the “buffer system” of CNS, being a position of paramount importance in 

regulating the internal homeostasis and performing house-keeping functions in CNS, for 

example regulating blood flow, a main component of the blood-brain barrier and many more 

(75). Astrocytes undergo astrogliosis, a functional and histological change in face of all forms 

of CNS insults. The double-edged effect of astrogliosis had been widely studied and there is 

increasing evidence that astrocytes could, in turn, accelerate neuronal cell death once it is 

activated by external stress stimulus (137) (138). 

 

For our study of neurodegeneration, we investigated the effects of MG in disturbing insulin 

signaling and leading to further cellular apoptosis in rat primary astrocytes. The primary 

astrocytes and astrocytic cell line DITNC1 were employed as the cell model, and the cells 

were treated with different concentrations of MG with different time cause. The samples were 

analyzed by Western Blotting and RT-PCR for protein and mRNA expressions of the target 

genes. Our results showed that MG would decrease the cell viability of astrocytes. In addition, 

impairment of insulin signaling was found in astrocyte culture under MG treatment. Moreover, 

cleavage of caspase and Poly ADP ribose polymerase (PARP) was observed in line with 

insulin signaling disruption, showing the neurotoxic effects of MG towards astrocytes. MG 

would induce astrogliosis by increased GFAP expression, and apoptosis through the insulin 

signaling pathway, and finally cause neurodegeneration. Furthermore, the protective effects of 

different subtypes of ginsenosides were studied. The effects of ginsenosides in MG-treated 

astrocytes were also investigated. After treatment, ginsenosides Rd and R-Rh2 were shown to 

ameliorate the cell viability of MG-treated astrocytes.The ginsenoside Rd and R-Rh2 could 

improve insulin signaling and inhibit apoptosis, indicating that Rd, R-Rh2, and related 
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compounds may have therapeutic potential in treating diabetes-induced neurodegeneration 

(238).  

 

Secondly, besides the apoptotic effect, investigation of the proinflammatory effect of 

astrocytes was also conducted. We compared the effects of MG in astrocytic cultures and 

hippocampi of experimental animals. The astrocytic cell line DITNC1 was employed as the 

cell model and C57BL/6 mice were injected with the MG solution as the animal model. The 

cells from the astrocytic line DITNC1 were treated with MG for 1 to 24 h. For the animal 

model, 3 months old C57BL/6 mice were treated with MG solution for 6 weeks by 

intraperitoneal injection. Following the treatment, both astrocytes and hippocampi were 

harvested for MTT assay, Western blot, and real-time PCR analyses. From our results, we 

found that MG induced astrogliosis in DITNC1 astrocytic cultures and C57BL/6 mice. Also, 

activation of the proinflammatory JNK signaling pathway and its downstream effectors c-Jun 

were observed. Furthermore, increased gene expression of pro-inflammatory cytokines and 

astrocytic markers were observed from real-time PCR analyses. In addition, inhibition of JNK 

activities resulted in down-regulation of TNF-± gene expression in MG-treated astrocytes. 

Our results suggest that MG may contribute to the progression of diabetes-related 

neurodegeneration through JNK pathway activation in astrocytes and the subsequent 

neuroinflammatory responses in the central nervous system (239). 

 

On the other hand, patients with T1DM or T2DM are more prone to bone fractures (240). 

Hyperglycemia and insulinopenia conditions lead to a higher chance for diabetics to be 

diagnosed with osteopenia and osteoporosis (241). Hyperglycemia-induced AGEs are 

contributing to the pathogenesis of diabetic complications, including osteoporosis. In bone 
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remodeling process, osteoclast, osteoblast, and osteocytes, in which osteoclast is responsible 

for bone resorption and osteoblast are responsible for bone formation (242). These two 

coordinate processes are carried out during lifetime, however, when the rate of bone 

resorption takes over the rate of bone formation, bone loss and osteoporosis occurs. 

 

Thirdly, for our study of osteoporosis, the effects of MG on osteoporosis in both animal and 

cell models were investigated. SD rats were employed as the animal model and treated with 

either MG or streptozotocin solution and the proximal end of the tibia in the animal was our 

target for analysis. In addition, the macrophage cell line RAW264.7 was employed as the cell 

model and treated with MG. Following the treatment, animal samples were harvested for 

micro-CT and real-time polymerase chain reaction analyses. Cell samples were harvested for 

MTT assay, RT-PCR, and Western Blotting analyses. In both animals and cell cultures, MG 

was shown to induce osteoclastogenesis by increased gene expression of osteoclast bone 

biomarkers CTSK, OSCAR and TRACP5. The results of MG-treated rats were similar to type 

1 diabetic model. Furthermore, in MG-treated macrophages activation of the c-Jun N-terminal 

kinases signaling pathway was observed, and inhibition of JNK activities resulted in 

down-regulation of osteoclast biomarkers gene expressions. Our results, therefore, suggested 

that MG may contribute to the progression of diabetes-related osteoporosis and the 

imbalanced bone remodeling through the JNK pathway in osteoclasts. 

 

To conclude, results in this project have demonstrated that MG, a prominent and active 

metabolite leading to the formation of advanced glycation end-product, is one of the possible 

metabolites that can trigger diabetes-related neurodegeneration, neuroinflammation, and 

osteoporosis. Diabetes has been a chronic metabolic disease that many scholars and 
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researches spend years to study and to understand more of the underlying mechanisms, in 

order to bring improvement to the treatments and management of this disease. This project 

demonstrated MG would be one of the AGE triggering diabetic complications. The 

mechanism of MG triggering diabetes complications is worth to be further investigated, and it 

would be a potential therapeutic target of diabetes complications. 

 

In this project, for further studies, we should increase the sample size and add possitive 

controls such as lipopolysaccharide for inflammation and RANKL for osteoclastogenesis to 

draw a more reliable conclusion. We could develop the MG measurement protocol and further 

investigate the serum MG level in the animal models. The time course studies are also 

essential to investigate the onset of the diseases mediated by MG. Neurodegeneration is the 

progressive loss of structure or function of neurons, including death of neurons, so 

investigation on the effect of MG to neuron is also needed. Sectioning of the tissues are 

needed to observe the localization and morphology of the astrocytes and neurons. In addition, 

since osteoblasts also involved in the bone modeling process, the effect of MG on osteoblast 

could also be investigated. The osteoclast model was chosen to be investigated first because 

the osteoporosis is a bone loss process and the resorption would be more obvious to be 

observed. Besides the activity of osteoclast and osteoblast, tartrate-resistant acid phosphatase 

and alkaline phosphatase double staining on bone tissues would also be conducted to observe 

the distribution of osteoblast and osteoclast in the tissue samples. 

 

AGE causes different diabetic complications in multiple organs. The brain and bone are two 

of the affected organs. However, AGE would also affect other different organs such as kidney 

and liver (243) (244). Early glycation is thought to involve the reaction of glucose with 
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N-terminal and lysyl side chain amino groups to form Schiff's base and fructosamine adducts. 

The formation of the ±-oxoaldehydes, glyoxal, methylglyoxal and 3-deoxyglucosone were 

thought involved in early glycation (245). The physiological alpha-oxoaldehyde 

methylglyoxal binds and modifies arginine, lysine, and cysteine residues in proteins (246). As 

MG is highly reactive its half life is short in a biological environment and therefore, at the 

time and site of production local concentrations may be significantly higher (247). It is worth 

to investigate the effect of MG in different organs and the therapeutic method.  

 

In addition, the existing treatments of diabetes are not specifically destined to treat diabetic 

complications. AGE inhibitor used primarily for the treatment of hypertension and congestive 

heart failure is a drug rather frequently prescribed in diabetes to treat diabetic nephropathy. 

Other mechanism-targeted drugs are either not in routine prescription yet or under clinical 

testing. A drug named aminoguanidine, an inhibitor of AGE formation, has once been a hope 

for treating diabetic complications. It acts to reduce levels of AGE through interacting with 

3-deoxyglucosone. However, at high dose the side effects such as anemia, affecting liver 

function, and disturbing gastrointestinal movements occur and the use was abandoned (62) 

(63). From our results, the insulin signaling pathway and JNK pathway were found to be 

correlated to the MG-induced neurodegeneration, neuroinflammation, and osteoporosis. These 

target pathways would be a potential therapeutic target to treat diabetes complications. 

Different compounds would be tried to be tested in the cell model and animal models, such as 

inducer of insulin signaling pathway or inhibitor of JNK pathway, and some other 

anti-inflammatory compounds. On the other hand, the glyoxalase system, a set of enzymes 

that carry out the detoxification of methylglyoxal and the other reactive aldehydes that are 

produced as a normal part of metabolism, was also thought as a potential target to reduce MG 
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level in the body and treatment of MG induced complications (248) (249) (250). The results 

obtained from these proposed studies in the future are expected to provide a deeper 

understanding for the role of MG as the underlying mechanism and treatment of diabetic 

complications and delay the development of neurodegeneration, neuroinflammation in CNS, 

and osteoporosis in diabetes. 
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Appendix I List of primary antibodies 

Antibodies Origin Concentration Source 

p-JNK (Thr183 / Tyr185)  Rabbit Monoclonal 1 : 1000 Cell Signaling 

JNK Rabbit Polyclonal 1 : 1000 Cell Signaling 

p-c-Jun (Ser 63) Rabbit Monoclonal 1 : 1000 Cell Signaling 

p-c-Jun (Ser 73) Rabbit Monoclonal 1 : 1000 Cell Signaling 

GFAP Rabbit Monoclonal 1 : 1000 Cell Signaling 

Beta-Actin Mouse Monoclonal 1 : 4000 Sigma-Aldrich 

p-IRS-1 (Ser 612) Rabbit Monoclonal 1 : 1000 Cell Signaling 

IRS-1 Rabbit Monoclonal 1 : 1000 Cell Signaling 

p-IR (Tyr 1150 / 1151) Rabbit Monoclonal 1 : 1000 Cell Signaling 

IRS-1 Rabbit Monoclonal 1 : 1000 Cell Signaling 

p-Akt (Ser 473) Rabbit Monoclonal 1 : 1000 Cell Signaling 

p-Akt (Thr 308) Rabbit Monoclonal 1 : 1000 Cell Signaling 

Akt Rabbit Monoclonal 1 : 1000 Cell Signaling 

c-PARP Rabbit Monoclonal 1 : 1000 Cell Signaling 

PARP Rabbit Monoclonal 1 : 1000 Cell Signaling 

c-Cas 7 Rabbit Monoclonal 1 : 1000 Cell Signaling 

Cas 7 Rabbit Monoclonal 1 : 1000 Cell Signaling 

c-Cas 3 Rabbit Monoclonal 1 : 1000 Cell Signaling 

Cas 3 Rabbit Monoclonal 1 : 1000 Cell Signaling 
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Appendix II List of secondary antibodies 

Antibodies Origin Concentration Source 

Anti-rabbit IgG, HRP-linked Antibody Goat anti-rabbit 1 : 3000 Cell Signaling 

Anti-mouse IgG, HRP-linked Antibody Horse anti-mouse 1 : 3000 Cell Signaling 
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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') 

beta-ACTIN TAGGCGGACTGTTACTGAGC TGCTCCAACCAACTGCTGTC 

CTSK CCCTTAGTCTTCCGCTCACA TCCTCCGGAGACAGAGCAAA 

OSCAR GTCCTGTCGCTGATACTCCAG CCCAGTCTGTCTTGCGGTAG 

TRACP5 GCAGCTCCCTAGAAGATGGAT AACACGTCCTCAAAGGTCTCC 

 

List of primers used in the sample from Rattus norvegicus 

Markers Forward primer (5' to 3') Reverse primer (5' to 3') 

IL-1²  CAGGAAGGCAGTGTCACTCA AAAGAAGGTGCTTGGGTCCT 

IL-6 ACCACCCACAACAGACCAGT ACCACCCACAACAGACCAGT 

TNF-± TGCCTCAGCCTCTTCTCATT CCCATTTGGGAACTTCTCCT 

TGF-²  GTCAACTGTGGAGCAACACG CGTCAAAAGACAGCCACTCA 

GFAP CAACCTCCAGATCCGAGAAA TCCTTAATGACCTCGCCATC 

S100B TAGTCCTTGGACACCGAAGC AGACATCAATGAGGGCAACC 

CTSK TCCTCAACAGTGCAAGCGAA CCAGCGTCTATCAGCACAGA 

OSCAR TCTCCAGGGGCCCAAATCTA TTTCAGGCTGAGTACCGTGG 

TRACP5 AGCGATCACCGCTTCTGTTC CAGCACCATCCACGTATCCA 

beta-ACTIN AGCCATGTACGTAGCCATCC ACCCTCATAGATGGGCACAG 
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Appendix IV List of buffers, solutions, reagents, and fixative 

Animal Model preparation 

1. Methylglyoxal (MG)           5.5M 

 

Cell Culture 

1. Methylglyoxal (MG)           5.5M 

2. Culture medium 

Dulbecco’s modified Eagle's medium (DMEM), high glucose (Gibco)  

Fetal bovine serum (FBS) 10% 

Penicillin/streptomycin (P/S) 1% 

(Culture medium were stored at 4°C until use.) 

 

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 50mM 

Sodium Chloride (NaCl) 150 mM 10% 

Sodium dodecyl sulfate (SDS) 0.1% 

sodium deoxycholate 0.5% 

Triton X-100 1% 

 

Complete cell lysis buffer 

RIPA  960µL 

Phenylmethanesulfonyl fluoride (PMSF) 100mM 10µL 

Sodium orthovanadate (Na2VO3) 100mM 10µL 

Roche Protease inhibitor cocktail 40µL 

(Complete cell lysis buffer was prepared when needed.) 

 

2. Phosphate buffered saline (PBS)  

Phosphate buffer 50mL 

Sodium chloride (NaCl)  8.76g 

Potassium chloride (KCl)  0.2g 

Milli-Q water  950mL 

(PBS was stored in 4℃ for a different use.) 
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Protein Assay 

1. 1X sample buffer 

Sample buffer (Bio-Rad) 200µL 

Milli-Q water 800µL 

Potassium chloride (KCl)  0.2g 

 

Western Blot 

1. 5X Loading buffer 

Tris (pH 6.8) 0.313 M 

Glycerol 50% 

Sodium dodecyl sulfate (SDS) 10% 

Dithiothreitol (DTT) 10mM 

Bromophenol blue 0.05% 

 

10% Sodium dodecyl sulfate (SDS) 

Sodium dodecyl sulfate (SDS) 5g 

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) 1g 

Milli-Q water 10 mL 

(10% APS was used for the preparation of SDS-PAGE and stored at -20°C.) 
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3. 10X Running buffer (pH 8.3) 

Tris-base 15.15g 

Glycine 72.1g 

Sodium dodecyl sulfate (SDS) 5g 

Milli-Q water 500mL 

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 2.35mL 

Tris-HCl (1.0M, pH 6.8) 3mL 

30% polyacrylamide 2.65mL 

10% Sodium dodecyl sulfate (SDS) 40µL 

10% APS 40µL 

Tetramethylethylenediamine (TEMED) 8µL 

(It is prepared for one 1.5mm thick 10% running gel). 

 

5. 10X Tris buffer saline (TBS, pH 7.4)  

Milli-Q water 1000mL 

Tris-base (1.0M, pH 6.8) 30g 

Sodium chloride (NaCl)  80g 

Potassium chloride (KCl)  2g 

HCl acid pH adjustment 

(10X TBS was diluted to make 1X TBS and stored at room temperature.) 
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6. 1X Tris buffer saline –Tween 20 (TBST, pH 7.4)  

1X TBS (pH 7.4) 500mL 

Tween-20 0.5mL 

(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 100mL 

Tris-base (1.0M, pH 6.8) 15.76g 

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.) 

 

8. 1X Transfer buffer 

Glycine (USB)  11.2g 

Milli-Q water  740mL 

Methanol  200mL 

Tris-HCl (pH 8.3)  50mL 

(Transfer buffer was freshly prepared for transferring proteins from running gels to PVDF 

membrane.) 

 

 



152 
 

9. Blocking reagent 

Non-fat dry milk 1g 

1X TBS-T 20mL 

(5% non-fat milk was used as the blocking reagent in immunoblotting.) 

 

10.  ECL Western blotting analysis system 

SuperSignal™ West Pico reagent A 1mL 

SuperSignal™ West Pico reagent B 1mL 

SuperSignal™ West Femto reagent A 100µL 

SuperSignal™ West Femto reagent B 100µL 

(The SuperSignal™ West Pico ECL detection solution was freshly prepared in a 1:1 ratio 

according to the protocol by Thermo Scientific. 100µL of each SuperSignal™ West Femto 

ECL detection reagent was added to ECL mixture when needed.) 

 

Protein Stripping 

1. Stripping buffer 

Milli-Q water 500mL 

NaOH  40g 

(Stripping buffer was used to remove antibodies on PVDF membrane after the Western 

Blotting experiment.) 
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Chu, J. M.*, Lee, D. K.*, Wong, D. P., Wong, G. T., & Yue, K. K. (2016). 

Methylglyoxal-induced neuroinflammatory response in in vitro astrocytic cultures and 

hippocampus of experimental animals. Metabolic Brain Disease, 31(5), 1055-1064. 

doi:10.1007/s11011-016-9849-3 

 *These authors share equal contribution to this manuscript. 
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doi:10.1016/j.neuropharm.2014.05.029 
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Impact Factor 2014: 5.11 

 

  



155 
 

 

Wong, D. P., Chu, J. M., Hung, V. K., Lee, D. K., Cheng, C. H., Yung, K. K., & Yue, K. K. 

(2013). Modulation of endoplasmic reticulum chaperone GRP78 by high glucose in 
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Appendix VI Abstracts 

KM Lee, CC Tam, KKM Yue. (2017). Diabetes Mellitus Leading to Osteoporosis via 

Methylglyoxal. 19th Diabetes and Cardiovascular Risk Factors – East Meets West 

Symposium. Hong Kong, Sep 30 - Oct 01, 2017. 

 

Purpose of the study 

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

Methylglyoxal (MG) is a reactive metabolite of glucose and one of the most reactive 

advanced glycation end-product precursors in which abnormal accumulation is found in the 

serum of diabetic patients. In clinical studies, diabetic patients have higher risk to suffer from 

osteoporosis. Osteoclast, which is the only known responsible cell type that resorbs bone, is 

severely affected by MG. Hence the effect of MG leading to subsequent osteoporosis was 

investigated. 

 

Methods 

SD rats were treated with STZ (type 1 diabetes inducer) or MG. The bone mineral density 

(BMD) and osteoclastic biomarkers mRNA expression of proximal end of tibia were 

measured using micro-CT scanning and RT-PCR respectively. 

 

Summary of the results 

Micro-CT scanning was performed to measure the BMD of tissue samples. There was a 

significant decrease of BMD. RT-PCR was performed to further confirm the activation of 

osteoclast. The activation of osteoclasts was demonstrated by increased mRNA expression of 
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Cathepsin K (CTSK), Osteoclast-associated receptor (OSCAR), Receptor activator of nuclear 

factor kappa B (RANK) and Tartrate-resistant acid phosphatase (TRACP5) in animal tissue of 

both models. 

 

Conclusions 

MG increases expression of osteoclastic biomarkers and subsequent osteoclast activation, 

leading to lower BMD of animals. Activation of osteoclast may be an important event leading 

to imbalance bone remodeling resulting in osteoporosis. 
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Dicky K.M. Lee, Ching Ching Tam, Kevin K. Yue. (2017). Methylglyoxal leads to 

osteoporosis through activation of osteoclast. American Diabetes Association 77th Scientific 

Sessions. San Diego, CA. June 9-13 2017. Volume 66, Suppl. 1, A529 

 

Purpose of the study 

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

Methylglyoxal (MG) is a reactive metabolite of glucose and one of the most reactive 

advanced glycation end-product precursors in which abnormal accumulation is found in the 

serum of diabetic patients. In clinical studies, diabetic patients have higher risk to suffer from 

osteoporosis. Osteoclast, which regulates the resorption of bone, is severely affected by MG. 

Hence the effect of MG leading to subsequent osteoporosis was investigated. 

 

Methods 

SD rats were treated with MG (50mM, 10mL/kg) for 8 weeks. Proximal end of tibia were 

collected for analysis. The bone mineral density (BMD) and mRNA expression of osteoclastic 

biomarkers were measured using micro-CT and RT-PCR respectively. 

 

Summary of the results 

Using micro-CT scanning, compared with control group (383.2 ± 17.7 mg HA/ccm) lower 

trabecular BMD was observed in MG group (318.1 ± 10.9 mg HA/ccm). Change of trabecular 

architecture was also observed after MG treatment. In addition, using RT-PCR it was found 

that there were increased mRNA expressions of osteoclast biomarkers CTSK (Cathepsin K) 

(1.51 ± 0.15 fold), OSCAR (Osteoclast-associated receptor) (1.90 ± 0.17 fold), RANK 

(Receptor activator of nuclear factor kappa B) (1.34 ± 0.30 fold) and TRAP (Tartrate-resistant 
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acid phosphatase) (2.57 ± 0.28 fold) after MG treatment, indicating activation of osteoclast. 

(Data expressed as Mean ± SEM) 

 

Conclusions 

MG activates osteoclast, leading to lower BMD and more porous bone architecture in 

proximal end of rat tibia. Activation of osteoclast may be an important event leading to 

imbalance bone remodeling resulting in osteoporosis. 
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KM Lee, CC Tam, KKM Yue. (2016). Methylglyoxal induced osteoclast activation mediated 

through JNK, MAPK/p38 and MAPK/ERK pathway. 18th Diabetes and Cardiovascular Risk 

Factors – East Meets West Symposium. Hong Kong, Oct 1-2, 2016. 

 

Purpose of the study 

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

Methylglyoxal (MG) is a reactive metabolite of glucose and one of the most reactive 

advanced glycation end-product precursors in which abnormal accumulation is found in the 

serum of diabetic patients. In clinical studies, diabetic patients have higher risk to suffer from 

osteoporosis. Osteoclast, which regulates the resorption of bone, is severely affected by MG. 

Hence the effect of MG leading to subsequent osteoporosis was investigated. 

 

Methods 

Osteoclasts (cell line RAW 264.7) were treated with different concentrations and exposure 

time of MG. The expressions of JNK, MAPK/p38 and MAPK/ERK pathway molecules, 

together with the mRNA expression of osteoclastic biomarkers were measured using Western 

blotting and RT-PCR respectively. 

 

Summary of the results 

Western blotting was performed to confirm the activation of cell pathways. There was a 

significant increase of phosphorylation of JNK, p38 and ERK after 1 hr of 400µM MG 

exposure, indicating activation of JNK, MAPK/p38 and MAPK/ERK pathway. RT-PCR was 

performed to further confirm the activation of osteoclast. The activation of osteoclasts was 

demonstrated by increased mRNA expression of IL-1²  (Interleukin -1² ), IL-6 (Interleukin-6), 
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CTSK (Cathepsin K), OSCAR (Osteoclast-associated receptor), RANK (Receptor activator of 

nuclear factor kappa B) and TRAP (Tartrate-resistant acid phosphatase) after 24 hr of 400µM 

MG exposure. 

 

Conclusions 

MG activates the JNK, MAPK/p38 and MAPK/ERK pathway, leading to increased 

expression of osteoclastic biomarkers and subsequent osteoclast activation. Activation of 

osteoclast may be an important event leading to imbalance bone remodeling resulting in 

osteoporosis. 
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Kevin K. Yue, Dicky K.M. Lee, Ching Ching Tam, Ge Zhang. (2016). Methylglyoxal induced 

osteoclast activation mediated through MAPK/ERK pathway. American Diabetes Association 

76th Scientific Sessions. New Orleans, LA. June 10-14 2016. Volume 65, Suppl. 1, A492 

 

Purpose of the study 

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

Methylglyoxal (MG) is a reactive metabolite of glucose and one of the most reactive 

advanced glycation end-product precursors in which abnormal accumulation is found in the 

serum of diabetic patients. In clinical studies, diabetic patients have higher risk to suffer from 

osteoporosis. Osteoclast, which regulates the resorption of bone, is severely affected by MG. 

Hence the effect of MG leading to subsequent osteoporosis was investigated. 

 

Methods 

Osteoclasts (cell line RAW 264.7) were treated with different concentrations and exposure 

time of MG. The expressions of MAPK/ERK pathway molecules, together with the mRNA 

expression of osteoclastic biomarkers were measured using Western blotting and RT-PCR 

respectively. 

 

Summary of the results 

For in vitro models, there was a significant increase of phosphorylation of p44/42 MAPK 

(Erk1/2) after 24 hr of 200µM and 400µM MG exposure, indicating activation of 

MAPK/ERK pathway. RT-PCR was performed to further confirm the activation of osteoclast. 

The activation of osteoclasts was demonstrated by increased mRNA expression of CTSK 

(Cathepsin K), NFATC1 (Nuclear factor of activated T-cells, cytoplasmic 1), OSCAR 
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(Osteoclast-associated receptor), RANK (Receptor activator of nuclear factor kappa B) and 

TRAP (Tartrate-resistant acid phosphatase). 

For in vivo models, the activation of osteoclast in tibia was demonstrated by increased mRNA 

expression of CTSK, OSCAR and TRAP. 

 

Conclusions 

MG activates the MAPK/ERK pathway, leading to increased expression of osteoclastic 

biomarkers and subsequent osteoclast activation. Activation of osteoclast may be an important 

event leading to imbalance bone remodeling resulting in osteoporosis. 
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Kevin K. Yue, Dicky K.M. Lee, John M.T. Chu, Natalie K.K. Fong. (2015). 

Methylglyoxal-induced astrocyte dysfunction mediated through JNK pathway and 

upregulation of inflammatory cytokines. American Diabetes Association 75th Scientific 

Sessions. Boston, MA. June 5-9 2015. Volume 64, Suppl. 1, A167 

 

Purpose of the study 

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

Methylglyoxal (MG) is a reactive metabolite of glucose and one of the most reactive 

advanced glycation end-product precursors in which abnormal accumulation is found in the 

serum of diabetic patients. MG is reported to induce neuronal cell death in the central nervous 

system (CNS). Astrocytes, which form the blood-brain-barrier and regulate the homeostasis 

of the internal environment of CNS, are severely affected by MG. Hence the effect of MG 

leading to subsequent astrocytic dysfunction was investigated. 

Methods 

Astrocytes (cell line DiTNC1) were treated with different concentrations and exposure time of 

MG after pre-treatment of JNK inhibitor SP600125. C57B mice were treated with MG by 

intraperitoneal injection for 6 weeks daily and hippocampus was collected. The expressions of 

JNK pathway molecules and GFAP (marker of astrocyte activation), together with the mRNA 

expression of pro-inflammatory markers were measured using Western blotting and RT-PCR 

respectively. 

Summary of the results 

For in vitro models, there was a significant increase of phosphorylation of JNK and c-jun after 

1 hr of 400µM MG exposure, indicating activation of JNK pathway and these 

phosphorylations were inhibited by SP600125. RT-PCR was performed to further confirm the 
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pro-inflammatory effects of MG in astrocytes. The inflammatory reactions in astrocytes were 

demonstrated by increased mRNA expression of TNF-±, TGF-² , IL-1²  and IL-6. The 

presence of astrogliosis was shown by an increase of GFAP level though the increase was 

found at 24 hours. 

For in vivo models, there was a significant increase of p-JNK, indicating activation of JNK 

pathway in hippocampus after MG treatment. The inflammatory reactions in hippocampus 

were demonstrated by increased mRNA expression of TNF-± and IL-1² . 

Conclusions 

MG activates the JNK pathway, leading to increased expression of inflammatory cytokines 

and subsequent astrogliosis. Astrocytic dysfunction may be an important event leading to 

dysfunction of neural cells resulting in neurodegenerative disorders such as Alzheimer’s 

disease and Parkinson’s disease. 
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KM Lee, MT Chu, KK Fong, KKM Yue. (2014). Methylglyoxal induced-astrocyte 

dysfunction mediated through JNK pathway and upregulation of inflammatory cytokines. 

16th Diabetes and Cardiovascular Risk Factors – East Meets West Symposium. Hong Kong, 

Sept 25-28, 2014. 

 

Purpose of the study 

Methylglyoxal (MG) is one of the most reactive advanced glycation end-product precursors in 

which its abnormal accumulation is found in the serum of diabetic patients. MG is reported to 

induce neuronal cell death in the central nervous system (CNS). Astrocytes, which form the 

blood-brain-barrier and regulate the homeostasis of the internal environment of CNS, are 

severely affected by MG. Hence the effect of MG leading to subsequent astrocytic 

dysfunction is investigated. 

Methods 

Astrocytes (cell line DiTNC1) were treated with different concentrations and exposure time of 

MG. The expressions of p-JNK and its downstream effects p-c Jun (Ser63), p-c Jun (Ser73), 

and GFAP (marker of astrocyte activation), together with the mRNA expression of 

pro-inflammatory markers TNF-, TGF-, IL-1 and IL-6 were measured using western 

blotting and PCR respectively. 

Summary of the results 

There was a significant increase in protein levels of p-JNK, p-c-Jun (Ser63) and p-c-Jun 

(Ser73) after exposure of 400µM MG for 1 hour, indicating activation of JNK pathway. 

RT-PCR was performed to further confirm the activation of JNK pathway. The inflammatory 

reactions in astrocytes were demonstrated by increased mRNA expression of TNF-±, TGF-² , 

IL-1² , IL-6. The presence of astrogliosis was shown by an increase in GFAP level though the 
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increase was found at 24 hours. 

Conclusions 

MG activates the JNK pathway, leading to increased expression of inflammatory ctyokines 

and subsequent astrogliosis. Astrocytic dysfunction may be an important event leading to 

dysfunction of neural cells resulting in neurodegenerative disorders such as Alzheimer’s 

disease and Parkinson’s disease. 
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Appendix VII Supplementary Data 

 

Fig11 supplementary JNK inhibition did not attenuate mRNA expression of IL-1² , IL-6 and 

TGF-²  in astrocytes 
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Fig 15 supplementary MG-induced phosphorylation of p38 and p44/42 in RAW264.7 cells 

 

  



170 
 

 

Fig 16 supplementary MAPK14 (p38) inhibition did not reduce the mRNA expression of the 

osteoclast bone biomarkers in MG-treated macrophages. 

 

 

Fig 16 supplementary MAPK3 (p44) inhibition did not reduce the mRNA expression of the 

osteoclast bone biomarkers in MG-treated macrophages. 
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