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Abstract 

Advanced glycated end-products (AGEs) are a heterogenous group of 

compounds formed through the Maillard reaction.  During AGE formation, 

reactive α-dicarbonyls are formed, such as glyoxal (GO) and methylglyoxal 

(MG).  These α-dicarbonyls are present at elevated concentrations in 

diabetes, and are frequently implicated in the initiation and progression of 

diabetic complications.  Previous research has linked α-dicarbonyls with 

formation of reactive oxygen species (ROS) and inflammation. However, 

much of the prior work has been conducted using concentrations of α-

dicarbonyls that are substantially higher than can be generated in vivo, and 

the biochemistry has been investigated under conditions (e.g. pH) outside the 

physiological range. The aim of the work presented in this thesis was to test 

the hypothesis that GO and MG are pro-oxidant and pro-inflammatory at 

(patho)physiological concentrations in both monocytes and pancreatic β-cells. 

 

In this work several new and important observations have been made 

regarding the action of α-dicarbonyls on oxidative stress and inflammation.  1) 

The amount of oxidative species production by α-dicarbonyls in glycation 

reactions with amino acids and proteins may be so low as to be negligible in 

vivo, despite previous evidence to the contrary.  2) α-dicarbonyls did not 

appear to generate oxidative stress within inflammatory cells nor pancreatic β-

cells by depleting the levels of GSH.  3) At least in the β-cell model, the 

mechanism of action of the α-dicarbonyls did not involve dysregulation of the 

antioxidant SOD enzymes.  4) Neither α-dicarbonyl significantly affected 

insulin production by β-cells, except at cytotoxic concentrations.  5) Treatment 

of inflammatory cells with α-dicarbonyls induced release of the 

proinflammatory cytokine IL-8.  6) In both immune cells and pancreatic β-cells, 

α-dicarbonyls were involved in O2
.- generation by activation and/or 

upregulation of NADPH oxidase.  7) Despite the structural similarities of α-

dicarbonyls, they have distinct mechanisms of action with respect to oxidative 

stress.   
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1.1 The Pancreas 

The endocrine pancreas is composed of specialised cells, aggregated around 

capillary networks to form the “Islets of Langerhans”.  There are around 0.7-

1 million islets within the endocrine pancreas, which makes up around 1% of 

the total pancreatic mass (Tikellis et al., 2006).  There have been at least four 

cell types identified in the islet, which were classified on the basis of their 

production of particular hormones or peptides: 

 

 α-cells produce glucagon 

 β-cells produce insulin and amylin 

 δ-cells produce somatostatin and pancreatic polypeptide 

 F-cells secrete pancreatic polypeptide. 

 

The blood flow to the pancreas is controlled by an extensive network of 

capillaries, which provides nutrients and oxygen to the cells, and delivers 

information on blood glucose levels to modulate their hormone release.  

Effluent vessels from the pancreas carry these hormones into the systemic 

circulation (Tikellis et al., 2006). 

 

1.2 Glucose homeostasis 

The two major hormones involved in regulation of blood glucose are insulin 

and glucagon, both produced in the endocrine pancreas.  Insulin is produced 

when there is an excess of glucose in the blood stream (hyperglycaemia – 

see Table 1.1) and it regulates the cellular uptake of glucose; hepatic and 

skeletal muscle cells are notable targets for insulin action.  There are other 

pathways of insulin action, such as phosphorylation of certain protein kinases 

(for example the MAP-2 kinases), most of which are also phosphorylated by 

growth-promoting factors, and also stimulation of acetyl-CoA carboxylase, 

which catalyses the first step of fatty acid synthesis from carbohydrate 

(reviewed in Makino et al., 1994).   
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Glucagon is released during periods of low blood glucose (hypoglycaemia - 

Table 1.1), and it stimulates the liver to lyse glycogen to produce glucose.  

Glucagon also drives gluconeogenesis, the synthesis of glucose from non-

carbohydrate precursors that occurs in the liver.  Normally muscle proteins are 

broken down to supply the liver with a source of pyruvate for glucose 

synthesis. 

 

A simplified version of glucose homeostasis can be seen in Figure 1.1. 

 

 

 

Hypoglycaemia ‘Normal’ glycaemia Hyperglycaemia 

Blood glucose < 3 mmol/L 

Fasting blood glucose 

3.5 - 5.5 mmol/L  

After meal ,< 7.8 mmol/L 

Fasting Blood glucose 

> 6 mmol/L 

After meal > 7.8 mmol/L 

 

Table 1.1  Definition of blood glucose levels 

For hypoglycaemia, „normal‟ glycaemia and hyperglycaemia.  Figures from (WHO/IDF, 2006) 
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α - cells β - cells

HIGH 

BLOOD 

GLUCOSE
LOW 

BLOOD 

GLUCOSE

INSULIN

GLUCAGON

BRAIN

SKELETAL 

MUSCLE

PANCREAS

LIVER

Metabolic energy

Fat 

synthesis

Glycolysis

↑ blood 

glucose

Glycogen 

synthesis

↓ blood 

glucose
ADIPOSE 

TISSUE

 

 

 

Figure 1.1.  Glucose homeostasis 

Blood glucose levels are detected by the brain and also the pancreas, facilitating production 

of hormones.  During excursions to high blood glucose (red arrows), such as after a meal, the 

β-cells produce insulin, increasing glucose uptake by muscles, cells and adipose tissue for 

energy and fat synthesis.  Insulin also signals to the liver to convert excess glucose to 

glycogen for storage, and results in a reduction in blood glucose levels.  In the presence of 

low blood glucose (blue arrows), the α-cells produce glucagon, which signals to the liver to 

stimulate glucose production from stored glycogen.   

 

1.3 Diabetes Mellitus 

Diabetes mellitus is a condition in which the concentration of glucose in the 

circulation is poorly controlled due either to a loss in insulin production or to 

reduced sensitivity to its actions (insulin resistance).  Glucose is the major 

carbohydrate fuel used by the body for energy and in healthy non-diabetic 

individuals is stringently regulated in the blood by production of insulin and 

glucagon (Baynes and Dominiczak, 2004).  Insulin is produced during and 

after a meal and stimulates the uptake of glucose into muscles and cells for 

storage and energy.  Glucagon is produced when the body is fasting, and 

functions by stimulating the liver to produce glucose from its stored form, 
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glycogen (Baynes and Dominiczak, 2004), and also to drive gluconeogenesis 

(Section 1.2). 

 

There are several types of diabetes, the four most common according to 

World Health Organisation (WHO) classification (WHO, 1999) are: 

 

 Type 1 diabetes mellitus (T1DM – previously known as insulin-

dependent) 

 Type 2 diabetes mellitus (T2DM – previously known as non-insulin-

dependent) 

 Gestational diabetes 

 Secondary diabetes (which includes diabetes induced by pancreatic 

damage  as well as genetic defects of β-cell function – as is seen in 

maturity onset diabetes of the young [MODY]).  

 

Worldwide, there were around 171 million individuals with diabetes in the year 

2000, this number is expected to increase to 366 million by 2030 (WHO/IDF, 

2006). 

 

Prolonged hyperglycaemia (where the blood glucose concentration of a 

patient is consistently above 7 mmol/L) is now recognised to be the major 

causal factor in the majority of diabetic complications (Vlassara and Palace, 

2002).  Glucose present at this level is considered to be a toxic substrate 

which contributes to slowly developing metabolic alterations, of pivotal 

importance in the development and progression of diabetic complications 

(Vlassara and Palace, 2002).  Amongst these irreversible changes is the 

formation of glycated proteins and nucleotide bases (Robert and Labat-

Robert, 2006), termed advanced glycated end products (AGEs) (Vlassara and 

Palace, 2002). 

 

1.3.1 T1DM 

T1DM is caused by a selective autoimmune destruction of the pancreatic β-

cells (Klöppel et al., 1985).  The trigger for this response is thought to be due 
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to an environmental stimulus in individuals with a genetic predisposition to the 

condition (thought to be from mutations within the major histocompatibility 

complex – MHC; reviewed in Csorba et al., 2010) .  Although the child of a 

parent with T1DM is at increased risk of developing the disease, the risk is 

relatively small (< 2% if the mother is affected, < 6% if the father is affected).   

 

It is estimated that, at the time of diagnosis, β-cell mass is reduced by around 

70-80%, but that the destructive process begins years before clinical 

symptoms develop (Klöppel et al., 1985, Cnop et al., 2005, Welsh et al., 

2005).  Because of the variable degrees of insulitis (lymphocytic infiltration of 

pancreatic islets) in individuals with diabetes, and absence of detectable β-cell 

necrosis, it is thought that the loss of insulin-producing cells occurs slowly 

over years (Klöppel et al., 1985). 

 

Apoptosis is considered to be the main form of β-cell death in both T1DM and 

T2DM (Cnop et al., 2005).  It is a highly regulated process, activated and 

modified by intracellular adenosine triphosphate (ATP) levels, extracellular 

signals, phosphorylation cascades and expression of pro- and anti-apoptotic 

genes (reviewed in Cnop et al., 2005).  It has also been suggested that the 

processes that lead to β-cell loss in T1DM may be significantly altered by 

activation of the renin-angiotensin system, a key physiological pathway for 

regulation of local and systemic blood flow, in T1DM (Tikellis et al., 2006). 

 

1.3.2 T2DM 

T2DM is much more complex in its aetiology, and is characterised by relative 

insulin deficiency, reduced insulin action and insulin resistance of glucose 

transport in skeletal muscle and adipose tissue (Del Guerra et al., 2005).  

Progression to full diabetes ensues when the pancreatic β-cell hypersecretion 

of insulin fails to compensate for resistance (mentioned in Del Guerra et al., 

2005). Initial pathological studies have suggested a β-cell loss of around 25-

50% (Klöppel et al., 1985, Clark et al., 1988), but this is debatable, with some 

studies suggesting the loss of β-cells to be as little as 10% (Del Guerra et al., 

2005).  The question of whether the reduction in β-cell mass is due to an 



Chapter 1 - Introduction 

 

Page | 7  

increase in apoptosis, or a reduction in the β-cell neogenesis, or both, still 

remains unanswered (reviewed in Cnop et al., 2005).  

 

Insulin resistance is usually associated with the clinical phenotype of excess 

body weight, central (visceral) body fat distribution, hypertension and 

dyslipidaemia.  The metabolic phenotype of individuals with insulin resistance 

is usually associated with hyperinsulinaemia, endogenous glucose 

overproduction, with reduced sensitivity to effects of insulin and enhanced 

lipolysis (Natali et al., 2006).   Some of the commonly found alterations of 

insulin secretion in T2DM are: 

 

 Reduced, or absent first phase response to intravenous glucose 

stimulus (reviewed in Natali et al., 2006) 

 Delayed or blunted response after ingestion of mixed meals (Del 

Guerra et al., 2005) 

 Alterations of rapid pulses and ultradian oscillations (Kahn, 2001) 

 Second phase insulin secretion may be prolonged and response to non 

glucose stimuli may be reduced (Weyer et al., 1999). 

 

The mechanisms by which hyperglycaemia negatively affects the functional β-

cell mass in T2DM are currently still being debated.  Rodent β-cells which 

have been chronically exposed to high glucose display several alterations in 

phenotype, which include changes in glucose-stimulated secretion coupling, 

gene expression, cell survival and growth (Kaiser et al., 2003, Rhodes, 2005).   

These changes could be the result of cytokine-, oxidative stress- or 

endoplasmic reticulum stress-induced changes in gene expression and cell 

survival (MY and PA, 2005, Schröder and Kaufman, 2005, Robertson et al., 

2003). 

 

1.3.3 Gestational diabetes and secondary diabetes  

Gestational diabetes is defined as glucose intolerance with onset or first 

recognition during pregnancy.  Available evidence suggests that the β-cell 

defects in gestational diabetes result from the same spectrum of causes that 
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underlie hyperglycaemia in general, including autoimmune disease (in a small 

minority, usually ≤ 10%) and insulin resistance (reviewed in Buchanan et al., 

2007).  There is progressive insulin resistance beginning near mid-pregnancy, 

and progresses through the third trimester to levels that approximate the 

insulin resistance seen in T2DM.  This insulin resistance may result from a 

combination of increased maternal adiposity and the insulin-desensitising 

effects of the hormones made by the placenta.  Rapid abatement of insulin 

resistance after delivery suggests a major contribution from placental 

hormones (Buchanan et al., 2007).  However, development of diabetes during 

pregnancy has been associated with an increased risk of developing T2DM 

after delivery (Kjos et al., 1990, Kim et al., 2002). 

 

Secondary diabetes is caused by extensive injury to the pancreas (for 

example through pancreatitis, trauma, infection, pancreatic carcinoma or 

pancreatectomy) or genetic defects leading to compromised β-cell function 

(WHO, 1999).  MODY is the most common form of monogenic diabetes and 

comprises a heterogenous group of monogenetic disorders with mutations in 

at least seven genes leading to an alteration in insulin secretion.  It is 

characterised by autosomal dominance, an early age of onset and a primary 

defect of pancreatic β-cell function (Yamagata, 2003, Schober et al., 2009).  

All of the transcription factors that have been shown to have a role in MODY 

are expressed in pancreatic β-cells and regulate the expression of insulin as 

well as other proteins involved in glucose metabolism and/or β-cell 

development (Yamagata, 2003). 

 

1.3.4 Clinical diagnosis 

Diabetes can be difficult to recognise in individuals, symptoms may include 

weight loss (usually associated with T1DM), tiredness, dry mouth, 

ketoacidosis (an overaccumulation of ketones in the blood and the urine in 

T1DM: a byproduct of lipid metabolism, used as a fuel substitute in the 

absence of glucose) and, in more advanced cases of T2DM, nerve damage, 

foot or leg ulcers and sepsis.  Suspected T2DM can be determined by defined 

criteria for fasting and random blood glucose levels or with an oral glucose 
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tolerance test (OGTT), in which a baseline blood sample is taken after a 12 h 

fast.  Patients are given an oral load of glucose (75 g) and a second blood 

sample is taken two hours later.  The generally accepted limits for diagnosis of 

diabetes are given in Table 1.2, and individuals whose glucose levels are 

elevated but do not exceed the threshold for full blown diabetes are said to 

have impaired fasting glucose or glucose tolerance. 

 

 Glucose concentration (mmol/L) 

Venous plasma 
Venous whole 

blood 

Capillary whole 

blood 

Impaired glucose 

tolerance 

   

Fasting sample < 7.0 < 6.1 < 6.1 

2 h sample ≥ 7.8 < 11.1 ≥ 6.7 < 10.0 ≥ 7.8 < 11.1 

    

Diabetes mellitus    

Fasting sample ≥ 7.0 ≥ 6.1 ≥ 6.1 

2 h sample ≥ 11.1 ≥ 10.0 ≥ 11.1 

 

Table 1.2  Diagnosis limits for impaired glucose tolerance and diabetes mellitus 

(Figures from WHO/IDF, 2006) 

 

A plasma sample taken without regard for time of the last meal of 

≥ 11.1 mmol/L or a fasting sample  7.0 mmol/L may also be indicative of 

diabetes mellitus, but this needs to be confirmed with an OGTT or by a 

second plasma sample on a different day with the same result if the patient is 

asymptomatic.  In the absence of clinical symptoms, a positive OGTT may 

have to be supported by elevated glucose levels at a second timepoint (eg 

≥ 11.1 mmol/L one hour after the first sample) (WHO/IDF, 2006). 

 

1.3.5 Metabolic syndrome, and late stage clinical complications of diabetes 

Metabolic syndrome (MS) is an increasingly prevalent metabolic disorder that 

results from the increasing prevalence of obesity.  The pathophysiology 
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seems to be largely attributable to insulin resistance with excessive flux of 

fatty acids and proinflammatory factors implicated (Eckel et al., 2005).  It has 

been suggested that individuals who have MS have a five-fold greater risk of 

developing T2DM if not already present (Stern et al., 2004).  According to the 

definition of MS by the US National Cholesterol Education Programme 

(NCEP) in 2001, roughly one third of middle aged men and women in most 

Western countries have MS.  Studies have also shown that the 

pathophysiological mechanisms related to MS in adults are already operative 

in obese children, which predisposes to increased risk for development of 

both coronary heart disease and T2DM (reviewed in Paoletti et al., 2006).   

 

Individuals with diabetes are at a high risk of developing cardiovascular 

disease, with approximately 65% of all deaths in individuals with T2DM  

related to heart attacks or stroke (Morrish et al., 2001).  It has previously been 

shown that there is a clear association between diabetes and atherosclerotic 

vascular disease, due to both nonglycaemic (for example arterial hypertension 

and dyslipidaemia) and also hyperglycaemic factors (reviewed in Milicevic et 

al., 2008).  As well as macrovascular complications, individuals with diabetes 

are also at a high risk of developing microvascular complications, the most 

common manifestation being diabetic retinopathy, and the most clinically 

important being end-stage kidney disease due to diabetic nephropathy.  

Diabetic nephropathy is the most common cause of end-stage renal disease 

in the Western world, and can be classified on its severity.  Microvascular 

complications generally arise after duration of about ten years of diabetes.  

The earliest detectable level of diabetic renal disease is microalbuminuria (a 

minute amount of protein excreted in the urine), the next stage is proteinuria 

(easily measurable levels of protein in the urine, but without disturbance of 

measures that generally mark renal failure – ie creatinine and urea) and lastly 

the disease may develop into renal failure, otherwise known as uremia 

(Williams et al., 1988, Iseki et al., 2003).  There are several mechanisms 

involved in the progression of renal disease in diabetes mellitus, including (but 

not limited to); damage by chronic hyperglycaemia, hypertension, formation of 

advanced glycation end products (AGEs), activation of protein kinase C (PKC) 
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and generation of reactive oxygen species (ROS) (Kanwar et al., 2008).  

Recently, it has also been suggested that there may be some evidence of 

genetic predisposition to diabetic nephropathy (reviewed in Conway and 

Maxwell, 2009). 

 

1.4 What are AGEs? 

AGEs are a heterogenous group of fluorescent and non-fluorescent species 

(Ramasamy et al., 2005).  They are formed through a sequence of non-

enzymatic reactions, collectively known as the Maillard reaction.  The Maillard 

reaction was first described at the beginning of the 20th century by French 

chemist, Louis Camille Maillard (reviewed in Robert and Labat-Robert, 2006).  

The second major breakthrough came in 1968, with the discovery of glycated 

haemoglobin (HbA1c) as a reliable marker of long-term glycaemic control 

(Rahbar, 2005). 

 

1.4.1 Endogenous formation of AGEs 

The biological modifications of proteins by glucose (and other reducing 

sugars) may involve both oxidative and non-oxidative processes, producing 

low molecular weight α-dicarbonyls that have been implicated in a wide 

variety of diabetic complications.  The chemical reactions that lead to the 

formation of mixtures of AGEs from both the α-dicarbonyls and other sources 

have not been well established, mainly because not all the complex 

interaction products involved in this process have been isolated and 

characterised (Frankel, 2007).  However, a general overview of the formation 

of AGEs can be seen in Figure 1.2: 
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Figure 1.2  Glucose and AGE formation 

Incorporating the polyol pathway and AGE formation by α-dicarbonyls glyoxal, methylglyoxal 

and 3-DG.  Key: CML = N
ε
-(carboxymethyl)lysine, CEL = N

ε
-(carboxyethyl)lysine, GOLD = 

glyoxal-derived bis(lysyl)imidazolium crosslink, MOLD = methylglyoxal-derived 

bis(lysyl)imidazolium crosslink, DOLD = deoxyglucosone-derived bis(lysyl)imidazolium 

crosslink, GO = glyoxal, MG = methylglyoxal, 3-DG = 3-deoxyglucosone.  (Adapted from 

Singh et al., 2001). 

 

AGEs accumulate naturally during the aging process, and also during 

hyperlipidaemia, inflammation, renal failure and Alzheimer‟s disease as well 

as hyperglycaemia and diabetes (EN, 2007, Singh et al., 2001, Yeh et al., 

2001, Frankel, 2007).  AGE formation has been linked with several of the 

long-term complications of diabetes, including retinopathy, neuropathy, 

nephropathy (McCance et al., 1993), macrovascular disease (Vlassara et al., 

1992, S, 1996), Alzheimer‟s disease (Vitek et al., 1994) and cataracts (Lyons 

et al., 1991).  During AGE formation, sugars can form glycosylation products 

with reactive amino groups of proteins in the circulation or on cell walls to form 

Amadori-type intermediate products (Figure 1.2) which can be degraded to 

highly reactive α-dicarbonyls. 
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In animal models of diabetes, increased systemic levels of circulating AGEs 

are seen within just a few weeks of disease onset (Tan et al., 2002) and in 

adult diabetes, the levels of AGEs Nε-(carboxymethyl)lysine (CML) and 

pentosidine measured by high performance liquid chromatography (HPLC) 

are approximately double those seen in healthy non-diabetic adults (Tan et 

al., 2002).  This increase in circulating AGE concentration also means that 

there is an increase in AGE-modified low density lipoprotein (LDL), which 

could be an important mechanism for the formation of accelerated 

atherosclerosis often seen in individuals with diabetes (Vlassara and Palace, 

2002, EN, 2007), therefore putting the individual at greater risk of heart 

attacks and strokes (Vlassara and Palace, 2002). 

 

Although AGE formation can be moderated by improved blood glucose 

control, and increasing the levels of antioxidant systems in the patient, they 

eventually accumulate on long-lived macromolecules, such as skin collagen. 

 

1.4.2 Exogenous sources of AGEs 

Diet is the major source of exogenous AGEs.  The highest content is found in 

complex foods, those that are rich in carbohydrates and fats.  The rate of 

formation of AGEs is also increased with temperature, so cooked foods will 

generally have a higher AGE content.  Research done with mice show that 

those placed upon a diet with high AGE content exhibited significant 

albuminuria as compared to controls (reviewed in Vlassara and Palace, 

2002). 

 

Another major exogenous source of AGEs is smoking.  Tobacco leaves are 

cured under conditions that could lead to the formation of glycation products, 

and the resulting Maillard reaction cascade leads to the formation of glycated 

and oxidised derivatives.  These glycotoxins are readily absorbed through the 

lungs and become conjugated with serum proteins, including lipoproteins.  

Although the exact chemical structure of the glycotoxins has not been 

elucidated, it can be surmised that they have carbonyl and probably 

dicarbonyl groups because they are removed by aminoguanidine (an AGE 
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inhibitor).  The total serum AGE and AGE-modified-apolipoprotein B levels in 

smokers are significantly higher than in non-smokers (Cerami et al., 1997). 

 

1.4.3 Controlling AGE formation 

Because AGE formation occurs naturally within the body, there are natural 

defence mechanisms to protect against their formation.  The crosslinks 

formed between the proteins/lipids and reducing sugars result in aggregated 

and insoluble compounds (Dyer et al., 1993).  Cells maintain the quality and 

functional integrity of the proteins damaged by oxidation and glycation by 

degradation and replacement (reviewed in Ahmed et al., 2005).  This occurs 

by proteolysis, which liberates oxidised, glycated and nitrated amino acids as 

free adducts, which in turn are released into the blood plasma and excreted in 

urine (reviewed in Ahmed et al., 2005).  This proteolysis tends to be 

extracellular, through scavenger cells, including tissue macrophages 

(Vlassara and Palace, 2002).  The overall efficiency of this removal relies on 

renal clearance, so kidney dysfunction results in failure to clear these AGEs, 

and could help to account for the marked increase in serum AGEs which have 

been observed in patients with renal impairment (Makita et al., 1991, Makita et 

al., 1994).  Intracellular mechanisms also exist to limit the accumulation of 

some reactive AGE intermediates, such as methylglyoxal (MG), which is 

metabolised by the glyoxalase system, an enzymatic pathway found in the 

cytoplasm of all cells.   

 

The glyoxalase system is vital for life support at all stages of development, 

from embryogenesis to adulthood.  It has been implicated in the control of cell 

growth, detoxification of the α-dicarbonyls and as a bypass for the triose 

phosphate → pyruvate section of the Embden-Meyerhof pathway (Thornalley, 

1993).  It is a relatively simple pathway, as illustrated in Figure 1.3: 
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Figure 1.3  The Glyoxalase System 

The glyoxalase system catalyses the conversion of methylglyoxal to D-lactate via the 

intermediate S-D-lactoylglutathione.  It comprises of two enzymes, glyoxalase I and 

glyoxalase II, and a catalytic amount of reduced glutathione.  (Adapted from Thornalley, 

1993). 

 

Curcumin and other phenolic compounds found in tumeric have a protective 

role in this system, acting through redox regulation of glutathione, and may 

also help protect against the effects of AGEs by acting as an antioxidant 

(Frankel, 2007). 

 

Other AGE inhibitors include: 

 Aminoguanidine – a nucleophilic agent that traps α-dicarbonyl 

intermediates, inhibits lipid peroxidation and is a good scavenger of 

ROS; 

 Pyridoxamine – traps carbonyl intermediates in lipid peroxidation and 

prevents modification of lysine residues and formation of CML and 

other lysine adducts; 

 Catechins from green tea – protect against free radical-, fructose-, and 

glucose-mediated albumin damage in vitro (reviewed in Frankel, 2007). 

 



Chapter 1 - Introduction 

 

Page | 16  

1.5 Specific AGEs and their Precursors 

As mentioned, collagen is a long-lived protein that, with advancing age, 

undergoes physiochemical changes, including decreased solubility, elasticity 

and sensitivity to digestion by proteases.  These changes appear at an 

accelerated rate in diabetes (Schnider and Kohn, 1981), and are generally 

thought to be primarily due to glycation of proteins by AGEs.  Several of these 

AGEs and their α-dicarbonyl precursors will be discussed.  A schematic 

diagram of the formation of reactive α-dicarbonyl precursors from glucose is 

shown in Figure 1.4 below: 
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Figure 1.4.  Formation of methylglyoxal, glyoxal and 3-deoxyglucosone from glucose 

(Adapted from Thornalley et al., 1999) 

 

1.5.1 Methylglyoxal 

Methylglyoxal (MG) is thought to be formed in biological systems from glucose 

(Figure 1.4) and also by fragmentation of triosephosphates and catabolism of 
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ketone bodies and threonine.  It is one of the most powerful reactive α-

dicarbonyls (Nemet et al., 2005) and reacts (as do all of the α-dicarbonyls) 

with L-lysine and L-arginine residues in proteins to form crosslinking AGEs.  It 

is responsible for formation of Nε-(carboxyethyl)lysine (CEL), MG-derived 

bis(lysyl)imidazolium crosslink (MOLD), hydroimidazolone and argpyrimidine 

(Nemet et al., 2005).  In blood plasma, at least 90% of all MG is reversibly 

bound to protein, however there are also irreversibly bound MG-arginyl 

adducts formed (mentioned in Thornalley, 1993). 

 

A large proportion of the acute and severe effects that have been identified for 

MG on protein function in vitro are expected to be of little physiological 

significance in vivo because the glyoxalase system (Figure 1.3) maintains 

very low concentrations (around 100 nM) of MG under normal conditions.  

However, chronic exposure to moderately increased concentrations of MG, as 

seen in individuals with diabetes, or impairment of the glyoxalase system, may 

result in significant deterioration of protein structure and function by MG 

(Thornalley, 1993).  MG is thought to be highly sensitive to glycaemic 

fluctuation, as was shown by Nemet et al (Nemet et al., 2005), where 

significant elevation of MG was recorded in patients with pronounced 

glycaemic fluctuation.  As a result, it has been suggested that measurement 

of MG might be helpful in evaluating the metabolic condition of patients, in 

addition to their HbA1c levels (Nemet et al., 2005).  It has also been shown 

that the concentration of MG in blood samples from T1DM individuals 

correlated positively with the duration of diabetes (Thornalley, 1993, 

Karachalias et al., 2003, Beisswenger et al., 2003a). 

 

Individuals with diabetic nephropathy have been shown to have higher 

circulating levels of MG in the blood, and their isolated erythrocytes have 

demonstrated increased levels of MG production when exposed to high 

glucose concentrations frequently seen in diabetes-associated 

hyperglycaemia (Karachalias et al., 2003, Beisswenger et al., 2003a).  MG 

has also been shown to modify the structure of glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (Lee et al., 2005), and decreased GAPDH activity 
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has been shown to lead to significant increases in MG formation both in vitro 

and in vivo (Beisswenger et al., 2003b, Du et al., 2003).  

 

MG has been shown to have marked acute effects on insulin-secreting cells, 

including depolarisation and raised intracellular calcium (Cook et al., 1998), 

and has been shown to cause apoptotic death in macrophage-derived cell 

lines (Okado et al., 1996).  After treatment of rat pancreatic β-cells with MG, 

despite the rapid depolarization and effects on calcium concentration, the 

secretion of insulin by these cells was not noticeably affected (Cook et al., 

1998).  However, other work has shown that MG treatment decreased insulin-

stimulated glucose uptake, without affecting the basal glucose uptake in rat L6 

muscle cells (Riboulet-Chavey et al., 2006).  There is also evidence that MG 

treatment for one hour does not have detectable deleterious effects on the 

viability of rat L6 cells, rat hepatocytes (Shangari and O'Brien, 2004) or 

human immortalised endothelial cells, (ECV304; Portero-Otín et al., 2002).  

Also, treatment of L6 cells with MG does not impair the ability of insulin to 

stimulate autophosphorylation of its receptor (Riboulet-Chavey et al., 2006).  

However, insulin-dependent insulin receptor substrate-1 (IRS-1) tyrosine 

phosphorylation was severely decreased in L6 cells preincubated with MG, 

which led to a concentration-dependent inhibition of insulin-stimulated glucose 

transport, which may contribute to insulin resistance seen in diabetes 

(Riboulet-Chavey et al., 2006).  It has also been demonstrated that incubation 

of L6 cells with MG induces a time- and concentration-dependent production 

of ROS, and MG induces extracellular signal-regulated protein kinase (ERK) 

1/2 phosphorylation through generation of ROS (Riboulet-Chavey et al., 

2006). 

 

It is likely that the β-cells in individuals with diabetes will be exposed to 

elevated levels of MG, because these cells have a relatively high capacity for 

glycolysis (Shinohara et al., 1998). However, there is some debate about the 

extent of MG elevation, with estimates ranging from 100 nM to 400 μM 

(Thornalley, 1993, Lapolla et al., 2003).  
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1.5.2 Glyoxal 

Glyoxal (GO) is another of the α-dicarbonyl precursors of AGEs, which can be 

formed from both glucose autoxidation and lipid peroxidation.  Although 

considered not as reactive as MG, GO is still regarded to be highly reactive 

and is a necessary element in the formation of the AGEs, Nε-

(carboxymethyl)lysine (CML), glyoxal-derived bis(lysyl)imidazolium crosslink 

(GOLD), hydroimidazolone and argpyrimidine (Thornalley et al., 1999). 

 

GO is also detoxified by the glyoxalase system, with the product being 

glycolate (Shangari and O'Brien, 2004).  GO has been shown to be cytotoxic 

to rat hepatocytes in a concentration- and time-dependent manner (Shangari 

and O'Brien, 2004), an effect that might  involve a decrease in the 

mitochondrial membrane potential, and a subsequent release of cytochrome c 

into the cytosol, causing activation of caspases, which ultimately leads to 

apoptosis and necrosis (Shangari and O'Brien, 2004). 

 

GO also depletes intracellular reduced glutathione (GSH) in rat hepatocytes, 

resulting in increased ROS production, possibly due to an increase in lipid 

peroxidation (Shangari and O'Brien, 2004). 

 

1.5.3 3-deoxyglucosone 

3-deoxyglucosone (3-DG) is another of the reactive α-dicarbonyls that is 

formed from fructose-3-phosphate, and in turn is necessary for the formation 

of pyrraline, 3-DG-derived bis(lysyl)imidazolium crosslink (DOLD) and 

hydroimidazolone (Thornalley et al., 1999).  3-DG has been shown to be 

approximately twenty times more reactive than glucose in facilitating formation 

of AGE-modified bovine serum albumin (AGE-BSA) (Hamada et al., 1996). 

 

1.5.4 Nε-(carboxymethyl)lysine 

CML has been argued to be quantitatively the most predominant AGE in vivo.  

It can be formed from Nε-fructose-lysine in an irreversible reaction, through 

reaction of α-dicarbonyl compounds with a lysine chain, during copper-
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catalysed oxidation of polyunsaturated fatty acids in the presence of protein or 

during incubation of ribonuclease with linoleate and arachidonate (reviewed in 

Frankel, 2007).  Phosphate has been shown to catalyse the formation of CML 

(Brock et al., 2003).  It is thought that oxidative cleavage of Amadori products 

into CML is the major pathway of formation in vivo (Wells-Knecht et al., 1995).  

A diagram of CML formation is shown in Figure 1.5 below: 

 

Lysine

O2 Glycated protein

Erythronic acidCML

Glucose

 

Figure 1.5  Reaction scheme for formation of CML and erythronic acid from glycated 

lysine residues 

(Adapted from Ahmed et al., 1986) 

 

CML has been hypothesised to be a useful biomarker of oxidative stress and 

tissue protein damage in aging, atherosclerosis and diabetes mellitus 

(Frankel, 2007).  The serum levels of CML-protein in individuals with diabetes 

are thought to be around 500 nM compared to 300 nM in healthy non-diabetic 

individuals (Degenhardt et al., 1997, Schleicher et al., 1997).  The level of 

CML-protein in rat mitochondria has also been shown to increase with ageing, 
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however this only affects proteins of particular molecular masses (30-60 and 

70-120 kDa), indicating selective modification of proteins during glycoxidation 

(Bakala et al., 2003).  CML concentration has also been shown to increase in 

parallel with increasing severity of retinopathy (Wautier et al., 1994) and with 

coronary heart disease in T2DM individuals (Kilhovd et al., 1999).  Oxidation 

contributes to CML formation during the heating process in vitro (Miki Hayashi 

et al., 2002), and it has been hypothesised that the hydroxyl radical may play 

a major role in the formation of CML from Amadori products (Nagai et al., 

1997).  Surprisingly, insulin therapy, in improving glycaemic control, does not 

significantly depress serum CML levels (Mentink et al., 2006). 

 

1.5.5 Nε-(carboxyethyl)lysine 

CEL can be generated in vitro through the incubation of BSA with MG, and 

also with glucose (Nagai et al., 2003).  It has been identified in human lens 

protein at a concentration similar to CML, and also in skin collagen, at a 

concentration that increases with age and presence of diabetes (Degenhardt 

et al., 1998).  CEL has also been demonstrated in plasma proteins in uraemia, 

and along with CML is thought to be one of the major biomarkers of the 

Maillard reaction in tissue proteins (Degenhardt et al., 1998).  A diagram of 

the possible mechanism for CEL formation in the Maillard reaction is shown in 

Figure 1.6 below: 
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Figure 1.6  Possible mechanism for CEL formation in Maillard reaction 

(Adapted from Nagai et al., 2003) 

 

1.5.6 Other AGEs 

The structures of some of the other AGE molecules that have been found in 

diabetes in vivo are shown in Figure 1.7 below: 
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Figure 1.7  Structure of pentosidine, GOLD and MOLD 

(Adapted from Ahmed and Thornalley, 2003 and Sell and Monnier, 2004) 
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GOLD and MOLD are biomarkers of altered biochemistry in uremia (Odani et 

al., 1998). However, all three of these AGEs have not been found to be as 

prevalent as CML and CEL, and indeed are of a very low concentration in 

serum proteins, and therefore are not thought to be of any significance in 

disease pathologies (Odani et al., 1998). 

 

1.6 Receptors for AGEs 

Most cells in the body are able to bind AGEs, and a variety of receptors for 

glycated proteins have been identified.  Using radiolabelled AGE proteins, it 

has been demonstrated that several cell types (for example, human and 

mouse monocytes, macrophages, T-cells, endothelial cells, smooth muscle 

cells, fibroblasts, mesangial cells and neurons) bind AGEs in a relatively 

selective way, through what has been termed the receptor for AGEs (RAGE) 

(Vlassara et al., 1985, Gilcrease and Hoover, 1990, Imani et al., 1993, Hori et 

al., 1995; Figure 1.8): 
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Figure 1.8.  Pathways potentially activated by RAGE 

The cytokine HMGB1 has been shown to signal through RAGE, activating a MyD88-

dependent pathway that ultimately results in NF-κB activation, leading to the possibility that 

AGEs may signal through a similar pathway.  Several other pathways have been implicated in 

AGE signalling through RAGE, such as ERK1/2, p38, protein tyrosine kinases (PTK) and 

p21Ras.  ROS have also been suggested to be important in AGE signalling, potentially 

through activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, or 

modification of mitochondrial proteins.  Key: IRAK, IL-1-receptor-associated kinase; TAK1, 

transforming-growth-factor-β-activated kinase 1; TOLLIP, Toll-interacting protein; TRAF6, 

tumour-necrosis-factor-receptor-associated factor 6; NEMO, nuclear transcription factor 

kappa-B (NF-κB) essential  modulator; IKK α/β, inhibitor of NF-κB (IκB) kinase complex; COX-

2, cyclooxygenase-2.  (Adapted from Lotze and Tracey, 2005) 

 

RAGE was first identified in tissue homogenates, based on its capacity to bind 

the glycoxidised form of albumin prepared in vitro (Schmidt et al., 1992).  Its 

extracellular domain consists of three immunoglobulin (Ig)-like regions, one 
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“V” (amino terminal, variable region) type, followed by 2 “C” (carboxy terminal, 

constant region) type.  It has a single transmembrane-spanning domain, and 

a 43 amino acid cytosolic tail (reviewed in Schmidt et al., 2001).  RAGE is a 

multiligand receptor of the IgG superfamily.  Activation of RAGE at the cell 

surface may initiate a cascade of events, including activation of NADPH 

oxidase and a range of proinflammatory mediators (for example, cytokines 

and vascular cell adhesion molecule 1 – VCAM-1) (Wautier and Guillausseau, 

2001).  RAGE not only binds AGEs, but also members of the S100 calgranulin 

family, which are a family of calcium-binding proteins with inflammatory 

properties (Donato, 2001).  The broad consequences of the RAGE-ligand 

interaction is highlighted by the spectrum of signalling mechanisms that it 

initiates, such as generation of ROS, production of cellular growth factors and 

cytokines, chronic inflammatory responses and cellular and vascular 

dysfunction associated with diabetic complications (Lander et al., 1997, Yan 

et al., 1994).  However, these effects have been debated, with reports 

suggesting that AGE proteins may not be general drivers of inflammation, as 

AGE treatment of HMEC-4 cells did not induce an inflammatory mRNA 

phenotype (Valencia et al., 2004). 

 

Low levels of sRAGE (soluble RAGE) are present in the plasma in healthy 

non-diabetic individuals.  Vessels from animals treated with sRAGE have 

been shown to display decreased levels of cellular RAGE and AGEs.  AGEs 

can be detected in the plasma bound to the sRAGE, but they do not seem to 

accumulate, and are presumed to be degraded.  This inhibition of the AGE-

RAGE interaction may also affect the formation of AGEs in vivo, as RAGE-

mediated cellular activation is thought to promote glycoxidation and other 

manifestations of oxidative stress (Schmidt et al., 2001).  Administration of 

sRAGE in murine diabetic wound models leads to accelerated wound closure, 

most likely by decreasing the expression of pro-inflammatory cytokines and 

matrix metalloproteinases (Goova et al., 2001).   

 

The precise mechanism of signal transduction from RAGE to NF-κB - induced 

cytokine secretion remains largely unknown, although several reports have 
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linked ROS, p21 Ras and ERK (mediates cell proliferation in response to 

growth factors) 1 and 2, and also protein tyrosine kinase (PTK) (Khechai et 

al., 1997, Yan et al., 1994, Yeh et al., 2001, Lander et al., 1997).  The p38 

mitogen-activated protein kinase (MAPK – responds to cytokines and cellular 

stress-inducers) has also been shown to be a key downstream effector of 

RAGE in the THP-1 monocytic cell line (Yeh et al., 2001).  p38 MAPK is 

required for NF-κB transcriptional activation and subsequent increased 

secretion of pro-inflammatory cytokines, such as tumour necrosis factor-α 

(TNF-α), interleukin 1β (IL-1β) and macrophage chemoattractant protein – 1 

(MCP-1) (Yeh et al., 2001). 

 

The cytoplasmic domain of RAGE is required for CML adducts to activate NF-

κB signalling. However, it has been hypothesised that more than one parallel 

pathway could be activated simultaneously (Huttunen et al., 1999).  The 

ligation of RAGE has been shown to induce acute tyrosine phosphorylation, 

followed by either dephosphorylation or degradation, but no consensus kinase 

motif has been identified in the RAGE intracellular domain, and so it is thought 

that it probably couples with tyrosine kinases directly or indirectly to mediate 

the observed tyrosine phosphorylation (Yeh et al., 2001). 

 

As well as RAGE, there have been other receptors for AGEs identified, such 

as lactoferrin (Schmidt et al., 1992), oligosaccharide transferase complex 

protein-48 (also known as AGE-R1) (Yang et al., 1991), 80K-H protein (AGE-

R2) (Yang et al., 1991), galectin-3 (AGE-R3) (Vlassara et al., 1995), lysozyme 

(Li et al., 1995), macrophage scavenger receptors (Araki et al., 1995) and 

CD36 (Ohgami et al., 2001).  Increasing evidence also shows that Amadori-

modified proteins have biological effects very similar to those of AGEs, and 

they may also have their own receptors, which are different to all AGE-binding 

proteins, such as calnexin (shown on mesangial cells) (Wu et al., 2001), and 

nucleolin (nucleophosmin and cellular myosin heavy chain) (Brandt et al., 

2004) as specific binding proteins for fructoselysine on various monocyte-like 

cells.  Binding of fructoselysine to these cells induces phosphorylation and 
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activation of p38 and p44/42 MAPK, together with NF-κB activation (Brandt 

and Krantz, 2006). 

 

1.7 AGEs and Oxidative Stress 

An important aspect of tissue damage and cell death associated with chronic 

hyperglycaemia and diabetes is mediated by oxygen-centred free radicals 

(Wautier and Guillausseau, 2001).  In hyperglycaemic indiviudals, oxidative 

stress is mediated by an excess in oxidising species production and 

subsequent oxidation of substrates such as sugars, unsaturated fatty acids 

and glycated proteins, which cause an increase in glucose autoxidation and a 

decrease in natural antioxidants (Wautier and Guillausseau, 2001).  It has 

also been shown that AGE formation from Amadori products requires the 

presence of molecular oxygen, is catalysed by transition metals and is 

inhibited by reducing compounds (reviewed in Wautier and Guillausseau, 

1998), directly implicating the formation of AGEs in the generation of oxidising 

free radicals.  Pentosidine and CML are AGEs which are of particular interest 

in the study of oxidative stress in diabetes, because both molecules are 

produced by glycation and oxidation (Motomiya et al., 1998).  It has also been 

shown that superoxide (O2
.-) anions and hydrogen peroxide (H2O2) are directly 

formed through the Maillard reaction (Ortwerth et al., 1998).  Through the 

interaction with RAGE, AGEs are believed to facilitate generation of free 

radicals for signal transduction (Brownlee, 2001), which could lead to 

apoptosis of cells and compromised cardiovascular function – a common 

feature associated with advanced diabetes.  It has been shown that high 

extracellular glucose significantly enhances ROS generation and AGE 

formation in cardiac myocytes (Li et al., 2007b). 

 

AGEs have also been shown to increase the susceptibility of LDL to oxidation 

(Bucala et al., 1993) and this oxidised LDL is key to development of 

atheroma.  Oxidation of the lipid component leads to the loss of LDL 

recognition by cellular LDL receptors, and its preferential uptake by 

macrophage scavenger receptors (Sparrow et al., 1989, Fogelman et al., 

1980, Goldstein et al., 1979).  The enhanced endocytosis of LDL by vascular 
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wall macrophages transforms them into the lipid-laden foam cells that 

characterise early atherosclerotic lesions.  This is progressively followed by 

the development of fatty streaks and the proliferative lesions that ultimately 

cause arterial insufficiency and occlusion (reviewed in Witztum and Steinberg, 

1991).   

 

Oxidised LDL is also responsible for decreased nitric oxide (NO) production, 

by suppression of NO synthase (Wautier and Guillausseau, 2001).  This 

quenching of NO by AGEs contributes to defective vasodilatation in animal 

models of diabetes (Bucala et al., 1991), although some data obtained with 

animal models treated with aminoguanidine do not confirm the role of AGEs in 

inducing abnormalities in arteriolar dilatation (Crijns et al., 1998). 

 

It has also been shown that important cellular antioxidant defence systems 

such as the glutathione redox system, the vitamin C/vitamin E cycle and the 

alphalipoic acid/dihydrolipoic acid (DHLA) redox pair are impaired in diabetes 

(Bierhaus et al., 1997a).  This results in an increased susceptibility to 

oxidative stress. 

 

MG-altered proteins have also been associated with formation of ROS.  

Studies have shown that MG-induced generation of ROS triggered apoptosis 

of embryonic stem cells (Hsuuw et al., 2005).  Treatment of osteoblasts with 

MG increased DNA fragmentation, and the intracellular ROS production 

significantly increased, along with significant loss of mitochondrial membrane 

potential (Chan et al., 2007).  Exposure of myocytes to methyglyoxal-derived 

AGE (MG-AGE) also showed significant activation of ERK 1/2 and p38 MAPK, 

and it is thought that the AGE-induced accumulation of ROS and apoptosis 

may be associated with activation of the MAPK cascade (Li et al., 2007b). 

 

When MG is reacted with various amino acids, a free radical signal can be 

observed through electron paramagnetic resonance (EPR), indicating that the 

cross-linked Schiff base (or its radical cation) of glycated proteins behaves as 

an active site for one electron oxidation-reduction reactions (Lee et al., 1998).  
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It has been shown that the amino groups of two L-alanine residues are cross-

linked by one MG, and the rate of radical formation from the reaction is faster 

and reaches higher amplitudes under anaerobic conditions.  Although this 

indicates that oxygen is not required for generation of the radicals, the 

possibility of molecular oxygen being required for subsequent reactions, 

particularly as the reaction products can generate O2
.- in the presence of 

molecular oxygen, cannot be ruled out.  Also, as the addition of metal ions or 

a chelating agent did not exert significant effects on the formation of the 

radicals, it is likely that transition metal ions are not required for the reaction to 

progress.  The signal from EPR indicates that the cross-linked radical species 

are formed rapidly before conversion to other species or degradation (Yim et 

al., 1995).  There were three free radical species detected, the structures of 

which are illustrated in Figure 1.9 below: 
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Figure 1.9  Partial reaction scheme between MG and amino acids 

(Adapted from Yim et al., 1995) 
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It would also appear that, once formed, MG is able to react as a reducing 

agent under mild conditions.  The structure of the cross-linked radical cation is 

different from that obtained with GO (Yim et al., 1995).  It has been postulated 

that the radical sites in cross-linked proteins will be more persistent, and could 

be reactive sites for putative reducing and oxidising molecules, which would 

produce free radicals for a long period of time (Yim et al., 2001). 

 

1.8 Inflammation in diabetes mellitus 

T2DM has long been recognised as a disease that is characterised by low-

grade systemic inflammation.  The seminal publication linking the concept of 

inflammation to metabolic conditions such as obesity and insulin resistance 

was by Homatisligil in 1993 (Hotamisligil et al., 1993).  The concept is founded 

on the notion that inflammatory cytokines are secreted by adipose tissue and 

exert an endocrine effect, conferring insulin resistance in the liver, skeletal 

muscle and vascular endothelial tissue, ultimately leading to T2DM and 

cardiovascular disease (Yudkin et al., 1999, Hu and Stampfer, 2003).  This 

increase in the production of the adipose-derived cytokines, TNF-α and IL-6, 

leads to an acute phase response, with increased hepatic production of C-

reactive protein (CRP) (Hotamisligil and Spiegelman, 1994, Hotamisligil et al., 

1995, Caballero et al., 1999).  CRP is a marker of low-grade inflammation, 

and has the strongest and most robust relationship with diabetes, of all the 

inflammatory markers studied (Hu et al., 2004).  The production of TNF-α by 

adipose tissue may be the critical method by which fat cells induce peripheral 

insulin resistance seen in T2DM (Hu et al., 2004).  However, after adjustment 

for obesity, it has been shown that the levels of systemic circulating cytokines 

in individuals with diabetes are still higher than in healthy non-diabetic 

individuals, which implies an additive, but not exclusive role of obesity on the 

inflammatory state in T2DM (Dandona et al., 2003). 

 

Apoptosis, the main cause of pancreatic β-cell death in T1DM, is a highly 

regulated process, which is activated or modified by extracellular signals, such 

as cytokines, which activate stress-response genes (Cnop et al., 2005).  

Macrophages are critical in the pathogenesis and development of T1DM, as 
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they are the first cells to infiltrate the islet in insulitis, where they act as antigen 

presenting, as well as effector cells (Kolb et al., 1990, Lukić et al., 1998, 

Homo-Delarche and Drexhage, 2004).  Insulitis has been shown to persist for 

several weeks or months before significant destruction of the β-cells occurs 

(Kay et al., 2000).  The activated macrophages and T-cells secrete soluble 

mediators such as cytokines (namely IL-1β and interferon [IFN]-γ), ROS and 

NO, all of which probably contribute to the dysfunction and death of the β-cell 

(Eizirik and Pavlovic, 1997, Rabinovitch, 1998).  Macrophages have also been 

shown to have a prominent role in T2DM, with a substantial increase in tissue 

macrophages associated with the complications of T2DM, including 

atherosclerosis, nephropathy, neuropathy and retinopathy (Tang et al., 1993, 

Said et al., 2003, Fukumoto et al., 1998, Nguyen et al., 2006).  A substantial 

increase in macrophages in the pancreatic islets of individuals with T2DM has 

also recently been reported (Ehses et al., 2007). 

 

It has also been suggested that long-term exposure of islets to 

hyperglycaemia triggers IL-1β production by the β-cells themselves (Maedler 

et al., 2002b, Maedler et al., 2004), which leads to NF-κB activation and 

increased Fas signalling (Maedler et al., 2001, Maedler et al., 2002a, Maedler 

et al., 2002b), and in turn, triggers autocrine apoptosis (Maedler et al., 2001, 

Maedler et al., 2002a, Maedler et al., 2002b, Maedler et al., 2004).  However, 

this theory is not universally accepted, with other studies showing neither high 

glucose in vitro, nor the diabetic state in vivo, induces IL-1β production, NF-κB 

activation, or glucose-induced Fas expression in human islets (Welsh et al., 

2005).   This would suggest that locally produced IL-1β is not a mediator of 

glucotoxicity in human islets as previously suggested (Maedler et al., 2002b, 

Maedler et al., 2004). 

 

1.9 AGEs and inflammation 

Studies in human inflammatory cells have demonstrated that simulated 

diabetic conditions in vitro, for example high glucose (Shanmugam et al., 

2003b, Guha et al., 2000), or treatment with AGEs (Vlassara and Palace, 

2002, Singh et al., 2001), lead to oxidative stress and further production of 
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pro-inflammatory cytokines.  AGEs have been shown to augment the 

inflammatory response and upregulate cyclooxygenase-2 (COX-2) via RAGE, 

which leads to monocyte activation and vascular cell dysfunction 

(Shanmugam et al., 2003a).  AGEs have also been shown to lead to NF-κB 

activation via RAGE (mentioned in Muscat et al., 2007).  However, it has also 

been suggested that AGEs mediate NF-κB activation in a manner 

independent of RAGE (Muscat et al., 2007).   

 

Cells exposed to AGEs have been previously shown to have altered 

proinflammatory phenotypes, and the affected genes have been shown to 

encode for IL-1β (Vlassara et al., 1988), TNF-α (Miyata et al., 1996), IL-6 

(Schmidt et al., 1994), platelet-derived growth factor (PDGF) (Kirstein et al., 

1990), insulin-like growth factor (IGF)-1 (Kirstein et al., 1992), thrombomodulin 

(Schmidt et al., 1995), vascular cell adhesion molecule (VCAM)-1 (Schmidt et 

al., 1995), and tissue factor (TF) (Bierhaus et al., 1997b). 

 

1.10 AGEs: linking oxidative stress and inflammation? 

It has been documented that, in the vasculature, the principle pathological 

consequence of AGE interaction with the endothelial surface RAGE is the 

induction of intracellular ROS (Yan et al., 1994) and these ROS, in turn, 

activate NF-κB and inflammatory pathways (Basta et al., 2004).  AGEs have 

been shown to increase vascular permeability, to stimulate cell adhesion 

molecule expression and to induce migration of macrophages and T-cells into 

the intima.  It has also been suggested that AGEs might quench NO in vitro, 

leading to reduced NO-dependent vasodilatation (reviewed in Tan et al., 

2002). 

 

Pancreatic islets contain macrophages, ductal cells and endothelial cells that, 

when activated, may mediate islet damage by producing NO themselves, or 

cytokines that stimulate NO production by the β-cells (Thomas et al., 2002).  

IL-1, TNF- α and IFN-γ have been known to induce production of NO by islets 

(Thomas et al., 2002).  Cytokines and NO may contribute to β-cell damage by 

two mechanisms: 
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 IL-1 and IFN- γ may directly stimulate inducible nitric oxide synthase 

(iNOS) expression and NO production by the β-cells, or; 

 Cytokines may stimulate iNOS expression by non-endocrine cells in 

islets, and in a paracrine fashion may mediate the β-cell damage 

(Thomas et al., 2002). 

 

In rat islet cells, the supposedly selective iNOS inhibitor, aminoguanidine (also 

used as an AGE inhibitor, see section 1.4.3), prevents IL-1-induced islet 

damage, which could suggest that NO mediates an inhibitory action of IL-1 on 

the rat islet function (Thomas et al., 2002).  Treatment of human islets with IL-

1, TNF- α and IFN- γ stimulates iNOS expression, nitrite production, inhibition 

of insulin secretion and islet cell apoptosis (Thomas et al., 2002).  The NO 

produced by nonendocrine cells in human islets is thought to be unlikely to 

mediate β-cell damage in vivo, because the high effector : target cell ratio that 

is required probably does not exist (Thomas et al., 2002).  However, it has 

been argued that cytokine-induced iNOS expression is probably not the 

dominant pathway to β-cell death in vivo, as IL-1-receptor-deficient islets from 

non-obese diabetic (NOD) mice are protected from [TNF-α + IFN- γ] as well 

as [IL-1 + IFN- γ] mediated cell death in vitro, but not in vivo (Thomas et al., 

2004). 

 

It is also thought that NF-κB activity could be activated by oxidative stress, 

both in the β-cells and other cells within the pancreas (Weir et al., 2001). On 

the other hand, acute (Eizirik et al., 1996) or overnight exposure to low 

concentrations of H2O2 does not increase rat islet NF-κB activity and iNOS 

expression (Elouil et al., 2005).   

 

Maillard reaction products have been shown to induce activation of NF-κB by 

RAGE-independent and H2O2-dependent mechanisms, but the NF-κB 

activation by this mechanism is not sufficient to induce expression of iNOS 

and IL-6 on its own (Muscat et al., 2007). 
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1.11 Summary 

AGEs and their α-dicarbonyl precursors have been shown to play an 

important role in the pathogenesis of diabetic complications, although very 

little is known about how they actually exert these effects, particularly with 

respect to the pancreas and the insulin-producing β-cells.  Their known effects 

with respect to oxidative stress and inflammatory status in various cell types 

could lead to the conclusion that they have the potential to be pivotal in the 

study of pancreatic cell death, and potential therapies for diabetes and its 

long-term complications. 

 

1.12  Hypotheses 

The work described in this thesis will concentrate on two of the α-dicarbonyl 

precursors of AGEs, namely MG and GO.  Given that these compounds have 

been heavily implicated in oxidative stress and inflammation associated with 

diabetes, it is important to try to determine their effects on circulating 

monocytes, tissue macrophages and insulin-producing β-cells, as each of 

these plays an important role in the progression of T2DM. 

 

The aim of this thesis is to test the hypothesis that, at (patho)physiologically 

relevant concentrations and temperature, MG and GO induce oxidative stress 

and activate production of inflammatory mediators in the aforementioned cell 

types, and to investigate potential pathways of activation that lead to any 

imbalance in redox status.  The experiments in Chapter 3 investigate the 

potential of MG and GO to produce free radical species in extracellular 

reactions with free amino acids and proteins.  Chapters 4 and 5 were 

designed to test the potential of MG and GO to induce oxidative stress within 

monocytes and pancreatic β-cells respectively, and to elucidate the pathways 

of activation.  Finally, the experiments in Chapter 6 were performed to 

determine whether or not MG and GO can induce production of the pro-

inflammatory cytokines TNF-α and IL-8 within monocyte-derived 

macrophages from individuals with T2DM.  
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2.1 Materials 

Unless stated otherwise, all chemicals were purchased from Sigma Aldrich 

(Dorset, UK).  All cell culture flasks, microtitre plates, Eppendorf® Tubes and 

Falcon tubes were purchased from Fisher Scientific (Loughborough, UK), 

unless stated otherwise. 

 

2.2 Methods 

2.2.1 Cell culture – general protocols 

THP-1 monocytic cells and RINm5f pancreatic β-cells (American Type Culture 

Collection, LGC Promochem, Teddington, UK) were cultured in RPMI 1640, 

supplemented with 10% foetal bovine serum (FBS), 100 units/mL penicillin 

and 100 mg/mL streptomycin (all from PAA Laboratories Inc, Yeovil, 

Somerset, UK), and incubated at 37ºC in a 5% CO2 atmosphere.  RINm5f 

cells were passaged at 70-80% confluence, and THP-1 cells were maintained 

in suspension at less than 1 x 106 cells/mL.  THP-1 is an acute monocytic 

leukaemia cell line and was determined to be a suitable model for blood 

monocytes in this work as they divide easily and can be maintained in cell 

culture for long periods.  The cells have distinct monocytic markers, such as 

Fc and C3b receptors, are phagocytic, and can be differentiated to 

macrophage-like cells (Tsuchiya et al., 1980).  RINm5f cells are a rat 

insulinoma cell line, determined a suitable model for pancreatic β-cells in this 

work as they also divide easily, can be maintained in cell culture for long 

periods, and produce insulin in response to glucose stimulation. 

 

At time of testing, the THP-1 cell suspension was centrifuged at 250 g for 

5 minutes (unless stated otherwise), and resuspended at an appropriate 

concentration for testing in phenol red-free complete RPMI (PAA Laboratories 

Inc, Yeovil, Somerset, UK). 

 

At time of passage, the RINm5f cell layer was washed twice with Ca2+- and 

Mg2+-free PBS (PAA Laboratories Inc, Yeovil, Somerset, UK) to remove any 
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debris and residual FBS.  Sufficient 0.05% trypsin/EDTA (Invitrogen, Paisley, 

UK) was added to cover the cell layer and incubated for 5 minutes at 37ºC to 

lift the cells from the flask surface.  Complete RPMI was added to inhibit the 

trypsin, and cells were either resuspended for testing, or split 1:3 for 

maintaining the cell stocks. 

 

As the cell lines used are immortalized, it is assumed that they have no 

changes in morphology or cellular products over time.  Thus, passage 

numbers from 5 to 62 (THP-1) and 9 to 58 (RINm5f) were used for testing. 

 

2.2.1.1 Cell viability in THP-1 cells 

THP-cells were seeded at a density of 106 cells per well, in 6 well plates.  

Medium, 20 μM H2O2 (positive control) or serial dilutions of MG and GO 

(100 nM → 1 mM) in RPMI - to reflect the range of physiological intracellular 

(Thornalley, 1993) to pathological plasma (Lapolla et al., 2003) concentrations 

that have been reported in healthy humans and individuals with diabetes - 

were added, and the plates were incubated for 8 h, at 37°C, in a 5% CO2 

environment.  The incubation time was chosen on the basis of pilot lucigenin 

experiments which indicated that this was the optimal for analysis of ROS 

production.  After 8 h, Trypan Blue vital stain was added to the wells 

(50 μL/mL), and then a count was made to determine the number of stained 

versus unstained cells (expressed as a percentage). 

 

2.2.1.2 Cell viability in RINm5f cells 

Cell viability was measured using the MTT Assay Kit (Cayman Chemical, Ann 

Arbour, MI, USA), as per the manufacturer‟s instructions.  Briefly, RINm5f 

cells were seeded at a density of approximately 1.75 x 105 per well, in phenol 

red-free RPMI on 6-well plates, and incubated at 37ºC for 48 h to adhere to 

surface.  Prior to treatment, cells were washed twice with Ca2+ and Mg2+-free 

PBS.  Cells were treated by addition of either medium, 20 µM H2O2 or various 

concentrations of MG and GO for 8 h.  After 8 h, the treatments were 

removed, replaced with 500 µL medium and 50 µL of the MTT reaction 



Chapter 2 – Materials and Methods 

 

Page | 38  

mixture.  The cells were incubated at 37ºC for a further 3.5 h, before the 

supernatant was removed and replaced with 500 µL of the crystal dissolving 

solution.  The plate was shaken for 10 minutes at approximately 600 rpm, 

before the absorbance was measured at 570 nm.  The colorimetric assay is 

based on the conversion of a tetrazolium salt MTT, a pale yellow substrate, to 

formazan, a purple dye.  The cellular reduction reaction involves the pyridine 

nucleotide factors NADH/NADPH and is only catalysed by living cells 

(Berridge et al., 2005).    

 

All absorbance readings were performed on the Thermo Varioskan Flash 

plate reader (Thermo-Fisher, Loughborough, UK). 

 

2.2.1.3 Insulin production in RINm5f cells 

RINm5f cells were seeded at approximately 2 x 106 cells per well in 6-well 

plates, and left to adhere for 48 h prior to testing.  At the time of testing, cells 

were washed with 1 mL Ca2+ and Mg2+-free PBS, and then treated with 2 mL 

of either phenol red-free medium (glucose concentration 11 mM), 50 µM 

H2O2, 20 µM H2O2 or 100 nM – 1 mM concentrations of MG and GO.  At 2, 8 

and 24 h time points, the supernatant was removed and centrifuged at 

approximately 550 g for 5 minutes, and transferred to fresh Eppendorf® tubes 

to remove any cells.  The cell monolayer was then removed using vigorous 

pipetting with 1 mL ice-cold PBS and centrifuged at 550 g for 5 minutes.  The 

cell pellet was then washed with a further 1 mL of ice-cold PBS, and the 

supernatants were stored at -20ºC until testing.  The pellets were stored at 

 -80ºC until extractions were performed for total glutathione measurements 

(Section 2.2.6.2).  Controls were performed by incubating RINm5f cells with 

10 mM L-arginine (to induce insulin expression [Fisher Scientific, 

Loughborough, UK]), 10 mM L-cysteine (to inhibit insulin expression), and 

400 nM glibenclamide (to induce insulin expression via blocking ATP-sensitive 

potassium channels and influx of intracellular calcium; Hu et al., 2000) for 1 h, 

and then harvesting supernatants as previous. 
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Supernatants were used for measurement of insulin using the rat insulin 

enzyme-linked immunosorbent assay (ELISA) kit (Crystal Chem Inc., Downers 

Grove, IL, USA), as per the manufacturer‟s instructions.  Briefly, 5 µL of 

sample was added to a primary antibody-coated microplate with 95 µL of 

sample diluent, in order to capture the insulin from the samples.  Following a 

2 h incubation at 4ºC, the plate was washed 5 times with wash buffer, and 

then was incubated for 30 minutes at room temperature with 100 µL of anti-

insulin enzyme conjugate in each well.  At this point, the plate was washed 7 

times with wash buffer, and 100 µL of enzyme substrate solution was added 

to each well, and incubated for 10 minutes in the dark.  The final step was to 

add 100 µL of stop solution to each well, and measure the absorbance at 

450 nm, and subtract the absorbance at 630 nm.  A standard curve was 

plotted, and the concentrations of insulin in samples were calculated. 

 

All absorbance readings were taken using the Thermo Varioskan Flash plate 

reader. 

 

2.2.2 Flow cytometry 

Flow cytometry is a technique which is used to make quantitative 

measurements on single cells or cell constituents at very high speed (Cram, 

2002).  By measuring the individual cells, it is possible to obtain a precise 

description of each cell from amongst a much larger population (for example 

from whole blood; Cram, 2002).  The two most common flow cytometry 

measurements are particle fluorescence and light scatter, which are 

measured by the cell or particle passing through one or more laser beams in a 

flow chamber, as illustrated in Figure 2.1.  Lasers are used as they have the 

advantage of providing intense, single wavelengths for excitation of 

fluorochromes.   
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Sheath fluidSheath fluid

Sample

Lasers

 

Figure 2.1  Flow cell 

Sheath fluid is used in the flow chamber (direction of flow indicated by arrows) to position the 

cells in the sample in single file in the central most region of the laser beam, to ensure 

uniform illumination.  Using this method, different sized particles containing different 

combinations of fluorochromes can be efficiently analysed at rates of up to 10,000 cells per 

second.  (Adapted from Cram, 2002) 

 

The fluorescence of each cell is collected using optical components, broken 

into selected wavelength regions and focussed into an optical detector.  From 

there, the fluorescence signal is converted into an electronic signal that is 

amplified, analysed and stored on a computer.  After conversion of the signal, 

two types of amplifier are available, either linear or logarithmic.  The data 

obtained is exactly the same, however the distributions of the cells or particles 

looks different due to how the analogue signal is converted to a digital signal 

for data storage and display.  Surface marker expression covers a much 

broader dynamic range of fluorescence intensities, due in part to large 

variations in cell surface areas in different phases of the life cycle and cell 

heterogeneity.  Thus immunofluorescence is often measured on the 

logarithmic amplifier to capture the entire range of fluorescence intensities 

(Cram, 2002). 
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Another application of flow cytometry is as an alternative to multiple 

immunoassays.  Bead-based flow cytometric immunoassays (bead arrays) 

are useful for the simultaneous quantification of multiple analytes from a 

relatively small sample size in a rapid fashion.  Beads of different sizes or 

colours are used for multiplexed assays.  The beads are coated in a specific 

antibody against an analyte (for example, a particular cytokine) and are 

differentiated by light scatter characteristics while the immunoassay signal is 

generated through the binding of fluorescent conjugates (Morgan et al., 2004).  

When capture beads for different analytes are used as a mixture, it is possible 

to simultaneously measure the levels of several individual analytes from one 

sample.  These multiplex bead assays are excellent for simplifying panel 

assays, such as cytokine ELISAs (Morgan et al., 2004). 

 

2.2.2.1 Annexin V measurement of apoptosis in THP-1 monocytes 

In apoptotic cells, the membrane phospholipid phosphatidylserine (PS) is 

translocated from the inner to the outer surface of the plasma membrane, 

exposing PS to the extracellular environment.  Annexin V is a Ca2+ dependent 

phospholipid-binding protein that has a high affinity for PS, and binds cells 

with exposed PS.  PS exposure precedes the loss of membrane integrity, 

which accompanies the final stages of cell death resulting from apoptosis in 

the absence of macrohages to clear dying cells, or necrosis.  Therefore, 

staining with Annexin V was used in conjunction with the vital dye, propidium 

iodide (PI).  Only dead and damaged cells which have suffered a loss in 

membrane integrity are permeable to PI.  

 

THP-cells were seeded at a density of 106 per well, in 6 well plates.  Medium, 

20 μM H2O2 or varying concentrations of MG and GO were added and the 

plates were incubated for 8 h at 37°C, in a 5% CO2 environment.  A positive 

control for apoptosis was obtained by incubating cells with 10 nM 

staurosporine (Biomol International, Exeter, UK) for 2.5 h under the same 

conditions.  After incubation, 500 μL of cells were washed twice with BSA 

stain buffer (Beckton Dickinson UK Ltd, Oxford, UK), before being 

resuspended in 100 μL Annexin V binding buffer (Beckton Dickinson UK Ltd, 
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Oxford, UK).  5 μL of APC-conjugated Annexin V and 10 μL PI staining 

solution (both from Beckton Dickinson UK Ltd, Oxford, UK) were added to 

each sample, vortexed gently and left in the dark at room temperature for the 

reaction to proceed.  After 15 minutes, a further 400 μL of binding buffer was 

added to stop the reaction and the cell suspensions were transferred to 96-

well plates for analysis. 

 

Annexin V/PI readings were performed on a BD Biosciences FACSArray 

(Beckton Dickinson UK Ltd, Oxford, UK). 

 

2.2.2.2 Cytokine bead array pilot studies  

Two pilot studies were performed to screen for potential induction of 

inflammatory cytokines following treatment with α-dicarbonyls.  The first study 

was performed with human monocyte derived macrophages from a healthy 

non-diabetic volunteer, using the protocol outlined in section 2.2.7.  The 

samples were incubated for 2, 4, 6, 10 and 24 h.  The second pilot study was 

performed using THP-1 monocytes, diluted to 106 per mL and incubated for 2, 

6, 10, 24, 48 and 72 h.  In both cases, the treatments were made in phenol 

red-free medium (IMDM for human macrophages, RPMI 1640 for THP-1 

cells), and the treatments were medium (negative control), 10 ng/mL LPS 

(positive control), and 10-fold dilutions of MG from 40 nM → 4 mM to cover 

the range of physiological concentrations previously reported (see Section 

2.2.1.1).  For the THP-1 cells, the supernatants were prepared by 

centrifugation of samples at approximately 6700 g to pellet the cells, after 

which supernatants were aspirated off into separate Eppendorf® tubes. 

 

The Human Inflammation CBA kits were purchased from BD Biosciences 

(Beckton Dickinson UK Ltd, Oxford, UK), and were performed as per the 

manufacturer‟s instructions, with minor modifications.  Briefly, one vial of 

lyophilised standards was reconstituted with 0.2 mL assay diluent to prepare a 

10 x bulk standard.  This was allowed to equilibrate for 15 minutes before 

standards were made up using 2 x serial dilutions, from the top standard 

(5000 pg/mL) to a 1:256 dilution (20 pg/mL).  Assay diluent was used as the 
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negative control.  10 µL of each capture bead for each sample to be analysed 

was added to a single tube, and the mixture vortexed thoroughly, and 

supernatant samples were diluted as required using assay diluent.  25 µL of 

the bead mixture was added to the appropriate wells on round-bottomed 96-

well plates, followed by 25 µL of human inflammation PE detection reagent.  

25 µL of inflammation standards or samples were then added to the 

appropriate wells, the plate was covered and put on a plate shaker for 5 

minutes at approximately 1100 rpm, before being left in the dark at room 

temperature (RT) for 3 h.  Following incubation, the plate was washed by 

addition of 100 µL of wash buffer to all wells, and centrifuged at 300 g for 5 

minutes at RT.  Supernatant was then aspirated from each well, and the 

beads were resuspended by addition of a further 120 µL of wash buffer and 3 

minutes on the plate shaker at approximately 1100 rpm.   

 

The CBA kits were analysed on the BD Biosciences FACSArray. 

 

From the preliminary CBA kit results, it was decided to examine the 

production of TNF-α and IL-8 at 6 h and 48 h, respectively. 

 

2.2.3 Electron Paramagnetic Resonance (EPR) 

The method of choice to detect and identify free radicals is EPR spectroscopy.  

The EPR spectrometer consists of a microwave source (to produce a constant 

microwave frequency) and an electromagnet (to induce resonance).  In free 

radical species, the moving charge of the unpaired electron around its own 

axis gives it a magnetic field (also known as a magnetic moment).  In the 

presence of an external magnetic field, the spin of each unpaired electron is 

orientated parallel (low energy state) or antiparallel (high energy state) to the 

external field.  In order to promote these electrons from the low energy to the 

high energy spin state (known as resonance) the application of the correct 

amount of energy at a suitable frequency (microwave) is required.  It is this 

energy absorption that is detected by EPR.  An unpaired electron will give a 

single peak on the EPR spectrum.  In the presence of other magnetic 

moments from the nuclei of a molecule however, the electron signal is split, 
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for example in Figure 2.2, which shows a three peak (also known as three-

line) spectrum, characteristic of electron localisation to a nitrogen atom. 

 

Only a few protein-tyrosyl radicals have been shown to be stable enough to 

be detected by static EPR at room temperature and under air.  As a 

consequence, most EPR studies of free radical production have been 

performed by rapid-quench EPR (reviewed in Augusto and Muntz Vaz, 2007) 

and EPR spin-trapping (Davies and Hawkins, 2004).  The EPR spin-trapping 

technique relies on the reaction of a biological radical which may be 

undetectable under normal conditions, with a diamagnetic probe containing a 

nitroso or nitrone function (the spin trap) to form a spin trap radical adduct (a 

nitroxide derivative) that, being considerably more stable than the primary 

radical, accumulates in high enough concentrations to be detected by EPR 

(Augusto and Muntz Vaz, 2007, Villamena and Zweier, 2004).  Characteristic 

EPR spectral profiles can be observed for different spin adducts, thus 

transient radicals (such as O2
.-) that are otherwise undetectable under normal 

conditions can now be trapped and measured.  An example of an EPR 

spectrum is shown in Figure 2.2 below: 
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Figure 2.2  Example of typical EPR spectrum 

A negative control (black line) with small peaks, showing very little radical generation, and 

positive control (red line), after addition of a free radical generator, showing significant radical 

production. 

 

In the experiments conducted in this work, the EPR signal intensities were 

noted over time, and the results were plotted as line graphs. 

 

2.2.3.1 EPR measurement of oxygen radical generation through the 

interaction of MG and GO with BSA and free amino acids 

Dilutions of MG or GO (final concentrations 4 mM and 400 µM), amino acids 

L-lysine and L-arginine (final concentration 100 µM) and BSA (final 

concentration 4%, [PAA Laboratories Inc, Yeovil, Somerset, UK]) were made 

in Ca2+-Mg2+ -free PBS.  The experiment was performed by adding equal 

volumes of either amino acids or BSA with the spin-trap Tempone-H (final 

concentration 1 mM, [Fisher Scientific, Loughborough, UK]) in an Eppendorf® 

tube.  The reaction was started by adding either MG or GO, kept in a heating 

block at 37ºC, and 50 µL capillary (VWR, Lutterworth, UK) measurements 

were taken at 0, 5, 10, 15, and 30 minutes, 1, 2, 4, 6 and 24 h, to determine 
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the production of oxygen-centred radicals by the reaction of the α-dicarbonyls 

with the amino acids or protein.  Settings for EPR were as follows: BO-field 

3343.48 G; Sweep 49.10 G; Modulation 1500 mG; MW atten 7 dB (approx 20 

mW); Sweep time 30 seconds; Smooth 0.60 seconds; Steps 4096; Passes 1; 

Gain 1E1.  All EPR readings were performed on a Magnettech Miniscope MS 

200. 

 

2.2.3.2 EPR measurement of MG and GO oxygen-centered radical 

production in RPMI 

Medium alone or medium with MG or GO was incubated at 37°C.  The 

reaction was started with addition of MG or GO at final concentrations of 

4 mM, 1 mM, 400 μM and 100 μM, and addition of Tempone-H, at a final 

concentration of 1 mM.  50 μL capillary measurements were taken over time 

to determine the production of oxidative species by autoxidation in medium by 

MG and GO.  The timepoints were as previous, as were the EPR settings. 

 

All EPR readings were performed on a Magnettech Miniscope MS 200. 

 

2.2.4 High performance liquid chromatography 

High performance chromatography (HPLC) is a technique which is highly 

successful in quantifying and purifying molecules in a mixture.  The underlying 

principle of the technique is that molecules not only dissolve in liquids, but can 

also absorb onto, or interact with the surface of solids.  If a molecule dissolved 

in a liquid is passed down a column of solid particles with which it also 

interacts, it will move slower than the solvent, spending some time dissolved 

in the liquid (liquid phase) and some on the solid (solid phase) (Bird, 1989). 

 

The separation of molecules by chromatography involves exploiting the subtle 

differences in their physical properties, for example their solubility in water, 

solubility in organic solvents, net charge and size.  Separation of molecules 

according to these properties is described respectively as adsorption (normal 

phase), reverse phase, ion exchange, or size exclusion chromatography.  
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Though the mechanism underlying separation will be decided through the 

choice of solid phase medium, the actual separation achieved by normal 

phase, reverse phase and ion exchange chromatography will also be 

influenced by the choice of solvent for the liquid phase for sample molecules.  

For example, in reverse phase chromatography, increasingly hydrophobic 

(organic) solvents will more readily remove non-polar molecules from the solid 

phase.  Often a liquid phase of changing composition is used so that at the 

beginning of the method it is not as good as the solid phase at interacting with 

the molecules of interest and consequently the molecules spend almost all 

their time in the solid phase.  As the composition of the liquid phase changes 

however, it becomes a better solvent for the molecules and so they are 

increasingly removed from the solid phase into the liquid phase, a technique 

which is known as gradient elution (Bird, 1989). 

 

The equipment used to operate HPLC columns can be divided into two main 

areas, the delivery of solvent and sample to the column and the detection of 

molecules emerging.  Figure 2.3 shows an example of the equipment used for 

solvent and sample delivery. 

 

Whilst the major advantage of HPLC is its sensitivity when separating 

molecules, this can also mean that it is sensitive to interference from sample 

or solvent contaminants, and this may result in artefacts in the resultant 

profiles. 
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Figure 2.3  HPLC system 

Owing to the high back pressure of the HPLC columns, solvent is delivered into the system by 

a pump.  If gradient elution is required, then two or more pumps are needed to deliver the 

different solvent components through a mixing chamber.  Samples are added into the flowing 

solvent by an injection valve.  Molecules emerging from the column are monitored 

continuously by a detector and the result recorded on a computer for analysis.  (Adapted from 

Bird, 1989) 

 

2.2.4.1 HPLC of MG biochemistry 

The method for reverse-phase HPLC was designed using previously 

published methods (Shipanova et al., 1997), with slight modifications.  Using a 

C-18 column and the gradients A = HPLC-grade water (Fisher Scientific, 

Loughborough, UK) + 0.1% trifluoroacetic acid (1 mL in 1 L), B = 50:50 

water:acetonitrile (Fisher Scientific, Loughborough, UK) + 0.1% trifluoroacetic 

acid.  The gradient method used is : 0-10 minutes, 0% B; 10-30 minutes, 

0-50% B; 30-40 minutes, 50-100% B; 40-55 minutes, 100% B; sample 

injection 50 μL, flow 2 mL/minute, timepoints measured were 0, 6, 24, 48, 72, 

168 and 360 h. 
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2 x final concentration stock of compounds were made (for example 8% BSA 

and 8 mM MG for reaction of 4% BSA and 4 mM MG) in Ca2+-/Mg2+-free PBS.  

Controls were also made in Ca2+-/Mg2+-free PBS.  The reaction was started 

by adding 750 μL of each reaction compound into glass HPLC vials (Agilent 

Technologies, West Lothian, UK), which were loaded into the HPLC system 

(Agilent Technologies, 1200 series).  In between readings, the vials were 

stored in an incubator at 37°C. 

 

2.2.4.2 HPLC of activated apocynin 

Apocynin was activated as outlined in Section 2.2.5.3.2.  Controls were made 

as follows: a) PBS; b) 400 µL of 4 mM apocynin in 3.4 mL PBS (to equal total 

volume in reaction); c) using heat-inactivated enzymes (heated in heating 

block for 15 minutes at 95ºC, then centrifuge off precipitates at 14,000 g for 5 

minutes). 

 

HPLC was run on a C-18 reverse-phase column as previous, with a solution 

of 60:40 HPLC-grade water/acetonitrile, sample injection 50 µL, flow rate of 

0.7 mL/minute for 15 minutes (Ximenes et al., 2007).  All samples were run on 

the Agilent Technologies 1200 series HPLC. 

 

2.2.5 Lucigenin measurement of oxidative stress 

Lucigenin (or bis-N-methylacridinium nitrate) is an acridine-based probe that 

has been used extensively to detect O2
.- in various systems, such as from 

NADPH oxidase in phagocytic cells, NADH-dehydrogenase in mitochondria, 

NADPH-cytochrome P450 reductase in microsomes and xanthine oxidase and 

NADPH oxidases in endothelial and vascular smooth muscle cells (Vásquez-

Vivar et al., 1997).   

 

The lucigenin assay is popular because it is assumed to measure the intra- 

and extracellular O2
.- generation with high sensitivity and specificity.  The 

proposed mechanism for the evolution of lucigenin chemiluminescence 

involves one-electron reduction of lucigenin (LC2+) to form the lucigenin cation 
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radical (LC.+), which reacts with O2
.- to form a dioxethane intermediate which 

in turn, decays by a light emitting process.  This reaction can be summarised 

in the following equations (Vásquez-Vivar et al., 1997): 

 

LC2+ + e-  →  LC.+ 

LC.+  + O2
.-  →  Products + Light 

 

The chemical structure of lucigenin and its cation radical are shown below: 

 

                    

N
+

N
+

CH
3

CH
3

   

N

CH
3

C  

N
+

CH
3  

Figure 2.4  Chemical structure of lucigenin and its cation radical 

(A) Lucigenin (LC
2+

) and (B) its cation radical (LC
.+

).  (Adapted from Vásquez-Vivar et al., 

1997) 

 

However, evidence suggests that O2
.- alone is unable to reduce lucigenin to 

its cation radical (Faulkner and Fridovich, 1993), and therefore an additional 

reducing agent is required to stimulate chemiluminescence (Vásquez-Vivar et 

al., 1997).  In several systems including xanthine/xanthine oxidase and 

NADPH/NADPH-oxidase, it is assumed that the enzyme catalyses reduction 

of lucigenin (Vásquez-Vivar et al., 1997).  It has also been suggested that O2
.- 

production may occur as a result of the reduction of oxygen by the lucigenin 

cation radical and therefore, as a consequence any system that reduces 

lucigenin to LC.+ can lead to the formation of O2
.- (Vásquez-Vivar et al., 1997). 

 

2.2.5.1 Lucigenin measurement of oxidative stress in THP-1 monocytes 

At time of testing, 20 mL of cell suspension was centrifuged at 125 g for 5 

minutes (Heraeus Biofuge Primo R, Thermo), and cell pellets were 

resuspended in 250 μM (final concentration 125 μM) lucigenin in RPMI, at 106 

(A) (B) 
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cells per mL.   Serial dilutions were made of MG and GO (final concentrations 

100 nM → 1 mM), in RPMI.  100 μL of THP-1 cell suspension followed by 

100 µL of appropriate treatment was added to the 96-well plate.  20 μM H2O2 

was used as a positive control, RPMI as a negative, and an identical plate 

was set up using cell-free 250 μM lucigenin as a control to determine how 

much of the luminescence was due to cell-generated production of free 

radicals, rather than auto-oxidation of reactants.   

 

This blank subtraction method is illustrated in Figure 2.5 below: 

 

 

 

 

 

 

 

 

 

Figure 2.5  Blank subtraction method 

Two plates were run per test, one containing THP-1 cells, treatment and lucigenin (solid line, 

circles), and a blank containing medium (in place of cells), treatment and lucigenin (dotted 

line, squares).  The values obtained from the blank plate were subtracted from the cell plate, 

to determine cell-mediated response (shaded area) for each repetition of the experiment.  

This was important to distinguish a genuine cellular response from the auto-oxidation of 

reactants. 

 

All luminescence readings were taken on a Thermo Varioskan Flash plate 

reader.  

 

2.2.5.2 Lucigenin measurement of oxidative stress in RINm5f rat pancreatic 

β-cells 

RINm5f cells were seeded at a density of approximately 105 per well in phenol 

red-free RPMI on 96-well plates and left over night to attach.  Supernatant 

was removed from the cells and 190 µL of medium, 20 µM H2O2 or 

Blank subtraction method

0 2 4 6 8
0

100

200

300

cell plate

blank plate

Time (hours)L
u

c
ig

e
n

in
-d

e
ri

v
e
d

 l
u

m
in

e
s
c
e
n

c
e
 (

A
U

)



Chapter 2 – Materials and Methods 

 

Page | 52  

concentrations of MG and GO (as previous) were added to the cells.  10 µL of 

lucigenin dissolved in phenol red-free RPMI was added to the wells to a final 

concentration of 125 µM, and the blank subtraction method was used as 

mentioned previously (see Figure 2.5).  Again, readings were taken over the 

course of 8 h. 

 

All luminescence readings were taken on the Thermo Varioskan Flash plate 

reader. 

 

2.2.5.3 Lucigenin measurement of apocynin-sensitive NADPH oxidase 

response to MG and GO 

Nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase is a 

multisubunit complex which can be found on the cell membrane of 

phagocytes, and can also be expressed on almost any cell.  It generates O2
.- 

radicals from oxygen, playing a crucial role in host defence.  In the phagocyte, 

it consists of two membrane-bound subunits: an α-subunit (p21phox) and a 

heavily glycosylated β-subunit (gp91phox), which combined are known as 

cytochrome b558; and also 3 cytosolic subunits: p67phox, p47phox and p21rac.  

Phosphorylation of the p47phox subunit has been shown to coincide with 

respiratory burst in phagocytes and is translocated to the membrane 

cytochrome b558 upon activation (for review see Segal and Abo, 1993). 

 

Apocynin (4-hydroxy-3-methoxyacetophenon) is a naturally occurring 

methoxy-substituted catechol isolated from the traditional medicine plant 

Picrorhiza kurroa (Touyz, 2008, Atal et al., 1986), which has been shown to 

inhibit the release of O2
.- by NADPH oxidase (Vejrazka et al., 2005, for review 

see Ximenes et al., 2007).  The mechanism of inhibition is not totally known, 

but it involves the impairment of translocation of the p47phox subunit to the 

NADPH oxidase complex (for review see Ximenes et al., 2007). 

 

However, an important finding concerning the mechanism of action, is that 

apocynin is a prodrug, converted by peroxidase-mediated oxidation to a 

dimer, which has been shown to be more efficient than apocynin itself at 
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blocking O2
.- production from NADPH oxidase (for reviews see Ximenes et al., 

2007, Touyz, 2008).   

 

2.2.5.3.1 Apocynin-sensitive NADPH oxidase response to MG and GO in 

THP-1 cells 

THP-1 cells were diluted to 106 per mL in phenol red-free RPMI, and 

incubated in 96-well plates with either 300 µM apocynin (final concentration, 

obtained through pilot study) or cell culture grade water (PAA Laboratories 

Inc, Yeovil, Somerset, UK) for 10 minutes to allow the apocynin to be 

activated.  Phorbol 12-myristate 13-acetate (PMA – positive control) was 

made up to a final concentration of 100 nM, in RPMI with 0.1% 

dimethylsulfoxide (DMSO).  All other treatments (medium, 100 nM → 10 µM 

dilutions of MG and GO) were made up in RPMI containing 0.1% DMSO.  

Treatments were added to appropriate wells, before addition of 125 µM (final 

concentration) lucigenin.  Between readings, the plate was stored in the dark 

at 37ºC. 

 

Changes in luminescence were measured using the Thermo Varioskan Flash 

plate reader.  All samples were measured in triplicate.  Area under the curve 

over 8 h incubation was determined for each sample, and the results obtained 

with apocynin subtracted from those with cell culture-grade water (as with 

blank subtraction, see Figure 2.5) to determine apocynin-sensitive response, 

which was important to exclude NADPH oxidase-independent luminescence. 

 

2.2.5.3.2 Apocynin-sensitive NADPH oxidase response to MG and GO in 

RINm5f cells 

As mentioned in Section 2.2.5.3, apocynin is a prodrug, which needs 

activation by peroxidases in order to form its biologically active dimer.  

However, some cell types (in this case pancreatic β-cells) do not produce 

peroxidases or H2O2 in large enough quantities to catalyse this reaction, and 

thus it was necessary to pre-activate the apocynin prior to adding to the cells.  
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This was done by prepublished methods, with minor modifications (Ximenes 

et al., 2007, Vejrazka et al., 2005). 

 

400 µL of 4 mM apocynin (dissolved in cell-culture grade water) was mixed 

with 2 mL Ca2+-/Mg2+-free PBS, 300 units of horseradish peroxidase (HRP – 

dissolved in 300 µL Ca2+-/Mg2+-free PBS) and 300 ppm H2O2 (in 100 µL Ca2+-

/Mg2+-free PBS).  This mixture was incubated at 37ºC for 1 h, then 8 kU of 

catalase (in 1 mL Ca2+-/Mg2+-free PBS) was added and incubated at 37ºC for 

15 minutes to remove any remaining H2O2 from the mixture.  The samples 

were then filtered through a 10,000 mwco Vivaspin filter (centrifugation at 

2000 g for 15 minutes [VWR, Lutterworth, UK]) to remove the enzymes, and 

the activated apocynin samples analysed by HPLC (Section 2.2.4.2) before 

testing. 

 

RINm5f cells were diluted to approximately 106 per mL in phenol red-free 

RPMI, and 5 x 105 were plated per well onto a 48-well plate.  The cells were 

incubated at 37ºC for 48 h to attach before testing.  At the time of testing, the 

medium was removed, and the cells were incubated for 10 minutes with 

activated apocynin in medium (500 µL activated apocynin mixture in 4250 µL 

RPMI), or an equivalent concentration of PBS in medium for 10 minutes.  

Other treatments were made as per THP-1 protocol, and the experimental 

protocol was identical. 

 

2.2.6 Total glutathione measurement 

In its reduced form, glutathione (L-γ-glutamyl-L-cysteinyl-glycine) is the most 

abundant non-protein thiol in mammalian cells.  It is a linear tripeptide, formed 

from the amino acids glycine, cysteine and glutamate (Figure 2.6), which has 

a bioavailability of 1 to 10 mM in many different cell types.  Intracellular 

glutathione can exist as a monomer in its reduced form (GSH), or as a 

disulfide dimer in its oxidised form (GSSG) which usually accounts for less 

than 1% of the total intracellular glutathione content (Franco et al., 2007). 
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Figure 2.6  Structure of reduced glutathione (GSH) 

The peptidic γ-linkage between glutamate and cysteine protects GSH from hydrolysis from 

intracellular petidases, while the presence of the C-terminal glycine protects it against 

cleavage by intracellular γ-glutamylcyclotransferases.  Cysteine provides the reactive thiol 

(-SH) group that allows GSH to participate in a wide variety of metabolic processes, including 

redox reactions.  (Adapted from Franco et al., 2007) 

 

GSH is a strong reducing agent that contributes to key antioxidant pathways 

by acting either as a proton donor, or as a cofactor of nucleophilic conjugates.  

As it is the major intracellular antioxidant defence within cells, its depletion 

may be either a cause or a prerequisite for the generation of ROS/RNS which 

could potentially mediate a wide range of signalling pathways.  The ability of 

GSH to act as a reducing agent is associated with the formation of the thiyl 

radical (GS
.
), which can lead to pro-oxidant reactions and peroxidative injury if 

not efficiently removed (reviewed in Franco et al., 2007). 

 

GSH is also involved in the glyoxalase system, which converts MG to D-

lactate, a pathway which is active in microorganisms (reviewed in Franco et 

al., 2007, Thornalley, 1993, Wu et al., 2004).  In this pathway, GSH is present 

in catalytic amounts to aid in the detoxification of the α-dicarbonyl. 

 

A previously published protocol was used to determine total GSH (in this 

case, defined as [GSH + 2 GSSG]) (Rahman et al., 2006).  This protocol is a 

recycling assay, based on the reaction of GSH with 5,5‟-dithio-bis (2-

nitrobenzoic acid) (DTNB) that produces the TNB chromophore (maximal 

absorbance 412 nm) and oxidised glutathione-TNB adduct (GS-TNB).  The 

rate of formation of TNB is proportional to the concentration of GSH in the 

Glutamate

Cysteine

Glycine

-glutamyl amide linkage
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sample.  The disulfide product (GS-TNB) is then reduced by glutathione 

reductase (Gsr) in the presence of NADPH, which recycles GSH back into the 

reaction (Figure 2.7).  Because the Gsr reduces the GSSG formed into two 

GSH, the amount of glutathione measured represents the sum of glutathione 

(as defined above) in the sample.  The concentration of an unknown sample 

is determined by calculating from the linear regression generated from several 

standards of GSH. 

 

All solutions were made in KPE buffer (made of potassium phosphate 

monobasic and potassium phosphate dibasic salts, pH adjusted to 7.5, plus 

ethylenediamine tetra acetic acid disodium salt [Fisher Scientific, 

Loughborough, UK]). 

 

  

Figure 2.7  Enzymatic recycling of GSH from GSSG by Gsr in the presence of NADPH 

GSH reacts with DTNB to form TNB and GS-TNB.  GS-TNB and GSSG are then reduced to 

GSH by Gsr and NADPH (recycling).  The TNB formed can be quantitated at 412 nm.  

(Adapted from Rahman et al., 2006) 

 

2.2.6.1 Total glutathione measurement in THP-1 cells 

Total glutathione concentration was determined using the protocol outlined in 

Section 2.2.6.  Briefly, THP-1 cells were resuspended in phenol red-free RPMI 

at a concentration of 3 x 106 per mL.  500 µL of treatments (RPMI, 20 µM 

H2O2, 100 nM → 1 mM MG or GO) were added to appropriate wells, and 
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incubated at 37ºC in a 5% CO2 atmosphere for either 2, 8 or 48 h.  At the 

desired timepoint, samples were transferred to Eppendorf® tubes, and 

centrifuged at approximately 6700 g to pellet the cells.  The supernatant was 

aspirated off, and the cell pellet washed twice with 1 mL Ca2+- Mg2+- free PBS 

(centrifugation at approximately 6700 g).  Pellets were stored at -80ºC until 

extraction. 

 

350 µL of extraction buffer was added to each cell pellet, and the cells were 

lysed using two rounds of sonication (microson ultrasonic cell disruptor, 

Microsonix, Farmingdale, NY) and snap-freezing in liquid nitrogen.  After lysis, 

the cells were centrifuged at approximately 11,500 g for 5 minutes to remove 

the lysate which was stored at -80ºC until testing.  At time of testing, 20 µL of 

standards (L-glutathione, reduced) and samples were aliquotted into 

appropriate wells on a 96-well plate, followed by addition of 120 µL of a 1:1 

mixture of Gsr and DTNB, and after 30 seconds, 60 µL of β-NADPH reduced 

tetrasodium salt.  The reaction was measured on a plate reader with an 

absorbance of 412 nm, with readings taken every 30 seconds for 2.5 minutes.  

The rate of TNB formation was calculated by change in absorbance per 

minute, and the actual GSH concentration in the samples was determined 

using linear regression. 

 

All absorbance readings were taken on the Thermo Varioskan Flash plate 

reader. 

 

2.2.6.2 Total glutathione measurement in RINm5f cells 

Cell pellets from the insulin assays were used to measure the total glutathione 

concentrations in cells, using the aforementioned protocol (Rahman et al., 

2006). 

 

Briefly, cell pellets were resuspended in 350 µL of extraction buffer and lysed 

by two rounds of probe sonication and flash-freezing in liquid nitrogen.  The 

cells were centrifuged at approximately 11,500 g for 5 minutes, and the 

supernatant was removed and stored in pre-chilled Eppendorf® tubes at 
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-80ºC until use.  On the day of testing, 20 µL of sample (or L-glutathione 

reduced standard) was plated into appropriate wells of a 96-well plate and 

120 µL of an equal mixture of Gsr and DTNB was added to each well to react 

for 30 seconds, converting GSSG (oxidised glutathione) to GSH (reduced 

form).  Then 60 µL of β-NADPH was added to the mixture, and the 

absorbance was read at 412 nm every 30 seconds for 2.5 minutes.   

 

All absorbance readings were taken on the Thermo Varioskan Flash plate 

reader. 

 

2.2.7 Human primary cell studies 

Criteria for volunteers with T2DM as approved by the North of Scotland 

Research Ethics Board were as follows: 

 

Inclusion Criteria Exclusion criteria 

HbA1c ≤ 9% HbA1c > 9% 

BMI < 35 kg/m2 BMI > 35 kg/m2 

 eGFR < 50 mL/minute (indicates renal 

impairment) 

Non-smoker Smoker, or recently stopped (within 6 

months)  

No clinical complications of diabetes Clinical complications of diabetes 

 Taking prescribed anti-inflammatory 

medication (excluding aspirin) 

 

Table 2.1  Criteria for inclusion in the study 

HbA1c = glycated haemoglobin, BMI = body mass index, eGFR = estimated glomerular 

filtration rate. 
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The characteristics of the volunteers recruited for the study are outlined in 

Table 2.2 below: 

 

Age (years) Sex 

(male:female) 

HbA1c BMI 

65.67 ± 10.1 7:2 7.1 ± 0.6 31.8 ± 2.2 

 

Table 2.2  Characteristics of volunteers for human study 

Data for age, glycated haemoglobin (HbA1c) and Body Mass Index (BMI) are represented as 

mean ± SD.  (n = 9) 

 

Isolation of human monocytes from volunteers with T2DM was performed as 

per previously published method (Turnbull et al., 2008).  Blood samples were 

obtained with informed consent.  All Falcon tubes used in the blood protocol 

were purchased from BD (Beckton Dickinson UK Ltd, Oxford, UK).  The 

protocol has been summarised in Figure 2.8 below: 
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Whole blood taken 

from antecubital 

fossa

+ 0.38% 

sodium 

citrate

Erythrocyte/leukocyte layer

Platelet Rich Plasma (PRP)

+ 6 mL Dextran (6%) + saline 

(0.9%) to 50 mL; 

Sedimentation (25 min)

Leukocytes + 

saline (0.9%)

Erythrocyte 

layer 

(discarded)

Centrifugation 

(350 g; 6 min) Supernatant 

(discarded)

Leukocyte cells (+
contaminating 

erythrocytes)

55% 70% 81%

Isotonic Percoll solutions 

diluted with 1 x PBS to 

percentages shown 

Percoll gradients 

(55% + cells on top)

Mononuclear cell layer

Granulocyte cell layer

Monocyte cells 

resuspended in PBS and 

washed twice 

(centrifugation 230 g; 6 

min)

Cells plated for 

differentiation to 

macrophages

+ 220 µL (1 M) 

CaCl2 per 10 mL 

PRP

Incubate 1 h at 

37ºC
Platelet plug 

(discarded)

Autologous recalcified 

plasma (serum)

Stored at 4ºC and 

used for primary 

cell culture

Centrifugation 

(720 g; 20 min)

 

Figure 2.8  Isolation of human monocytes from peripheral whole blood 

160 mL (4 x 40 mL) of whole blood was taken from the antecubital fossa of volunteers with 

T2DM, into 0.38% sodium citrate (final concentration).  Samples were centrifuged (350 g for 

20 minutes; acc/brake 1).  Platelet rich plasma (PRP) was removed using sterile pastettes 

and 1 M CaCl2 (Fisher Scientific, Loughborough, UK) was added prior to the PRP being 

incubated in a water bath (37ºC, 1 h) to allow the platelets to form a plug.  Serum was 

removed and stored (4ºC) to be used for culture of the primary cells.  Dextran (6%, filtered 

through a 0.22 µm filter unit [Millipore, Watford, UK]) sedimentation was performed to 

separate the leukocytes from the erythrocytes, for 25 minutes.  Leukocytes were removed 

using sterile pastettes, and the tube was topped up to 50 mL with pre-warmed (37ºC) sterile 

saline (Baxter Healthcare, Norfolk, UK), and centrifuged (350 g for 6 minutes; acc/brake 5).  

Supernatant was discarded from the cell pellet, and leukocytes and remaining erythrocytes 

were resuspended in 3 mL of a 55% Percoll solution.  Percoll gradients were made from a 

90% solution containing 10 X PBS (PAA Laboratories Inc, Yeovil, Somerset, UK) and diluted 

with 1 X PBS in 15 mL Falcon tubes, with 3 mL 81% as the bottom layer, 3 mL 70% as the 

middle layer, and the leukocyte/55% mixture on top.  Gradient tubes were then centrifuged 

(720 g for 20 minutes; acc/brake 1), after which the mononuclear cell layer was removed from 

the 55/70 gradient, and washed twice in Ca
2+

-/Mg
2+

-free PBS (centrifugation 230 g for 6 

minutes; acc/brake 5).  Cells were resuspended in IMDM for plating. 



Chapter 2 – Materials and Methods 

 

Page | 61  

2.2.7.1 Inflammatory cytokine production by human monocyte-derived 

macrophages 

Monocytes were isolated from whole blood as outlined above, and 

resuspended at a concentration of 4 x 106 per mL in serum-free IMDM.  

500 µL of monocyte cell suspension (2 x 106) cells was added to appropriate 

wells on 48-well plates, and incubated for 1 h at 37ºC.  After incubation, 

supernatant containing lymphocytes was removed by pipetting, and the cell 

monolayer (monocytes) was washed gently with pre-warmed, serum-free 

IMDM.  Complete medium was made by adding autologous recalcified plasma 

(10%) to IMDM, plus penicillin/streptomycin at concentrations mentioned in 

general cell culture (Section 2.2.1).  500 µL of complete medium was added to 

the cell monolayer, and the plates were incubated at 37ºC (5% CO2 

atmosphere) for 7 days prior to testing to allow the moonocytes to differentiate 

to macrophages, with the medium changed every 2 days.   

 

After 7 days, the monocytes were treated with IMDM (negative control), 

10 ng/mL lipolysaccharide (LPS from E.coli 0157 - positive control), or 

concentrations of MG and GO as mentioned previously (100 nM → 1 mM).  All 

treatments were made in phenol red-free IMDM (Invitrogen, Paisley, UK), and 

were replaced after 24 h to account for detoxification and removal of the 

compounds by the cells.  Incubations were at 37ºC in a 5% CO2 atmosphere 

for 6 or 48 h (incubation times determined by pilot CBA experiments, see 

Section 2.2.2.2). 

 

At the selected timepoints, supernatants were aspirated off the cell 

monolayer, and transferred to appropriately labelled Eppendorf® tubes.  Non-

adherant cells and debris was removed by centrifugation (approximately 

750 g for 5 minutes), and the supernatants were stored at -80ºC until time of 

testing. 

 

Human IL-8 and TNF-α were measured using ELISA kits from Invitrogen 

(Paisley, UK), following the manufacturer‟s instructions.  All kit components 

were allowed to equilibrate to RT before use, and samples were diluted as 
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required.  The plates for TNF-α and IL-8 ELISA kits were pre-coated with 

primary antibody. 

 

All absorbance readings were taken on the Thermo Varioskan Flash plate 

reader. 

 

2.2.7.1.1 Human TNF-α ELISA 

The TNF-α standard was reconstituted to 2000 pg/mL with 1.48 mL of 

standard diluent buffer, and allowed to sit for 10 minutes to ensure complete 

reconstitution.  A 1:2 dilution was performed to make a top standard of 

1000 pg/mL, then further 1:2 dilutions were performed to make standards to 

15.6 pg/mL, and diluent buffer was used as the 0 control.  50 µL of incubation 

buffer (for standards) or 50 µL of standard diluent buffer (for 6 h supernatants) 

was added to wells, followed by 100 µL of the standards or samples, and then 

the plates were incubated at RT for 2 h.  The wash buffer was prepared by 

diluting 1:25 in deionized water, and after incubation, the solution was 

aspirated from wells and the plate was washed four times with 400 µL of wash 

buffer per well.  After washing, 100 µL of biotinylated anti-TNF-α was added to 

each well and the plate was incubated for 1 h at RT, followed by a further 

wash cycle.  100 x concentrate of Streptavidin-HRP was diluted with the 

appropriate diluents, and after the plate had been washed, 100 µL was added 

to each well, and incubated for 30 minutes at RT.  After incubation, the plate 

was washed a further four times, before addition of 100 µL of stabilized 

chromogen was added to each well, followed by 30 minute incubation in the 

dark.  Stop solution was added (100 µL), and the absorbance was read at 450 

nm.   

 

2.2.7.1.2 Human IL-8 ELISA 

IL-8 standards were reconstituted to 10 ng/mL with 1.83 mL standard diluent 

buffer, and allowed to sit for 10 minutes to ensure complete reconstitution.  

100 µL of standard was diluted 1:10 in standard diluent buffer (1000 pg/mL), 

and further 1:2 dilutions were made to a concentration of 15.6 pg/mL, with 



Chapter 2 – Materials and Methods 

 

Page | 63  

diluent buffer serving as a 0 control.  50 µL of the standards or supernatants 

(48 h) were added to appropriate wells, followed by 50 µL of biotinylated anti-

IL-8 solution, and the plate was incubated for 1 h 30 minutes at RT.  After 

incubation, wash buffer and Streptavidin-HRP were made as for the TNF-α 

ELISA.  Samples and standards were aspirated from the wells, and the plate 

was washed four times with 400 µL wash buffer, before addition of 100 µL of 

streptavidin-HRP, and incubation for 30 minutes at RT.  Streptavidin-HRP was 

aspirated from the wells, before one more wash cycle, then 100 µL of 

stabilized chromogen was added to each well and incubated in the dark for 30 

minutes, before addition of 100 µL of stop solution.  Absorbance was read at 

450 nm. 

 

2.3 Statistical Analysis 

Statistical analysis was performed using the GraphPad Prism software 5.0 

(San Diego, CA, USA).  Unless stated otherwise, statistical significance of the 

differences between various groups was evaluated by repeated measures 

one-way analysis of variance (ANOVA), followed by Dunnett‟s post-hoc test.  

Differences were considered statistically different at p < 0.05. 
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3.1 Introduction 

The glycation reaction which produces AGEs can occur when a protein is in 

solution with a reducing sugar, such as glucose.  In this reaction, the free 

amino groups of the protein can slowly interact with the carbonyl groups of the 

reducing sugar to yield Schiff-base intermediates, which then undergo 

Amadori rearrangements to stable ketoamine derivatives (reviewed in Yim et 

al., 2001, Yim et al., 2000).  These Schiff-bases and Amadori products 

subsequently degrade into α-dicarbonyl compounds, such as MG and GO 

(Frye et al., 1998; reviewed in Yim et al., 2000, Yim et al., 2001).  α-dicarbonyl 

compounds are reportedly more reactive than the parent sugars with respect 

to their ability to react with the amino groups of proteins to form inter- and 

intra-molecular crosslinks of proteins, forming AGEs.  As AGEs are 

irreversibly formed, they accumulate with aging, atherosclerosis and diabetes 

mellitus (as reviewed in Section 1.4). 

 

The molecular structures of some MG- and GO- derived AGEs have been 

identified, such as CML and CEL (see Sections 1.5.4 and 1.5.5), and in 

addition to these compounds, several studies have also shown by EPR 

spectroscopy that unidentified protein-free radicals were produced during the 

reaction of MG with proteins, such as BSA and casein (reviewed in Yim et al., 

2000, Yim et al., 2001).  Although it has been shown that the Nε of lysine 

residues may be the dominant site for MG and GO glycation of proteins (Frye 

et al., 1998), a free radical signal was also seen in the reaction of MG with the 

amino acid L-alanine (Lee et al., 1998, Yim et al., 1995, Yim et al., 2000, Yim 

et al., 2001).  The reaction mixture of MG and L-alanine generated yellow 

fluorescent products that exhibited similar electronic absorption and 

fluorescence as observed with some glycated proteins (Lee et al., 1998, Yim 

et al., 1995). 

 

The free radical signal generated by the reaction of MG with L-alanine is 

thought to be produced by the radical cation formed by the cross-linking of the 

amino groups of two L-alanine residues with one MG (see Section 1.7 and 
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Figure 1.9).  The spectrum also exhibited an additional set of resonance lines, 

indicating the presence of another radical species, identified as the MG 

radical anion (Yim et al., 1995).  Although the initiation of formation of these 

radicals does not require molecular oxygen or transition metal ions (Yim et al., 

1995), the reaction products generate O2
.- in the presence of oxygen.  It is 

thought that the MG radical anion is responsible for O2
.- generation in this 

model system by its electron-transfer reaction to oxygen (Yim et al., 2000).  

The reactions thought to be involved in the generation of the MG-cation, MG-

anion and O2
.- can be summarised in the following reactions: 

 

MGDI + MG → MGDI.+ + MG.-  (1) 

MG.- + O2 → MG + O2
.-  (2) 

 

Figure 3.1  Generation of radicals by MG. 

Reaction (1) The cross-linked radical cation (MGDI
.+

) and MG radical anion (MG
.-
) are 

generated from a direct one-electron transfer between MG and a Schiff base, probably MG 

dialkylimine (MGDI).  Reaction (2) The MG radical anion is most likely responsible for O2
.-
 

generation in this system by its electron-transfer reaction to oxygen.  (Adapted from Yim et 

al., 2000) 

 

This production of MG-, protein- and oxygen-centred radicals has the potential 

to be damaging to cells by initiating chain reactions.  The radical sites in 

cross-linked proteins will be more persistent, and could be reactive sites for 

putative reducing and oxidising molecules which may exert significant effects 

to their biological environment if produced in vivo by production of free 

radicals for a long duration (Yim et al., 2000). 

 

As convincing as the chemistry in the previous studies seems to be, the EPR 

showing the generation of free radicals in the glycation reaction between L-

alanine and MG (Yim et al., 1995) was not performed under conditions that 

could be considered physiological.  The reactions were conducted in a 

carbonate buffer with a pH of 9.5, and the temperature was kept at 25ºC.  
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Thus it remains to be tested as to whether or not similar results would be seen 

in vivo, with a higher temperature and reduced pH. 

 

The experiments described in this chapter were designed to test the 

hypothesis that, at physiological temperatures, MG and GO can produce 

AGEs and free radicals in reactions with free amino acids and protein (BSA). 

 

3.2 Methods 

3.2.1 HPLC of MG with free amino acids and BSA 

HPLC was carried out as described in Materials and Methods, Section 2.2.4.1.  

The method for HPLC was designed using previously published methods 

(Shipanova et al., 1997), with slight modifications.  Using a C-18 column and 

the gradients A = HPLC-grade water + 0.1% trifluoroacetic acid (1 mL in 1 L), 

B = 50:50 water:acetonitrile + 0.1% trifluoroacetic acid.  The gradient method 

is : 0-10 minutes, 0% B; 10-30 minutes, 0-50% B; 30-40 minutes, 50-100% B; 

40-55 minutes, 100% B; injection of 50 μL, flow 2 mL/minute, timepoints of 0, 

6, 24, 48, 72, 168 and 360 h. 

 

2 x final concentration stock of compounds was made (for example 8% BSA 

and 8 mM MG for reaction of 4% BSA and 4 mM MG) in PBS (without 

Ca2+/Mg2+).  Controls were made in PBS (without Ca2+/Mg2+).  The reaction 

was started by adding 750 μL of each reaction compound into glass HPLC 

vials.  The vials were loaded into the HPLC.  In between readings, samples 

were stored in an incubator at 37°C. 

 

3.2.2 EPR measurement of oxygen radical generation through the interaction 

of MG and GO with BSA and free amino acids 

EPR was performed as described in Materials and Methods, Section 2.2.3.1.  

Briefly, MG or GO (final concentrations 4 mM and 400 µM), amino acids L-

lysine and L-arginine (final concentration 100 µM) and BSA (final 
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concentration 4%) were made in Ca2+-Mg2+ -free PBS.  Equal volumes of 

either amino acids or BSA were added to an Eppendorf® tube, and the 

reaction was started by adding either MG or GO followed by the spin-trap 

Tempone-H at a final concentration of 1 mM.  50 µL capillary measurements 

were taken to determine the production of oxygen-centred radicals by the 

reaction of the α-dicarbonyls with the amino acids or protein.  Between 

readings, the reaction mixture was kept in a heating block at 37ºC.  All EPR 

readings were performed on a Magnettech Miniscope MS 200. 

 

3.2.3 EPR measurement of MG- and GO- mediated generation of ROS in 

complete RPMI 

EPR was performed as described in Materials and Methods, Section 2.2.3.2.  

Briefly, medium alone or with MG or GO was incubated at 37°C.  The reaction 

was started with addition of MG or GO at final concentrations of 4 mM, 1 mM, 

400 μM and 100 μM, and addition of Tempone-H, at a final concentration of 

1 mM.  50 μL capillary measurements were taken over time to determine the 

production of oxidative species by autoxidation in medium by MG and GO.  

The timepoints were as previous, as were the EPR settings. 

 

All EPR readings were performed on a Magnettech Miniscope MS 200. 

 

3.3 Statistical analysis 

Results were analysed using GraphPad Prism 5 for Windows.  Statistics were 

generated using repeated measures ANOVA, with Dunnett‟s multiple 

comparison post-hoc test, unless otherwise indicated. 
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3.4 Results 

3.4.1 HPLC of MG with free amino acids and BSA 

There was a time-dependent increase in abundance of a range of fluorescent 

entities when MG was incubated with either free amino acids (Figure 3.2 and 

Figure 3.3) or BSA (Figure 3.4).  There was also a shift in retention time seen 

in Figure 3.3 and Figure 3.4, which could be due to a change in pH within, or 

deterioration of, the HPLC column.  Only MG was used in these experiments 

as a model system, to give an idea of the variation of products that may be 

expected in glycation reactions under physiological conditions. 
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Figure 3.2  HPLC measurement of reaction of 0.2 M MG with 0.2 M L-lysine 

There was an increase in fluorescence with time, indicating the production of AGEs or AGE 

precursors, with the highest fluorescence seen after 6 days (146 h).   
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Figure 3.3  HPLC measurement of reaction of 0.2 M MG with 0.2 M L-arginine 

There was an increase in fluorescence with time, indicating the production of AGEs or AGE 

precursors. 

 

 The results suggested that the reaction of MG with amino acids generates a 

range of fluorescent products, which might be AGEs or AGE intermediates.  

The rate of formation of fluorescent products with BSA was much slower than 

with specific amino acids, but this might simply be a reflection of the use of a 

concentration of BSA that is representative of physiological concentrations in 

plasma (4%); L-arginine and L-lysine used in these experiments was several 

orders of magnitude higher than is usually found in plasma (approximately 

100 µM). Interestingly, there was also only apparently a single broad peak 

generated with BSA, as opposed to a wide range of products with the amino 

acids.  
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Figure 3.4  HPLC measurement of reaction of 4 mM MG with 4% BSA 

Each coloured trace indicates a different timepoint in the reaction. 

 

3.4.2 EPR measurement of oxygen radical generation through the interaction 

of MG and GO with BSA and free amino acids  

GO (4 mM) interacted with L-lysine and L-arginine to generate a modest 

increase in oxygen-free radical generation, as assessed by EPR (Figure 3.5 

and Figure 3.6).  In both of these figures it can be seen that the mixture of GO 

and the amino acid produced significantly increased EPR signals as 

compared to all three controls.  Interestingly, the same concentration of MG 

did not generate a significant increase in ROS as compared to the three 

controls. 
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Figure 3.5  EPR measurement of 100 µM L-lysine with MG and GO 

The mixture of GO and L-lysine (B) generated a significantly increased EPR signal as 

compared to the controls, whereas the mixture of MG and L-lysine (A) did not.  (For both 

graphs; n = 7, mean ± SEM; repeated measures ANOVA (A) p = 0.013, (B) p = 0.011; 

Newman-Keuls multiple comparison post-hoc test, * = significance vs GO+L-lys) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6  EPR measurement of 100 µM L-arginine with MG and GO 

The mixture of GO and L-arginine (B) generated a significantly increased EPR signal as 

compared to the controls, whereas MG (A) did not.  (For both graphs, n = 7, mean ± SEM; 

repeated measures ANOVA (A) p = 0.009, (B) p = 0.010; Newman-Keuls multiple comparison 

post-hoc test, * = significance vs GO + L-arg) 
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The reaction of 4 mM MG (but not GO) and 4% BSA, when analysed over the 

first 30 minutes and expressed as area under the curve for each repetition of 

the experiment showed a significant increase in ROS generation as compared 

to the three controls (Figure 3.7).  

 

 

 

 

 

 

 

 

 

Figure 3.7  EPR of 4 mM MG and 4 mM GO with 4% BSA 

Analysis of the first 30 minutes of the reaction showed that the mixture of MG and BSA (A) 

yielded a significantly greater EPR signal than the three controls.  (for both graphs, n = 7, 

mean ± SEM; repeated measures ANOVA p < 0.0001; Bonferroni‟s post-hoc, * = significance 

vs (A) MG + BSA, (B) GO + BSA) 

 

3.4.3 EPR measurement of MG- and GO- mediated generation of ROS in 

complete RPMI  

Neither of the α-dicarbonyls increased oxygen-centred free radical production 

with complete cell medium, which contains both free amino acids and 10% 

FBS (Figure 3.8). 
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Figure 3.8  EPR of varying concentrations of MG and GO with complete cell culture 

medium 

Neither MG (A) nor GO (B) generated a significantly different signal from the medium alone.  

(for both graphs, n = 5, mean ± SEM; repeated measures ANOVA (A) p = 0.90; (B) p = 0.37). 

 

3.5 Discussion 

The glycation of amino acids and MG as analysed by HPLC (Figure 3.2 and 

Figure 3.3) clearly shows that addition of MG with just a single amino acid, 

can generate a variety of reaction products with different fluorescence peaks 

and retention times, rather than just one singular end-product, as was seen 

with the singular peak in the reaction with 4% BSA (Figure 3.4).  Even with the 

supraphysiological concentrations of MG used (200 mM with amino acids and 

4 mM with BSA), and also with the concentration of amino acids being higher 

than would normally be found in plasma (200 µM as opposed to the 

physiological 100 µM) these products were most clearly seen at later 

timepoints (around 6 days), indicating that at physiological temperature 

(37ºC), formation of glycated end-products occurs slowly, which is in 

agreement with several previously published papers (Nagai et al., 2003, 
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Westwood et al., 1997, Yim et al., 2000).  When comparing the results 

between experiments, it can be seen that the formation of glycation products 

with BSA is much slower than those with amino acids (15 days as compared 

to 6, respectively).  This is probably because the concentration of BSA used is 

a more accurate reflection of the albumin content of plasma (approximately 

4%).  This indicates that prevalence of AGEs would be higher in association 

with long-lived proteins in vivo, such as collagens, lens crystallins and nerve 

proteins – a feature that has already been identified by several groups (Frye 

et al., 1998, Monnier and Cerami, 1981, Monnier et al., 1984, Vlassara et al., 

1983).  The broad peak which was seen with BSA (Figure 3.4) could be a 

single reaction product, or perhaps its broadness could be masking several 

products or intermediates which have similar retention times with this 

particular gradient method.   

 

EPR was used to detect oxygen-centred free radical generation in reactions 

with α-dicarbonyls and amino acids/BSA because it is a very sensitive 

technique, which relies on the reaction of a biological radical with a 

diamagnetic probe containing a nitroso or nitrone function, the spin trap, in 

this case Tempone-H.  This reaction forms a spin adduct (a nitroxide 

derivative), which is more stable than the primary radical and can attain 

concentrations high enough to be detected by the spectrometer (Augusto and 

Muntz Vaz, 2007).  Previous work done with MG, as analysed by EPR, had 

indicated that MG produces carbonyl-, protein- and oxygen- centred radicals 

in reactions with the amino acid L-alanine, and also with BSA (Lee et al., 

1998, Yim et al., 1995).  However, in these experiments, only GO produced a 

significant increase in EPR signal as compared to controls in experiments with 

amino acids at 37ºC (Figure 3.5 and Figure 3.6).  In reactions with BSA, only 

MG over a 30 minute period produced a significant increase in EPR signal as 

compared to controls (Figure 3.7).  It is also possible that this result, rather 

than being from the production of ROS through glycation of BSA by MG, is 

purely an additive effect.  This speculation comes from the fact that the levels 



Chapter 3 – MG and GO generate oxidative species in reactions with amino acids 

and proteins 

 

Page | 76  

ROS detected by EPR from BSA alone is almost as high as that from the MG-

BSA mixture.   

 

The stark discrepancies in the results presented in this thesis compared to 

those in the literature might be due to the different amino acids studied - L-

alanine in previously published work (Lee et al., 1998, Yim et al., 1995) and L-

lysine and L-arginine here.  L-lysine and L-arginine were selected because MG 

has been reported to bind to the side-chain guanidine of L-arginine and to the 

ε-amine residue of L-lysine (for reviews see; Kalapos, 1994, Thornalley, 1996, 

Lo et al., 1994).  Also, the concentrations of L-alanine and MG used in 

previous work (200 mM for both; Yim et al., 1995) were in excess of the 

concentrations of amino acids (0.1 mM – approximate physiological 

concentration) and MG (maximum reported concentration 400 µM; Lapolla et 

al., 2003) that are typically found in vivo.  This indicates that, at 

concentrations closer to those which would be (patho)physiologically relevant, 

the α-dicarbonyls may not generate significant oxidative species in reactions 

with amino acids and proteins, at least within acute time periods.  Previous 

experiments conducted with L-alanine and MG (Lee et al., 1998, Yim et al., 

1995) probably overestimate the significance of this free radical production, 

because of the use of supraphysiological concentrations of reactants, and 

also the increased pH (carbonate buffer, pH 9.5).  All of the experiments in 

this chapter were conducted in PBS, with a pH of approximately 7.4, which is 

much closer to physiological conditions.  The results in this chapter suggest 

that the glycation reactions that occur between α-dicarbonyls and free amino 

acids and proteins are slow under physiological conditions, and the amount of 

radical generation is much lower than was previously suggested, perhaps so 

low as to even be negligible.   

 

EPR was also performed with MG and GO in complete cell culture medium 

containing 10% FBS (Figure 3.8).  This was to determine whether the α-

dicarbonyls would produce significant oxidative species with a mixture of free 

amino acids and proteins as would be found in forthcoming cell culture work, 
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and might also represent a reasonable model for the in vivo situation.  As the 

results of these experiments clearly indicate that there was no significant 

additional generation of oxygen-centred radicals with addition of α-dicarbonyls 

over that of medium alone.  This also indicates that any additional oxidative 

species production over and above that of medium alone in cell culture work 

is not likely to be due to radical generation from interactions of α-dicarbonyls 

with components of the medium. 

 

In conclusion, the results presented in this chapter show that, at physiological 

temperature, fluorescent products are generated slowly in reactions between 

amino acids, proteins and the α-dicarbonyl MG.  This is in agreement with 

previously published work indicating that AGEs are more likely to accumulate 

on long-lived proteins.  While GO produced a significantly increased EPR 

signal with free amino acids over a 24 h period, MG only showed significant 

oxygen-centred radical production with BSA in the first 30 minutes of the 

reaction. 
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4.1 Introduction 

The α-dicarbonyls MG and GO are thought to be two of the most important 

and (patho)physiologically abundant compounds in the AGE formation 

process, that might make a significant contribution to subsequent 

complications associated with diabetes mellitus.  The effects of MG, in 

particular, have been studied extensively, in terms of its ability to induce 

oxidative stress in various cell types.  In a human study, neutrophils isolated 

from volunteers with diabetes mellitus were found to generate MG; those from 

healthy non-diabetic volunteers did not (Aleksandrovskii, 1992).  This 

production of MG from acetoacetate was assigned to the neutrophil 

myeloperoxidase, although the exact mechanism is still unknown. 

 

In cultured rat hepatocytes, a high concentration of MG (10 mM) has been 

shown to induce reactive oxygen species production under aerobic conditions, 

with mainly H2O2 being detected (Kalapos et al., 1993).  Also, in rat aortic 

smooth muscle cells, an elevation of heparin-binding epidermal growth factor 

(HB-EGF) mRNA level was induced by treatment with MG, in a time- and 

concentration-dependent manner (Che et al., 1997) linked to elevated 

intracellular H2O2. 

 

As well as the above examples, an elevation of oxidative species production 

in response to MG treatment has been seen in the monocyte cell line U937 

(Okado et al., 1996), red blood cells (Wittmann et al., 2001) and Jurkat (T-

lymphocyte cell line) cells (Du et al., 2001).  Although very little work has been 

done on the pro-oxidant effects of GO, it has also been shown to increase 

hepatocyte susceptibility to non-cytotoxic concentrations of H2O2 (Shangari et 

al., 2006). 

 

Various pathways have been implicated in α-dicarbonyl generation of 

oxidative stress, including activation of apoptosis signal-regulating kinase 1 

(ASK1) in Jurkat cells (Du et al., 2001), inhibition of oxidative stress defence 

enzymes, such as Gsr, glutathione peroxidase (GPx), catalase and 
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superoxide dismutase (SOD; Kalapos, 1994), and depletion of GSH levels (for 

review, see Kalapos, 2008).  Inhibition of intramitochondrial enzymes has also 

been suggested as a mechanism by which GO and MG may exert pro-oxidant 

effects on cells (reviewed in Kalapos, 2008).  However, despite the vast 

volume of work done in the subject, the exact means by which oxidative stress 

is generated in cells has yet to be elucidated.  This is possibly because 

individual cell types have different, specialised machinery, depending on their 

location and function.  Also, most previous work done in the field has used 

concentrations of α-dicarbonyls that are (patho)physiologically impossible to 

attain. 

 

In this chapter, the potential of these α-dicarbonyl compounds to generate 

free radicals in a monocytic cell line (THP-1) was assessed.  Due to 

overwhelming literature that implicates α-dicarbonyls in oxidative stress, and 

the previous evidence generated in this thesis suggesting that the source is 

not through direct free radical production (Chapter 3), the experiments 

described in this chapter test the hypothesis that, at (patho)physiological 

concentrations, both GO and MG generate significant free radical production 

in monocytes, via an indirect, downstream cell-signalling pathway.  Further to 

this, the experiments were designed to investigate the possible mechanism by 

which these α-dicarbonyls may generate free radicals, through depression of 

antioxidant defences, such as GSH, or activation of pro-oxidant enzymes, 

such as NADPH oxidase. 
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4.2 Methods 

4.2.1 Cell death 

Cell death in THP-1 monocytes was measured as described in Materials and 

Methods, Section.  Briefly, cells were seeded at a density of 106 cells per well, 

in 6 well plates.  Medium, 20 μM H2O2 (positive control) or concentrations of 

MG or GO (100 nM – 1 mM) were added prior to incubation for 8 h, at 37°C, in 

a 5% CO2 environment.  After 8 h, Trypan Blue vital stain was added to the 

wells (50 μL/mL), and then a count was made to determine the number of 

stained cells, expressed as a percentage of [stained + unstained] cells. 

 

4.2.2 Apoptosis 

Apoptosis was measured using Annexin V/PI binding, as described in 

Materials and Methods (Section 2.2.2.1).  In a separate set of experiments 

under identical conditions to those described above, apoptosis was measured 

using Annexin V/PI binding.  A positive control for apoptosis was obtained by 

incubating cells with 10 nM staurosporine (Zhu et al., 1995, Stein et al., 2000) 

for 2.5 h.  After incubation, 500 μL of cells were washed twice with BSA stain 

buffer, before being resuspended in 100 μL Annexin V binding buffer.  5 μL of 

Annexin V and 10 μL PI staining solution were added to each sample, 

vortexed gently and incubated (in the dark, RT 15 minutes), prior to addition of 

a further 400 μL of binding buffer to stop the reaction.  Cell suspensions were 

then transferred to 96-well plates for analysis. 

 

Annexin V/PI readings were performed on a BD Biosciences FACSArray.  

Examples of flow cytometric profiles used for analysis are shown in Appendix 

1. 

 

4.2.3 Oxidative stress 

Oxidative stress in THP-1 monocytes was measured using lucigenin (as 

described in Materials and Methods, Section 2.2.5.1).  THP-1 cells were 
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cultured in phenol red-free RPMI, supplemented with 10% FBS, 100 U/mL 

penicillin and 100 mg/mL streptomycin.  At the time of testing, 20 mL of cell 

suspension was centrifuged (125 g for 5 minutes, 20ºC; Heraeus Biofuge 

Primo R, Thermo), and cell pellets were resuspended at 1 x 106 cells per mL 

in RPMI containing lucigenin (final concentration 125 μM).  Serial dilutions 

were made of MG and GO (final concentrations 100 nM → 1 mM), in RPMI to 

reflect the range of physiological intracellular (Thornalley, 1993) to 

pathological plasma (Lapolla et al., 2003) concentrations that have been 

reported in healthy humans and individuals with diabetes.  100 μL of THP-1 

cell suspension followed by 100 µL of appropriate treatment was added to the 

96-well plate.  20 μM H2O2 was used as a positive control, RPMI as a 

negative, and an identical plate was set up using cell-free 125 μM (final 

concentration) lucigenin as a control to determine how much of the 

luminescence was due to cell-generated production of free radicals, rather 

than auto-oxidation of reactants.  Luminescence readings were taken at 0, 15, 

and 30 minutes, 1, 2, 4, 6 and 8 h. 

 

All luminescence readings were taken on a Thermo Varioskan Flash plate 

reader.  

 

4.2.4 Total glutathione  

Total glutathione measurements were determined using a published protocol 

(Rahman et al., 2006), and is described in Matrerials and Methods, Section 

2.2.6.  Briefly, THP-1 cells were resuspended in phenol red-free RPMI at a 

concentration of 3 x 106 per mL.  500 µL of treatments (RPMI, 20 µM H2O2, 

100 nM → 1 mM MG or GO) were added to appropriate wells, and incubated 

at 37ºC in a 5% CO2 atmosphere for either 2, 8 or 48 h.  At each of these 

timepoints, samples were transferred to Eppendorf® tubes, and centrifuged 

(approximately 6700 g, room temperature) to pellet the cells.  The supernatant 

was aspirated off, and the cell pellet washed twice with 1 mL Ca2+- Mg2+- free 

PBS (centrifugation at approximately 6700 g).  Pellets were stored at -80ºC 

until extraction. 
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350 µL of extraction buffer was added to each cell pellet, and the cells were 

lysed using two rounds of sonication (microson ultrasonic cell disruptor, 

Microsonix, Farmingdale, NY) and snap-freezing in liquid nitrogen.  After lysis, 

the cells were centrifuged (approximately 11,500 g, 5 minutes) to remove the 

lysate which was stored at -80ºC until testing.  At time of testing, 20 µL of 

standards and samples were aliquotted into appropriate wells on a 96-well 

plate, followed by addition of 120 µL of a 1:1 mixture of Gsr and DTNB, and 

after 30 seconds, 60 µL of β-NADPH reduced tetrasodium salt.  The reaction 

was measured on a plate reader with an absorbance of 412 nm, with readings 

taken every 30 seconds for 2.5 minutes.  The rate of TNB formation was 

calculated by change in absorbance per minute, and the actual GSH 

concentration in the samples was determined using linear regression. 

 

All absorbance readings were taken on the Thermo Varioskan Flash plate 

reader. 

 

4.2.5 NADPH oxidase activation 

NADPH oxidase activation was measured using apocynin to block the activity 

of the enzyme, as described in Materials and Methods, Section 2.2.5.3.  

Briefly, THP-1 cells were diluted to 106 per mL in phenol red-free RPMI, and 

90 µL of the suspension was added to the appropriate wells on a 96-well 

plate.  10 µL of 6 mM apocynin (diluted in water, final concentration 300 µM) 

or 10 µL of cell culture-grade water (as a control) was added to the cells, and 

incubated for 10 minutes at 37ºC to activate the apocynin.  During incubation, 

the treatments were made in RPMI with 0.1% DMSO.  These were RPMI 

(negative control), PMA (dissolved in 0.1% DMSO, final concentration 

100 nM, positive control), and 100 nM → 10 µM MG or GO, to reflect the 

concentrations which generated oxidative stress in previous lucigenin 

experiments.  After incubation, 90 µL of treatment was added to the 

appropriate wells, followed by 10 µL of lucigenin (final concentration 125 µM).  

Luminescence readings were taken as previous.  Results were calculated as 
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area under the curve, and apocynin measurements were subtracted from the 

controls, giving results as apocynin-sensitive response. 

 

All luminescence readings were taken on a Thermo Varioskan Flash plate 

reader. 

 

4.3 Statistical analysis 

Results were analysed using GraphPad Prism 5 for Windows.  Statistics were 

generated using repeated measures ANOVA, with Dunnett‟s multiple 

comparison post-hoc test, unless otherwise indicated. 

 

4.4 Results 

4.4.1 Cell death 

 There was a trend with both MG and GO for increasing cytotoxicity across the 

concentration range, with low concentrations apparently protective and the 

highest concentration cytotoxic (statistically significant for 1 mM MG; Figure 

4.1).   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1  Cell death in THP-1 cells treated with MG and GO for 8 h 

Only 1 mM MG (A) showed a significant increase in cells staining positive for Trypan Blue, as 

compared to the untreated control.  (For both graphs, n = 6, mean ± SEM, repeated measures 

ANOVA p < 0.0001) 
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4.4.2 Apoptosis 

Results from Annexin V and PI assays for apoptosis and necrosis respectively 

showed that with 1 mM MG treatment, there was evidence of both apoptosis 

and necrosis (Figure 4.2 E & G).  The percentage of cells that stain positive 

for both Annexin V and PI was comparable to that seen with treatment with 

10 nM staurosporine (an inducer of apoptosis, positive control) for 2.5 h 

(Figure 4.2 G).  It is worth noting that a significant percentage of the cells 

treated with 1 mM MG were also undergoing cell death by necrosis, as 

compared to all other treatments (Figure 4.2 E).  Controls were also 

performed for the assay, to check that the method was suitable for purpose.  

Cells were either untreated (cells, negative control) or treated with 10 nM 

staurosporine (positive control).  The controls clearly showed that 

staurosporine significantly increases the percentage of apoptotic and necrotic 

cells, and the untreated cells show a low background level of apoptosis and 

necrosis (Appendix 2). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2  Annexin V/Propidium Iodide staining of THP-1 monocytes 

(A & B) AnnexinV/PI negative events, only 10 nM staurosporine and 1 mM MG treatments significantly reduced the percentage of healthy cells; (C & D) 

Annexin V positive events, only staurosporine treatment induced a significant number of cells to activate apoptotic pathways; (E & F) PI positive events, only 

1 mM MG caused a significant percentage of cells activate necrotic pathways; (G & H) Annexin V/PI positive events, a significant proportion of cells with 

staurosporine and 1 mM MG treatments stained positive for both Annexin V and PI, which indicated activation of both apoptotic and necrotic pathways.  (for 

all graphs, n = 5, mean ± SEM, repeated measures ANOVA p < 0.0001)
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4.4.3 Oxidative stress 

The results for lucigenin measurement of oxidative stress were obtained by 

blank subtraction method (as described in Materials and Methods, Section 

2.2.5.1).  A control plate with medium, lucigenin and relevant treatment was 

run in parallel with the plate with THP-1 monocytes, and the medium results 

were subtracted, to determine area under curve.  It is worth noting that, after 

8 h, the luminescence signals begin to merge to a single point on both plates, 

probably caused by saturation of lucigenin, and therefore it was decided to 

measure the results for short-term incubation experiments of 8 h.  These 

results were expressed in a bar graph to show the total ROS production in 

comparison with medium alone. 

 

The control plate showed that there was ROS production in the absence of 

cells, and the luminescence signal generated from this reaction was 

concentration dependent (results shown in Appendix 3).  It was noticeable 

that, on both the control and test plates, the signal was strongest at the first 

timepoint of 3.5 minutes, and fell until about 30 minutes, after which there was 

an increase in ROS production, peaking at around 2 h for MG, and 4 h for 

GO.   
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Figure 4.3  ROS production in THP-1 monocytes after treatment with MG and GO 

Results were obtained by blank subtraction and then calculation of area under the curve for 

up to 8 h.  (For both graphs, n = 8, mean ± SEM, repeated measures ANOVA p < 0.0001) 

 

The results for MG (Figure 4.3 A) indicated that MG at the highest 

concentrations tested (1 mM and 100 μM) had an apparent antioxidant effect 

in cells, illustrated by a depression in luminescence compared to that in 

medium alone (negative control).  1 mM GO (Figure 4.3 B) also depressed 

lucigenin-enhanced luminescence, and 100 μM GO showed a similar 

depressant effect up until 4 h, after which it begins to mirror the results 

obtained with the cells in medium alone (results shown in Appendix 4). 

 

Statistical analysis of the results show that GO had a significant pro-oxidant 

effect on THP-1 monocytes at concentrations up to 10 μM.  However, at 

1 mM, GO showed a significant antioxidant effect.  MG only seemed to have a 

significant pro-oxidant effect at a concentration of 1 μM, and at concentrations 

of 100 μM and 1 mM, it showed a significant apparent antioxidant effect. 
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4.4.4 Total glutathione 

 At the 2 and 8 h timepoints, there was no significant difference between GSH 

concentrations from treated and untreated controls (Figure 4.4 A, B, C & D).  

Even at the 8 h timepoint, what appeared to be a 250% increase in total GSH 

shown with 20 µM H2O2 treatment from the untreated controls was  not 

significant on account of the large variance between experiments (Figure 4.4 

C & D).  The highest apparent increase in mean total GSH was 1 µM MG at 

8 h, but this too failed to reach significance. 

 

At the 48 h timepoint, despite appearances, there was no significant impact of 

any of the treatment on GSH concentration (Figure 4.4 E & F). 
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Figure 4.4  Effect of MG and GO on total GSH over time 

(A & B) 2 h treatment, where there was no significant change in total GSH from untreated 

controls; (C & D) 8 h treatment, where 1 µM MG appeared to generate a non-significant 

increase in total GSH from untreated control, comparable to that generated with 20 µM H2O2 

(positive control) treatment; (E & F) 48 h treatment, in which it can be seen that both MG and 

GO generated non-signficant increases in total GSH from untreated control.  (For all graphs; 

n = 10, mean ± SEM, repeated measures ANOVA (A) p = 0.94, (B) p = 0.97, (C) p = 0.44, (D) 

p = 0.43, (E) p = 0.16, (F) p = 0.70) 
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4.4.5 NADPH oxidase activation 

For NADPH oxidase activation experiments, only concentrations of 100 nM → 

10 µM were tested to correspond with the concentrations that produced 

significant lucigenin-enhanced luminescence in earlier experiments (Figure 

4.3).  The lowest concentrations of GO treatment (100 nM and 1 µM), showed 

a significant increase in apocynin-sensitive response (i.e. the reduction in 

luminescence measured in cells treated with apocynin compared to those 

without apocynin, to exclude NADPH oxidase-independent luminescence) 

from the untreated control (Figure 4.5 B), comparative with treatment with the 

NADPH oxidase activator PMA.   

 

Treatment with 100 nM → 10 µM MG (Figure 4.5 A), had no significant impact 

on NADPH oxidase activation in THP-1 monocytes.   

 

 

 

 

 

 

 

 

 

 

Figure 4.5  NADPH oxidase activation in THP-1 monocytes after treatment with MG and 

GO 

No significant NADPH oxidase response with increasing concentrations of MG (A).  100 nM 

and 1 µM showed significant NADPH oxidase activation in response to treatment with GO (B), 

comparable with 100 nM PMA (activator of NADPH oxidase) treatment.  (For both graphs, 

n = 8, mean ± SEM; repeated measures ANOVA (A) p = 0.009, (B) p = 0.012) 
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4.5 Discussion 

The experiments described in this chapter highlight several interesting points 

relevant to the study of α-dicarbonyl effects on oxidative stress.  These are: 

(1) high concentrations of MG (1 mM) were cytotoxic, excluding them from 

meaningful subsequent mechanistic studies; (2) oxidative stress was 

enhanced in cells with moderate concentrations of both MG and GO, and an 

interesting biphasic concentration-response effect was obtained with each; (3) 

modulation of GSH was probably not involved in this observed generation of 

oxidative stress; (4) increased NADPH oxidase activity is likely to explain the 

free radical production observed with GO, but not with MG. 

 

The results shown in Figure 4.1 and Figure 4.2 conclusively demonstrate that 

at high concentrations (> 100 µM), MG was cytotoxic to the THP-1 cell line.  

This is in agreement with previous studies on rat hepatocytes, showing that 

concentrations of MG above 1 mM had cytotoxic effects (Kalapos et al., 

1993).  The binding of Annexin V and PI in the latter experiments also 

suggests that there were a small percentage of these cells (approximately 

15%) that would have compromised membrane integrity.  This may be a 

contributory factor to the negative lucigenin (ROS production) result with 

1 mM MG in the current study (Figure 4.3).  However, these results are 

contradictory to those obtained with rat L6 myoblast cells, which showed that 

treatment with up to 2.5 mM MG did not increase the number of apoptotic 

(measured by caspase 3 activity) or necrotic (measured by lactate 

dehydrogenase - LDH - activity) cells (Riboulet-Chavey et al., 2006).  This is 

another indicator of how MG has different effects on different cell types, 

depending on the cell function and machinery.   

 

Interestingly however, concentrations of 100 µM MG and 1 mM GO, despite 

failing to induce oxidative stress (Figure 4.3), did not appear to be causing 

cells to enter into apoptosis or to undergo necrosis (Figure 4.2), at least with 

the acute treatments regimens described in this chapter.  However, these 
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findings do not preclude the possibility that chronic exposure to α-dicarbonyls 

could induce cell death.  

  

In many previous publications α-dicarbonyls have been implicated in oxidative 

stress in several cell types (Riboulet-Chavey et al., 2006, Hsuuw et al., 2005, 

Chan et al., 2007, Yim et al., 2001).  In support of both the hypothesis set out 

at the beginning of the studies described in this chapter and the results of 

previous publications, GO stimulated production of ROS in THP-1 cells at 

(patho)physiological concentrations (100 nM → 10 µM, Figure 4.3 B).  

However, only 1µM treatment of MG caused a significant increase in the 

oxidative stress compared to the untreated control (Figure 4.3 A).  The 

biphasic concentration-response effect observed with both α-dicarbonyls 

suggests that two conflicting processes might be induced by these agents.  At 

lower concentrations, a pro-oxidant effect predominated, whilst at high 

concentrations an apparent antioxidant effect is dominant.  That the 

concentrations at which the latter becomes evident bears some resemblance 

to the concentrations of MG that have been demonstrated to be cytotoxic 

might not be coincidental; it is possible that the depression in lucigenin-

enhanced luminescence is simply an artefact of cell death at these 

concentrations.  Interestingly, oxidative stress has previously been observed 

in rat hepatocytes treated with 10 mM MG (Kalapos et al., 1993).  In that 

study, the increase in reactive oxygen species was believed to be an effect 

rather than a cause of hepatotoxicity, but the relevance of using such high 

concentrations is questionable.  

 

Previous studies have heavily implicated the α-dicarbonyls in modulation of 

glutathione (GSH), which is a major antioxidant in all mammalian cells 

(Kalapos, 1994, Kalapos, 2008, Thornalley, 1993, Thornalley, 1996) (for 

review, see Introduction, Section 1.4.3).  The glyoxalase system converts GO 

to glycolate and MG to D-lactate in the presence of GSH (Abordo et al., 1999).  

Under conditions of oxidative stress, GSH levels are depressed, which would 

impair detoxification of GO and MG (reviewed in Shangari et al., 2006).  
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Interestingly, there was no significant modulation of total GSH levels in the 

study described in this chapter (Figure 4.4), even after 48 h of treatment.  

These results are in agreement with previous work with rat hepatocytes, which 

showed that GO up to 100 µM was unable to affect GSH levels, however it did 

increase the oxidation of GSH to GSSG induced by H2O2 (Shangari et al., 

2006).   

 

α-dicarbonyls are thought to deplete GSH by forming covalent bonds at the 

thiol group of the molecule (reviewed in Chan et al., 2007), forming GS-MG 

and GS-GO moieties.  It is therefore feasible that the specific recycling 

enzyme used in this GSH assay (Gsr – for review of the method see Materials 

and Methods, Section 2.2.6) may be able to break the bonds formed between 

the MG and GO and GSH.  This would mean that any depression of the total 

GSH by α-dicarbonyl treatment would not be observed by this method.  Also, 

the method used only gives a total GSH measurement, and does not 

distinguish between GSH (reduced form) and GSSG (oxidised form) 

concentrations.  Thus it is impossible to predict what the redox status of the 

cell may be. 

 

The results in Figure 4.5 indicate that GO (but not MG), at concentrations of 

100 nM and 1 µM, significantly activated the enzyme NADPH oxidase to 

generate ROS.  Activation of NADPH oxidase results in production of O2
.-, and 

could be one method by which GO induces oxidative stress within monocytes 

in diabetes mellitus.  In fact, it appears to be the dominant factor, accounting 

for approximately 70% of the ROS generation measured in the earlier 

lucigenin-enhanced luminescence experiments (Figure 4.3).  NADPH oxidase 

in phagocytic cells is a multicomponent enzyme, consisting of a small α 

subunit and a large β subunit (termed p22phox and gp91phox, respectively) of 

the membrane-bound cytochrome b558 and cytosolic proteins termed p67phox, 

p47phox and p40phox (reviewed in; Yagisawa et al., 1996, Segal and Abo, 1993, 

Edwards, 1996).  Although there exists other functional molecules, such as 

the low molecular weight GTP-binding proteins (for example p21rac), these five 
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proteins are important and essential components of phagocyte oxidase.  Upon 

activation, cytochrome b558 acts as the terminal component of the electron 

transport chain; in the presence of O2 it is reduced by NADPH, and functions 

by passing electrons from NADPH to O2, to form O2
.-.  The importance of the 

cytosolic phox proteins in NADPH function has been highlighted in individuals 

with chronic granulomatous disease (CGD), whereby the cytochrome b558 is 

present, but fails to become reduced upon physiological activation, probably 

because the majority of autosomal recessive CGD individuals lack p47phox, 

whilst the remainder lack p67phox.  It is currently thought that the phox proteins 

form a complex with p21rac and cytochrome b558 to form the complete NADPH 

oxidase enzyme (Segal and Abo, 1993).  There has also been work 

implicating arachadonic acid and calcium release as activators of NADPH 

oxidase in neutrophils (Maridonneau-Parini and Tauber, 1986, Maridonneau-

Parini et al., 1986).  Activation of NADPH oxidase has also been linked as a 

downstream consequence to PKC activation in β-cells exposed to excess 

glucose (reviewed in McCarty et al., 2010). 

 

Activation of NADPH oxidase by GO could therefore occur by a number of 

different pathways.  It is feasible that the increased production of O2
.- could be 

a result of the direct upregulation of components of the NADPH oxidase 

enzyme complex, for example the cytosolic phox proteins or p21rac.  It is also 

possible that NADPH oxidase activation could be the result of a downstream 

signalling pathway, for example by increasing the release of arachadonic acid 

or calcium by the monocytes, or perhaps by activation of PKC. 

 

There was no significant increase in NADPH oxidase activation with any 

concentration of MG treatment.  This finding highlights an interesting 

dichotomy in the mechanism by which the two α-dicarbonyls induce oxidative 

stress. Given the similarity in the extent of oxidative stress induced by MG and 

GO at low/intermediate concentrations, together with the similarity in 

chemistry of the two compounds, an assumption might have been that the 

effects were mediated by the activation of the same pathway(s).  However, 
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this is not the case, with MG clearly acting exclusively via a NADPH oxidase-

independent pathway that has not been exposed by the experiments 

described in this chapter.  It is possible that MG may be affecting the other 

pro- and anti-oxidant pathways within these cells, for example the 

xanthine/xanthine oxidase pathway, cytoplasmic superoxide dismutase (SOD) 

or perhaps by mediating mitochondrial dyfunction.  Glycation of mitochondrial 

proteins has been previously reported, and the resultant dysfunction linked 

with generation of oxidative stress (for review see Rabbani and Thornalley, 

2008).  Any of these mechanisms may also be responsible for the residual 

ROS generation caused by treatment with GO and not explained by NADPH 

oxidase activation. 

 

In summary, from the results in this chapter it can be concluded that despite 

their structural similarities, GO and MG generated oxidative stress through 

distinct cellular pathways in the THP-1 monocyte cell line.  It would appear 

that concentrations of α-dicarbonyls ≥ 100 µM exerted cytotoxic effects on 

cells, accompanied by a decrease in the production of free radical species.  

Despite previous work suggesting the contrary, MG and GO did not appear to 

exert their effects by modulation of the intracellular antioxidant GSH, however 

this would need to be confirmed using more sophisticated techniques 

(discussed in more detail in Chapter 7, Section 7.4.1).  The pro-oxidant effect 

of GO (but not MG) seemed to be largely dependent upon the activation of 

NADPH oxidase with resultant production of O2
.-, although whether this was 

through direct upregulation of the enzyme components or through a 

downstream activation pathway is still to be elucidated.  And finally, although 

MG treatment was clearly exerting a pro-oxidant effect on the monocytes, the 

exact mechanism by which it did so still needs to be elucidated. 
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5.1 Introduction 

As well as their effects in immune cells, AGEs and their α-dicarbonyl 

precursors have been implicated in pancreatic β-cell injury and apoptosis in 

diabetes (Kaneto et al., 1996, Peppa et al., 2003, Sheader et al., 2001).  It 

has been reported that excess oral intake of dietary AGEs can lead to an 

imbalance in AGE homeostasis, leading to a significant diabetes-like 

pathology in animal models and humans (Hofmann et al., 2002, He et al., 

1999, Peppa et al., 2003, Koschinsky et al., 1997).  In the db/db mouse model 

of T2DM, dietary AGE restriction suppressed β-cell damage, maintaining 

normal glucose homeostasis (Hofmann et al., 2002).  β-cell dysfunction and 

diabetic complications have also been shown to be suppressed by AGE 

inhibitors in rat models (Tajiri et al., 1997, He et al., 1999), or by restriction of 

dietary AGE ingestion in various rodent models (Hofmann et al., 2002, Tajiri et 

al., 1997, He et al., 1999).  In the genetically susceptible NOD mouse model 

of diabetes, restricted exposure to diet-derived glycotoxins led to a marked 

and sustained blockade of the development of T1DM (Peppa et al., 2003). In 

addition, various β-cell lines have shown impaired viability after treatment with 

AGEs (Lim et al., 2008).  Surprisingly, however, treatment with AGEs had little 

or no impact upon the ability of these cells to produce insulin in static 

incubations (Lim et al., 2008, Cook et al., 1998, Best and Thornalley, 1999) 

and even increased the number of proliferating cells in several cell lines after 

AGE treatment, suggesting that AGEs may be able to induce apoptosis and 

proliferation at the same time (Lim et al., 2008). 

 

Culture of RINm5f cells in the presence of 0.1-10 mM MG has been shown to 

increase the number of apoptotic cells in a concentration-dependent manner 

(Sheader et al., 2001).  This ability of MG to induce apoptosis in cultured β-

cells has been shown to be independent of the presence of serum, showing 

that its effects are not mediated by the interaction of α-dicarbonyls with serum 

proteins (Sheader et al., 2001). 
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MG has also been shown to have rapid effects on the membranes of 

pancreatic β-cells (Cook et al., 1998).  Treatment with 1 mM MG induced 

depolarisation of the cell membrane, leading to a rise in the cytosolic Ca2+ 

concentration, and marked intracellular acidification (Best et al., 1999).  

Withdrawal of MG within 5 minutes was followed by a gradual repolarisation of 

the cell, and a return of the whole-cell current towards resting level (Best et 

al., 1999).  This effect was not seen with t-butylglyoxal treatment, which is a 

poor substrate of the glyoxalase system, suggesting that the induction of this 

current requires the metabolism of MG to D-lactate by the glyoxalase pathway 

(Best et al., 1999).  Indeed, β-cells have very low lactic acid transport activity 

(Best et al., 1992).  A significant accumulation of D-lactate might be predicted 

in cells that are exposed to MG (Best et al., 1999). 

 

Previous work in this thesis has suggested that the interaction between α-

dicarbonyls and amino acids/proteins occur very slowly at physiological 

temperatures (Chapter 3), and these reactions may produce so little free 

radical species as to be considered negligible in vivo.  Although no significant 

depression of total GSH was seen with α-dicarbonyl treatment over 48 h in 

THP-1 monocytes (Chapter 4), this result would have to be confirmed using 

more sophisticated techniques.  Previous publications have suggested that α-

dicarbonyl compounds are highly reactive and have been shown to interact 

with lysyl and arginyl residues and also -SH (thiol) groups on proteins (Mira et 

al., 1991, Thornalley, 1988).  At high concentrations, therefore, it has been 

postulated that they react non-enzymatically and rapidly with GSH (Cook et 

al., 1998); the prevalent low-molecular-weight thiol in mammalian cells 

(Franco et al., 2007), lowering the intracellular defence mechanisms to the α-

dicarbonyls (Cook et al., 1998).   

 

MG, although incapable of altering insulin secretion in static incubations, 

significantly depresses the stimulatory effect of 20 mM glucose on insulin 

production from isolated primary rat β-cells.  However, in a continuous 

perfusion system, 1 mM MG caused a modest and transient rise in insulin 
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release.  Insulin secretion has been reported to correlate closely with 

intracellular levels of GSH in islets, whilst thiol oxidants are known to inhibit its 

secretion. It is therefore plausible that a reaction of MG with GSH in β-cells 

could explain its failure to cause prolonged stimulation of insulin production 

(Cook et al., 1998). 

 

Experiments described in this chapter test the hypothesis that α-dicarbonyls 

generate oxidative stress in pancreatic β-cells through interaction with the 

endogenous antioxidant GSH, leading to reduced viability and possibly 

reduced insulin secretion.  Further to this hypothesis, experiments were 

conducted to identify whether oxidative stress was due to depression in total 

GSH (or modulation of GSH-related enzyme transcription), modulation in the 

transcription of the antioxidant enzyme SOD, or perhaps (as with the THP-1 

monocytes described in Chapter 4) through activation of the cell surface 

enzyme NADPH oxidase. 

 

5.2 Methods 

RINm5f rat pancreatic β-cells were cultured as described in Materials and 

Methods, Section 2.2.1. 

 

5.2.1 Cell viability  

Cell viability in the RINm5f cells was measured using the MTT assay method, 

as described in Materials and Methods, Section 2.2.1.2.  Briefly, RINm5f cells 

were seeded in phenol red-free RPMI on 6-well plates, and incubated at 37ºC 

for 48 h to adhere to surface.  Cells were treated by addition of either medium, 

20 µM H2O2 or MG and GO for 8 h.  After 8 h, the treatments were removed, 

replaced with 500 µL medium and 50 µL of the MTT reaction mixture and 

incubated for a further 3.5 h, before the supernatant was removed and 

replaced with 500 µL of the crystal dissolving solution.  The plate was shaken 

for 10 minutes at approximately 600 rpm, before the absorbance was 

measured at 570 nm.   



Chapter 5 – MG and GO generate low-level oxidative stress in a rat pancreatic β-cell 

model 

 

Page | 101  

All absorbance readings were performed on the Thermo Varioskan Flash 

plate reader. 

 

5.2.2 Insulin production  

Insulin production was measured using a rat insulin ELISA kit, as described in 

Materials and Methods, Section 2.2.1.3.  Briefly, RINm5f cells were seeded in 

6-well plates, and left to adhere for 48 h prior to testing.  Cells were treated 

with 2 mL of phenol red-free medium (glucose concentration 11 mM), H2O2, or 

MG and GO.  At 2, 8 and 24 h time points, the supernatant was removed, 

centrifuged and transferred to fresh Eppendorf® tubes.  The cell monolayer 

was then removed using vigorous pipetting with 1 mL ice-cold PBS and 

centrifuged.  Supernatants were stored at -20ºC until testing.  The cell pellet 

was then washed with a further 1 mL of ice-cold PBS and the pellets were 

stored at -80ºC until extractions were performed for total glutathione 

measurements (Section 5.2.4.1). Insulin controls were performed by 

incubating RINm5f cells with 10 mM L-arginine (to induce insulin secretion), 

10 mM L-cysteine (to inhibit insulin secretion), and 400 nM glibenclamide (to 

induce insulin secretion via blocking ATP-sensitive potassium channels and 

influx of intracellular calcium; Li et al., 2007a, Geng et al., 2007, Schmid-

Antomarchi et al., 1987) dissolved in RPMI for 1 h, and then harvesting 

supernatants as previous. 

 

Supernatants were used for measurement of insulin using a rat insulin ELISA 

kit (Crystal Chem Inc., Downers Grove, IL, USA), as per manufacturer‟s 

instructions.  Briefly, 5 µL of sample was added to a primary antibody-coated 

microplate with 95 µL of sample diluent, in order to capture the insulin from 

the samples.  Following a 2 h incubation at 4ºC, the plate was washed 5 times 

with wash buffer, and then was incubated (30 minutes) at RT with 100 µL of 

anti-insulin enzyme conjugate in each well.  At this point, the plate was 

washed 7 times with wash buffer, and 100 µL of enzyme substrate solution 

was added to each well, and incubated for 10 minutes in the dark.  The final 

step was to add 100 µL of stop solution to each well, and measure the 
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absorbance at 450 nm, and subtract the absorbance at 630 nm.  A standard 

curve was plotted, and the concentrations of insulin in samples were 

calculated. 

 

All absorbance readings were taken on the Thermo Varioskan Flash plate 

reader. 

 

5.2.3 Oxidative stress 

Induction of oxidative stress was measured using lucigenin-enhanced 

luminescence, as described in Materials and Methods, Section 2.2.5.2. 

 

Specifically, RINm5f cells were seeded at a density of approximately 105 per 

well in phenol red-free RPMI on 96-well plates and left over night to attach.  

Supernatant was removed from the cells and 190 µL of medium (untreated 

control), 20 µM H2O2 or various concentrations (100 nM-1 mM) of MG and GO 

in RPMI were added to the cells.  10 µL of lucigenin dissolved in phenol red-

free RPMI was added to the wells to a final concentration of 125 µM, and an 

identical cell-free plate was set up as a control to determine how much of the 

luminescence was due to cell-generated production of free radicals, rather 

than auto-oxidation of reactants (obtained by blank subtraction method, as 

described in Materials and Methods, Section 2.2.5).  Readings were taken 

over the course of 8 h. 

 

All luminescence readings were made using the Thermo Varioskan Flash 

plate reader. 

 

5.2.4 Changes in endogenous GSH  

5.2.4.1 Total GSH  

Cell pellets for total GSH measurement were collected as described in section 

5.2.2 above.  Total GSH measurement was determined using a previously 



Chapter 5 – MG and GO generate low-level oxidative stress in a rat pancreatic β-cell 

model 

 

Page | 103  

published protocol - Rahman et al., 2006; described in Materials and 

Methods, Section 2.2.6.2). 

 

Briefly, 350 µL of extraction buffer was added to each cell pellet, and the cells 

were lysed using two rounds of sonication and snap-freezing in liquid 

nitrogen.  After lysis, the cells were centrifuged at 11,500 g for 5 minutes to 

remove the lysate which was stored at -80ºC until testing.  At time of testing, 

20 µL of standards and samples were aliquotted into appropriate wells on a 

96-well plate, followed by addition of 120 µL of a 1:1 mixture of Gsr and 

DTNB, and after 30 seconds, 60 µL of β-NADPH reduced tetrasodium salt.  

The reaction was measured on a plate reader with an absorbance of 412 nm, 

with readings taken every 30 seconds for 2.5 minutes.  The rate of TNB 

formation was calculated by change in absorbance per minute, and the actual 

GSH concentration in the samples was determined using linear regression. 

 

All absorbance readings were made using a Thermo Varioskan Flash plate 

reader. 

 

5.2.4.2 Regulation of GSH transcription 

Regulation of GSH transcription was measured using quantitative RT-PCR.  

The genes that were investigated were glutathione peroxidase (Gpx1, Cat # 

103PPR45366A-200), glutathione reductase (Gsr, Cat # 103PPR46891B-200) 

and the catalytic and heavy modulatory subunits of glutamate cysteine ligase 

(GCLc, Cat # 103PPR44067A-200; and GCLm, Cat # 103PPR42761A-200; 

respectively).  All primers with proprietary sequences were purchased from 

Tebu-bio (Cambs, UK).  At time of final submission, primers were no longer 

supplied by the company.  All samples were run in triplicate.   

 

RT-PCR was performed as described in Section 5.2.5 below. 
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5.2.5 Transcription of antioxidant enzymes SOD1 and SOD2 

Transcription of the antioxidant enzymes was measured using quantitative 

RT-PCR for the mRNA of antioxidant genes, SOD 1 (Cat # 103PPR43506A-

200) and SOD 2 (Cat # 103PPR57578A-200).  The housekeeping gene 

(internal control) against which all results were normalised was β-actin (Cat # 

103PPR06570B-200).  At time of final submission, primers were no longer 

supplied by the company. 

 

RINm5f cells were seeded at a density of 106 per ml in t25 flasks, and 

incubated at 37ºC in a 5% CO2 atmosphere for 48 h to allow the cells to 

adhere.  After 48 h the cells were treated with 5 mL of either RPMI (negative 

control), 20 µM H2O2 (positive control), or 100 nM, 1 µM or 10 µM MG/GO for 

8 h.   

 

After treatment, the cell layer was washed twice with Ca2+- and Mg2+- free 

PBS, then incubated with 750 µL trypsin/EDTA for 5 minutes to remove cells 

from the surface of the flask.  After 5 minutes, an equal volume of complete 

RPMI was added to each flask to deactivate the trypsin.  Cells were removed 

to an Eppendorf®, and centrifuged at 300 g for 5 minutes at 4ºC. The 

supernatant was removed and the cells were washed once in 1 mL of PBS, 

centrifugation as previous. 

 

RNA extraction was performed using the IllustraTM QuickPrepTM Micro mRNA 

Purification kit (GE Healthcare, Bucks, UK), as per the manufacturer‟s 

instructions.  Briefly, 400 µL of extraction buffer was added to the washed cell 

pellets, and the Eppendorf® tubes were placed on the plate-shaker until the 

samples were homogenised.  Then 800 µL of elution buffer was added to 

each sample, and the tubes were placed back on the shaker for a further 2-3 

minutes.  All 8 sample tubes and 8 tubes containing 1 mL of oligo-dt were 

centrifuged at approximately 6000 g for 90 seconds, and  then the buffer of 

the oligo-dt was removed and the cleared cellular homogenate from the 

samples was transferred into the oligo-dt tubes.  These samples were then 
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shaken for around 3 minutes, after which they were centrifuged at 16,000 g 

for 60 seconds.  The supernatant was removed, 1 mL of high salt buffer was 

added, the samples resuspended and then centrifuged at 16,000 g for 60 

seconds.  This was repeated a further 4 times, after which 1 mL of low salt 

buffer was added, the samples resuspended and then centrifuged at 350 g for 

2 minutes.  This was repeated once more.  The samples were then 

resuspended in 300 µL of low salt buffer and transferred to a MicroSpin 

column placed in an Eppendorf®, and the samples were centrifuged at 

approximately 9000 g for 30 seconds.  The flow-through was discarded and 

the column was placed back in the tube.  The contents of the column were 

then washed 3 times with 500 µL low salt buffer (centrifugation at 

approximately 9000 g for 30 seconds).  The column was then placed in a 

diethyl pyrocarbonate (DEPC)-treated tube, and 200 µL of elution buffer 

(preheated to 65ºC) was added to the samples to remove the mRNA.  The 

samples were centrifuged at approximately 9000 g for 30 seconds, and 

placed on ice until quantification using the Nanodrop ND-1000 

spectrophotometer (Wilmington, USA), and version 3.3.1 of the ND-1000 

software.  RNA purity was assessed using the ratio of sample absorbance at 

260/280 nm and the sample concentration in ng/µL is based on absorbance at 

260 nm and the Beer-Lambert equation. 

 

cDNA synthesis was performed using a high capacity cDNA reverse 

transcription kit (Applied Biosystems, Cheshire, UK), as per the 

manufacturer‟s instructions.  Briefly, a reverse transcriptase master mix was 

made, and 10 µL was added to eppendorfs in triplicate.  Then 10 µL of mRNA 

was added to appropriate tubes, centrifuged for a few seconds to remove any 

air bubbles and then loaded into the 2720 thermal cycler (Applied Biosystems, 

Cheshire, UK).  The programme used for cDNA synthesis was as follows; 10 

minutes at 25ºC, 2 h at 37ºC and 5 minutes at 85ºC.  Samples were stored on 

ice until PCR analysis, or for longer term storage, at -80ºC. 
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SYBR® Green PCR master mix (Applied Biosystems, Cheshire, UK) was 

prepared by adding DEPC-treated water and the required primer as per 

manufacturer‟s instructions for RT-PCR.  14 µL of the master mix was added 

to appropriate wells on a 96-well plate, followed by 1 µL of cDNA.  All samples 

(including controls) were run in triplicate.  The plate was heat-sealed and 

centrifuged for up to 5 minutes to remove air bubbles.  PCR was performed on 

the Techne Quantica PCR machine (Techne, UK), and results were analysed 

using Quansoft software.  The PCR programme was as follows; activation: 

95ºC for 10 minutes; 45 amplification cycles: 94ºC for 30 seconds, 55ºC for 45 

seconds, 72ºC for 45 seconds; ramp: 40ºC to 90ºC; cool down: 20ºC for 2 

minutes. 

 

Data was analysed as 2-(∆Ct) of the median.  This is explained below: 

 

Ct = the PCR cycle at which the fluorescent signal of the SYBR® Green 

crosses the threshold in the exponential phase of replication (shown in Figure 

5.1) 

 

ΔCt = (Ct gene of interest – Ct internal control) 

 

2-(∆Ct) = transforms change in Ct from log value, showing relative quantification 

of gene of interest 
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Figure 5.1  Representative PCR baseline correction graph 

The baseline fluorescence is shown (blue line), and the crossing point (Ct) of the threshold 

(red line), at which the replication of the mRNA of the gene of interest is in exponential phase 

(indicated by the arrow). 

 

5.2.6 NADPH oxidase activation 

Apocynin was activated using HRP, H2O2, and catalase as described in 

Materials and Methods, Section 2.2.4.2.  The protocol for assessing NADPH 

oxidase activation in RINm5f cells has been described in Materials and 

Methods, Section 2.2.5.3.2.  Briefly, RINm5f cells were diluted to 

approximately 106 per mL in phenol red-free RPMI, and 5 x 105 per well onto 

a 48-well plate.  The cells were left in the incubator at 37ºC for 48 h to attach 

before testing.  At the time of testing, the medium was removed, and the cells 

were incubated for 10 minutes with activated apocynin in medium (500 µL 

activated apocynin mixture in 4250 µL RPMI), or an equivalent concentration 

of PBS in medium for 10 minutes.  PMA was made up to a final concentration 

of 100 nM, in RPMI with 0.1% DMSO.  All other treatments (medium, 100 nM 

Baseline 

Threshold 

 

Ct 
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→ 10 µM dilutions of MG and GO) were made up in RPMI containing 0.1% 

DMSO.  Treatments were added to appropriate wells, before addition of 125 

µM (final concentration) lucigenin.  Between readings, the plate was stored in 

the dark at 37ºC. 

 

Changes in luminescence were measured using the Thermo Varioskan Flash 

plate reader.  All samples were measured in triplicate.  Area under the curve 

over 8 h incubation was determined for each sample, and the results obtained 

with apocynin subtracted from those with PBS (as with blank subtraction, see 

Materials and Methods, Section 2.2.5) to determine apocynin-sensitive 

response (as defined in Chapter 4, Section 4.4.5). 

 

5.3 Statistical analysis 

Results were analysed using GraphPad Prism 5 for Windows.  Statistics were 

generated using repeated measures ANOVA, with Dunnett‟s multiple 

comparison post-hoc test, unless otherwise indicated. 

 

5.4 Results 

5.4.1 Cell viability 

In order to determine whether or not (patho)physiologically relevant 

concentrations of MG and GO were cytotoxic to RINm5f cells over an 8 h 

static incubation, an MTT cell viability assay was performed (Figure 5.2). 
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Figure 5.2  MTT cell viability assay of RINm5f cells treated with MG and GO 

Cells were treated with increasing concentrations of (A) MG or (B) GO for 8 h.  Only 1 mM 

MG significantly reduced cell viability, similar to that seen by 20 µM H2O2 treatment. (For both 

graphs, n = 7, mean ± SEM, repeated measures ANOVA p < 0.0001) 

 

The only treatment that significantly reduced cell viability was 1 mM MG, 

which depressed viability to a similar extent as 20 µM H2O2.  Interestingly, GO 

seemingly increased viability in a concentration-dependent manner up to 

100 µM, at which point cell viability was significantly higher than control.   

 

5.4.2 Insulin production 

Neither treatment with 10 mM L-arginine nor 400 nM glibenclamide stimulated 

an increase in insulin production in an acute incubation (1 h) above that which 

was obtained with the medium control (Figure 5.3 A).  The positive control 

(50 µM H2O2) significantly depressed insulin production throughout the study 

period. Over time, and in keeping with the MTT assay data above, only 1 mM 

MG consistently inhibited insulin production. 
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Figure 5.3  Insulin production by RINm5f cells 

(A) Controls (1 h incubation), the β-cells were already maximally stimulated by the medium 

(untreated) control, as addition of L-arg or glibenclamide failed to stimulate further insulin 

production; insulin production at (B & C) 2 h, (D & E) 8 h and (F & G) 24 h.  Only 1 mM MG 

was able to significantly inhibit the production of insulin, similar to that seen with 50 µM H2O2 

treatment.  ((A) n = 6, mean ± SEM, repeated measures ANOVA p = 0.0003; (B, C, D, E, F & 

G) n = 9, mean ± SEM, repeated measures ANOVA (B) p = 0.016; (C) p = 0.10; (D) 

p = 0.0007; (E) p = 0.01; (F) p < 0.0001; (G) p < 0.0001) 
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5.4.3 Oxidative stress 

The results for lucigenin measurement (Figure 5.4) were obtained through 

blank subtraction method, as described for the THP-1 cells in Chapter 4.  As 

the data was biphasic in nature (i.e. low concentrations generated a pro-

oxidant effect whilst higher concentrations apparently inhibited oxidative 

stress), the results for 100 µM and 1 mM were analysed separately from the 

rest of the treatments. 

 

Figure 5.4 (A & B) shows the results with 0.1 and 1 mM treatments.  1 mM 

MG and GO, and also 100 µM MG depressed lucigenin-enhanced 

luminescence over an 8 h incubation period.  With 100 nM - 10 µM treatments 

(Figure 5.4 C & D), both MG and GO induced significant ROS production over 

an 8 h treatment period, in excess of that induced by 20 µM H2O2. 



Chapter 5 – MG and GO generate low-level oxidative stress in a rat pancreatic β-cell 

model 

 

Page | 112  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4  ROS production in RINm5f β-cells with MG and GO treatment 

(A) 100 µM and 1 mM MG, which showed a depression in lucigenin-enhanced luminescence;  

(B) 100 µM and 1 mM GO, which showed 1 mM GO significantly depressed lucigenin-

enhanced luminescence; (C) 100 nM – 10 µM MG; and (D) 100 nM – 10 µM GO.  Both (C) 

and (D) showed significant increases in luminescence at low concentrations of α-dicarbonyls, 

in excess of the effect seen with 20 µM H2O2 treatment.  (For all graphs; n = 8, mean ± SEM, 

repeated measures ANOVA (A) p < 0.0001; (B) p = 0.0005; (C & D) p < 0.0001) 
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5.4.4 Changes in endogenous GSH 

5.4.4.1 Total GSH  

With one exception, there was no significant impact of MG and GO on GSH 

(Figure 5.5).  At the 2 h timepoint however, there was a significant increase in 

the total GSH levels with 100 nM MG treatment only. 

 

5.4.4.2 Regulation of GSH transcription 

The only significant change in transcription from the untreated control was 

with the 20 µM H2O2 (positive control) treatment with GCLc mRNA.  There 

were no significant changes in the transcription of any of the genes measured 

after treatment for 8 h with MG or GO (Figure 5.6), in keeping with the results 

from total GSH measurement (Figure 5.5). 
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Figure 5.5  Effect of MG and GO on total GSH over time 

(A & B) 2 h treatment, 100 nM MG showed the only significant change in total GSH 

concentration from untreated control; (C & D) 8 h treatment, where there was no significant 

change in GSH concentration; (E & F) 24 h treatment.  (For all graphs; n = 10, mean ± SEM, 

repeated measures ANOVA (A) p = 0.0001; (B) p = 0.35; (C) p = 0.38; (D) p = 0.08; (E) p = 

0.51; (F) p = 0.34)  
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Figure 5.6  Quantitative RT-PCR of mRNA from genes controlling GSH transcription 

Cells were treated for 8 h with either MG or GO.  (A & B) GPx1, (C & D) Gsr, (E & F) GCLc 

and (G & H) GCLm.  (For all graphs, data are mean ± SEM; (A & B) n = 4, (C, D, E & F) n = 7, 

(G & H) n = 6; repeated measures ANOVA (A) p = 0.54, (B) p = 0.31, (C) p = 0.53, (D) p = 

0.48, (E) p = 0.02, (F) p = 0.12, (G) p = 0.48, (H) p = 0.20) 
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5.4.5 Transcription of antioxidant enzymes SOD1 and SOD2 

Treatment with MG and GO had no significant impact on transcription of 

genes coding for SOD1 or SOD2 enzymes in this model (Figure 5.7). 

Likewise, 20 µM H2O2 failed to significantly modulate transcription of these 

genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7  Measurement of transcription of endogenous antioxidant SOD enzymes 

Cells were treated for 8 h with either MG or GO.  (A & B) Cytosolic SOD [SOD1]; no 

significant differences were seen with α-dicarbonyl treatments in expression levels of SOD1.  

(C & D) Mitochondrial SOD [SOD2]; no significant differences were seen with either MG or 

GO treatment.  (For all graphs, data is mean ± SEM; (A & B) n = 6, (C & D) n = 7; repeated 

measures ANOVA (A) p = 0.89, (B) p = 0.75, (C) p = 0.01, (D) p = 0.02) 
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5.4.6 NADPH oxidase activation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8  Lucigenin-enhanced luminescence in the presence of apocynin, a selective 

NADPH oxidase inhibitor 

(A)  Controls, PMA induced a significant increase in lucigenin-enhanced luminescence as 

compared to untreated cells; (B)  MG, all treatments of MG induced an increase in lucigenin-

enhanced luminescence, however only treatments with 1 and 10 µM were significantly 

different to untreated control; and (C)  GO, a concentration-dependent increase in lucigenin-

enhanced luminescence was seen with increasing treatments of GO, however, inhibition of 

NADPH oxidase with apocynin gave higher luminescence readings than in the control wells 

(no apocynin), resulting in a negative apocynin-sensitive response, which was significant with 

100 nM GO treatment.  (For all graphs, results are mean ± SEM.  (A) n = 7, Student‟s T-test 

p = 0.0024; (B & C) n = 8, repeated measures ANOVA (B) p = 0.005; (C) p = 0.027.  Post-hoc 

analysis for (B & C) was Dunnett‟s multiple comparison test). 
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untreated control, which was significant with 1 and 10 µM treatment, 

accounting for approximately 99% of the lucigenin-enhanced luminescence 

seen in earlier experiments (Figure 5.4).  With GO treatment, it appeared that 

inhibition of NADPH oxidase by apocynin resulted in a concentration-

dependent increase in lucigenin-enhanced luminsescence compared to 

control. However, the inhibition of NADPH by apocynin gave higher 

luminescence readings than the control wells. 

 

5.5 Discussion 

The results described in this chapter using the rat RINm5f cell line highlight 

several interesting features of the actions of MG and GO on pancreatic β-

cells.  Firstly, only at cytotoxic concentrations did MG (but not GO) inhibit 

insulin production in static incubations over 24 h; secondly, 

(patho)physiologically relevant concentrations of MG and GO induced 

significant free radical production in pancreatic β-cells; thirdly, MG and GO did 

not have any effect on GSH levels or gene transcription in GSH-related 

enzymes; fourthly, MG and GO had no effect on the transcription of genes for 

SOD enzymes and finally, MG (but not GO) induced free radical production 

via NADPH oxidase induction. 

 

In agreement with experiments on the THP-1 monocytic cell line described 

earlier in this thesis (Chapter 4) and with previously published work showing 

that increasing concentrations of MG increased apoptosis in RINm5f cells 

(Sheader et al., 2001), 1 mM MG was shown to be cytotoxic to the RINm5f 

cell line over an 8 h incubation period (Figure 5.2).  This cytotoxicity was 

accompanied by a sustained reduction in insulin production (Figure 5.3), and 

a significant decrease in lucigenin-enhanced luminescence (ROS production) 

(Figure 5.4).  Interestingly, both 100 µM MG and 1 mM GO showed similar 

decreases in luminescence, but without any effect on either cell viability 

(Figure 5.2) or function (insulin production, Figure 5.3).  This is not to say 

however, that longer incubations of the β-cells with these concentrations of α-

dicarbonyls would not lead to a decrease in viability, as they would be likely to 
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overload the detoxification capacity of the cells (as hypothesised for the THP-

1 monocytes). 

 

The increases in ROS production after acute incubations with physiologically 

relevant concentrations of MG and GO described in this chapter (Figure 5.4 C 

& D) was not associated with a reduction in cell viability (Figure 5.2).  Indeed, 

GO seemingly increased viability in a concentration-dependent manner up to 

100 µM, at which point it became significant from untreated control (Figure 5.2 

B).  As the MTT assay was used to determine viability, the observed increase 

could be due to either an increase in cell proliferation or an increase in 

mitochondrial activity. Further experiments using different proliferation assays 

and measurements of oxygen consumption are now required to establish 

which of these processes is responsible for the observed response in the MTT 

assay. 

 

Other than 1 mM MG treatment, there was no significant impact upon insulin 

production with static incubations with α-dicarbonyls over a 24 h period, which 

is in agreement with previous studies (Cook et al., 1998).  In control 

experiments, treatment for 1 h with L-arginine or glibenclamide failed to induce 

any further insulin production than was obtained with the negative control (cell 

medium, 11 mM glucose).  This result could be explained by either the 

incubation time not being long enough for the positive controls to work, or 

perhaps that the cells were maximally stimulated with the medium (Figure 5.3 

A).  Previous studies have shown that glibenclamide stimulates insulin 

production within approximately 3 minutes with the MIN6 β-cell line (Shigeto 

et al., 2006), and L-arginine stimulated insulin production in excess of what 

was elicited by 16.7 mM glucose with the INS-1E β-cell line (Liu et al., 2008).  

This suggests that the latter hypothesis is true, and the cells were maximally 

stimulated by the glucose concentration in the medium.  Thus, it is impossible 

to say, under the conditions of this particular experiment, whether or not MG 

or GO would enhance the production of insulin elicited by glucose in the 

untreated control.  In the context of diabetes, this is a particularly important 
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question to answer, as one of the major problems in development of T2DM is 

insulin resistance, which may be brought about by excess production of 

insulin.  In theory, when cells are exposed to large quantities of insulin, they 

will become more tolerant to the hormone, leading to it becoming less 

effective at facilitating glucose uptake into the target cells.  In order to 

determine if MG and GO may be playing a part in this initial excess production 

of insulin (as is seen in impaired glucose tolerance), perhaps these tests 

could be repeated using a buffer with a lower concentration of glucose so as 

the cells would not be maximally stimulated by a negative control. 

 

Both of the α-dicarbonyls induced a significant increase in ROS production at 

(patho)physiological levels (Figure 5.4).  The results showed a similar biphasic 

relationship between concentration and oxidative stress as was seen with the 

THP-1 monocytes (Chapter 4, Figure 4.3), with 1 µM inducing the highest 

increase in lucigenin-enhanced luminescence with both treatments and cell 

types.  Again, this may suggest that high concentrations of MG (≥ 100 µM) 

and GO (> 100 µM) were cytotoxic to the β-cells.  Although only 1 mM MG 

was shown to induce a reduction in absorbance in the MTT assay (Figure 

5.2), this does not mean that longer incubations with these concentrations of 

α-dicarbonyls may not predispose the cells into entering death pathways.   

 

Previous studies with MG have shown that the α-dicarbonyls are highly 

reactive and can interact with lysyl and arginyl residues on proteins, and also 

–SH groups (Mira et al., 1991, Thornalley, 1988).  This suggests that the α-

dicarbonyls may interact non-enzymatically with GSH, lowering the 

intracellular defence mechanisms against damage by ROS (Cook et al., 

1998).  Contrary to this hypothesis, the increase in free radical production 

seen in this work was not associated with any change in the endogenous 

antioxidant GSH, with the exception of 100 nM MG treatment (Figure 5.5 and 

Figure 5.6).  At the 2 h timepoint, there was a significant increase 

(approximately 30%) in total GSH with 100 nM MG treatment (Figure 5.5 A).  

There are several pathways through which there may be an increase in GSH 
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within a cell, the first for example, would be through a change in the rate of 

reduction of GS-conjugates (in this case GS-MG) to GSH.  This could possibly 

occur (as mentioned previously) through the binding of MG to the –SH group 

of GSH preventing its reduction and stimulating the cell to increase production 

of the thiol.  However, this is unlikely to be the case, as higher concentrations 

of MG do not generate any further increases in GSH, which would be 

expected if this hypothesis were correct.  If it were, this would lead on to the 

second possibility for the observed change in GSH concentration; an increase 

in GSH synthesis.  In the case of GSH, the two rate-limiting factors are; 

availability of the amino acid L-cysteine and also of the rate-limiting enzyme, 

GCL (Lu, 2000).  An increase in the availability of GCL is unlikely to be the 

cause of this observed change as the time taken from transcription of a gene 

to protein synthesis is usually approximately 6 h and the observed increase is 

seen after only 2 h.  Also, transcription levels were tested later in this work 

(Figure 5.6), and they were found to be unaltered with any treatment.  The 

final pathway through which GSH levels could increase is via an increase in 

cysteine availability within the cell, brought upon by treatment with MG.  

However, the lack of a concentration-dependent effect of MG also renders this 

possibility unlikely. 

 

Another interesting observation from the results in Figure 5.5 is that there was 

a gradual increase in total GSH levels in the untreated cells over time.  This 

may have been due to the cells increasing their GSH production to protect 

against the effects of depletion of nutrients within the medium as the cells 

respire.  It could be hypothesised that 100 nM MG is accelerating this 

process, such that total GSH reaches maximal levels in approximately 2 h 

instead of 24 h, exerting a protective effect, lost with higher concentrations, as 

discussed.  However, there is no firm data to help confirm the mechanism of 

action of 100 nM MG on the total GSH levels, and therefore more experiments 

would be necessary to establish the reproducibility of the effect and ultimately, 

to determine how it occurs.  Whilst the GSH assay used in this study is 

considered to be the gold-standard (Rahman et al., 2006), there is a 
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possibility that it might not be able to detect covalent modification of GSH by 

α-dicarbonyls, should Gsr be able to reduce α-dicarbonyl adducts and 

regenerate GSH.  In order to be sure that there is genuinely no impact of α-

dicarbonyls on intracellular GSH, alternative assays (e.g. HPLC, tandem mass 

spectrometry) would be required.  In support of the total GSH results however, 

quantitative RT-PCR of the genes that transcribe for GSH and its regulation 

(GPx1, Gsr, GCLc and GCLm) showed no significant change after incubation 

of the cells with the α-dicarbonyls for 8 h (Figure 5.6).  This indicates that if 

MG and GO do have any effect on cellular GSH levels, it would most likely be 

over longer incubation periods. 

 

The quantitative RT-PCR results of the endogenous antioxidant enzymes, 

SOD1 (cytosolic) and SOD2 (mitochondrial), indicated that treatment with the 

α-dicarbonyls fails to induce any significant alteration in transcription levels of 

these genes (Figure 5.7).  This conclusively demonstrates that in this β-cell 

model, neither MG nor GO induce ROS by modulation of levels of these 

enzymes in acute incubation experiments. 

 

An alternative means by which enhanced oxidative stress might be achieved 

in a cell is increased ROS production, rather than decreased antioxidant 

defence.  The cell surface enzyme NADPH oxidase, and endogenous 

generator of O2
.-, has already been shown in this work to be responsible for 

approximately 70% of the ROS production with GO treatment in THP-1 

monocytes (Chapter 4).  In this chapter it has been conclusively demostrated 

that activation of NADPH oxidase accounts for essentially all of the ROS 

production by MG (but interestingly, not GO) in this pancreatic β-cell model 

(Figure 5.8).  This is in agreement with previously published work that 

implicates NADPH oxidase activation in ROS production, with MG and GO 

treatment, in renal mesangial cells and human intestinal cells (Kuntz et al., 

2010, Ho et al., 2007).  The results with MG treatment indicated a 

concentration-dependant biphasic response, which mirrors the results with the 

oxidative stress experiments (Figure 5.4).  Although significance was only 
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reached with 1 and 10 µM treatments, the 100 nM MG treatment also showed 

an increase in lucigenin-enhanced luminescence as compared to the 

untreated control (Figure 5.8).   

 

These results conclusively show that, at (patho)physiological levels, MG and 

GO generated ROS in this pancreatic β-cell model, without reducing the 

insulin production of the cells; contrary to the hypothesis, neither MG nor GO 

exerted this pro-oxidant effect by modulation of total GSH.  In the case of MG, 

the activation of NADPH oxidase was responsible for the observed increase in 

ROS production.  The method by which GO exerts its pro-oxidant effect in this 

model has yet to be ascertained, however, it can be concluded that it was not 

through modulation of GSH, the SOD antioxidant enzymes, or activation of 

NADPH oxidase.  It is conceivable that its mode of action could be through 

the xanthine/xanthine oxidase pathway, or perhaps by modulation of other 

mitochondrial antioxidant enzymes.  However GO is exerting its effects, these 

results show that MG and GO activate distinct pro-oxidant pathways, and 

indeed, distinct pathways in different cell types, in support of the results 

shown previously with THP-1 monocytes (Chapter 4).  Although the results in 

this chapter only showed a significant reduction in cell viability with 1 mM 

treatment, this does not preclude the theory that chronic exposure of β-cells to 

lower concentrations of the α-dicarbonyls will cause cell death.  This is 

particularly important in the context of diabetes, as a reduction in β-cell mass 

is known to be an important factor in the development of the disease. 
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6.1 Introduction 

Activation of the innate immune system has long been reported in obesity, 

insulin resistance and T2DM, and is characterised by increased circulating 

levels of acute-phase proteins and of cytokines and chemokines (Kolb and 

Mandrup-Poulsen, 2005, Arkan et al., 2005, Weisberg et al., 2003, Xu et al., 

2003, Wellen and Hotamisligil, 2005).  Increasing evidence also suggests that 

individuals who progress to T2DM may display features of inflammation years 

before the disease onset (reviewed in Alexandraki et al., 2006).  There have 

been reports demonstrating the accumulation of macrophages in adipose 

tissue of obese subjects as well as their participation in the inflammatory 

pathways activated in adipocytes, which may help explain the origin of the 

inflammatory process in T2DM (Alexandraki et al., 2006).  All tissues contain 

resident macrophage populations; however a substantial increase in tissue 

macrophages is a common feature of complications associated with T2DM, 

including nephropathy, atherosclerosis, neuropathy and retinopathy (Tang et 

al., 1993, Said et al., 2003, Fukumoto et al., 1998, Nguyen et al., 2006).  

Recently, it has been shown that there are increased numbers of inflammatory 

cells (specifically macrophages) associated with pancreatic islets in T2DM 

(Ehses et al., 2007).  With disease progression, macrophages could play a 

role in accelerating pancreatic islet cell dysfunction and death (Ehses et al., 

2007).  The peripheral blood monocytes in obese subjects have also been 

shown to be in an inflammatory state, expressing increased amounts of 

proinflammatory cytokines and related factors, with an increase in the 

transcription of proinflammatory genes regulated by NF-κB, the central 

proinflammatory transcription factor (Alexandraki et al., 2006). 

 

Cytokines are a group of pharmacologically active low molecular weight 

proteins that possess autocrine and paracrine effects, and are known 

products of the inflammatory and immune system (reviewed in Alexandraki et 

al., 2006). After adjustment for obesity, cytokine levels have been found to be 

consistently high (Dandona et al., 2003), implying an additive but not 

exclusive role of obesity on inflammation associated with diabetes.  
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Components of the diabetic milieu, such as high glucose, AGEs and oxidised 

low-density lipoprotein are known to stimulate macrophage release of 

cytokines that promote inflammation, such as IL-1 and TNF-α (reviewed in 

Tesch, 2007). 

 

There have been several studies that have shown the effects of GO, MG and 

MG-modified proteins on production of cytokines and modulation of cytokine 

effects in various cell types (Yamawaki et al., 2008, Yamawaki and Hara, 

2008, Wang et al., 2007, Laga et al., 2007, Kuntz et al., 2009, Fan et al., 

2003, Kuntz et al., 2010).  Treatment with MG has been shown to induce 

inflammatory responses in human umbilical vein endothelial cells (HUVECs), 

as determined by COX-2 induction and prostaglandin E2 (PGE2) production 

(Yamawaki et al., 2008).  This induction of COX-2 was mediated via activation 

of c-Jun N-terminal kinase (JNK) and p38 MAPK but not ROS; high 

concentrations of MG treatment (420 µM) also induced cytotoxic 

morphological damage in the HUVECs (Yamawaki et al., 2008).  In contrast, 

GO induced COX-2 expression, but failed to activate JNK and p38 (Yamawaki 

and Hara, 2008).  Human colon epithelial cells (Caco-2) have been shown to 

respond to millimolar concentrations of MG and GO, with an enhanced 

secretion of the proinflammatory cytokines IL-6 and IL-8 (Kuntz et al., 2009).  

There was also a concentration-dependent enhancement of IL-8 secretion, 

together with increased mRNA levels for IL-8 after MG and GO treatment of 

both Caco-2 and HT-29 colon epithelial cell lines.  This increase in IL-8 

synthesis also correlated with increased levels of phosphorylated p38 MAPK 

isoforms and ERK1/2 in MG and GO treated cells, whereas other signalling 

molecules such as the JNK family remained unaffected (Kuntz et al., 2010).  

However, differences observed between ERK1 and ERK2 activation, 

dependent on the cell line and the α-dicarbonyl compound, suggest that the 

different cell phenotypes and concentrations of MG and GO trigger distinct 

signalling cascades (Kuntz et al., 2010).  This work also showed that both MG 

and GO generate O2
.- anions in these colonic cell lines, and that the cytosolic 

NADPH oxidase was the most important target for both MG and GO, as O2
.- 
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synthesis and IL-8 secretion were completely inhibited by a cytosol-specific 

NADPH oxidase inhibitor (Kuntz et al., 2010). 

 

As well as the effects listed above, MG and GO treatments have also been 

shown to have cytokine modulating effects on immune cells.  In a study by 

Wang H et al, (Wang et al., 2007), there was an increased basal release of IL-

6, IL-8 and TNF-α by neutrophils from volunteers with T2DM compared to 

those from healthy non-diabetic volunteers.  This basal production was shown 

not to be enhanced by addition of MG (up to 30 µM); conversely, at 

concentrations of 20 – 30 µM, the production of these cytokines was actually 

inhibited (Wang et al., 2007).  The response of the neutrophils from healthy 

non-diabetic volunteers was exactly the opposite, with increasing 

concentrations of MG (up to 20 µM) increasing the production of cytokines 

(Wang et al., 2007).  A study conducted on the RAW 264.7 macrophage cell 

line showed that MG-modified BSA stimulated TNF-α release accompanied by 

an activation of ERK1/2 in a concentration-dependent manner (Fan et al., 

2003).  Intracellular ROS formation stimulated by MG-BSA was shown to play 

an important role in this stimulation of TNF-α production (Fan et al., 2003).  

The cell line also showed an activation of p38 MAPK, however this was 

shown to not be associated with the TNF-α release (Fan et al., 2003). 

 

Given that there are no previous studies on the effects of MG and GO on 

primary monocyte-derived macrophages from individuals with T2DM, 

experiments in this chapter test the hypothesis that treatment with 

(patho)physiologically relevant concentrations of α-dicarbonyls induce release 

of the proinflammatory cytokines TNF-α and IL-8 in these cells that are likely 

to have a major impact on the development and progression of the 

inflammatory component of T2DM. 
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6.2 Methods 

6.2.1 Isolation of peripheral blood monocytes 

Isolation of peripheral blood monocytes was performed as outlined in Figure 

2.8 in Materials and Methods, Section 2.2.7.  The selection criteria and 

characteristics of volunteers are also described in Chapter 2 (Table 2.1 and 

Table 2.2, Section 2.2.7).  Briefly, 160 mL (4 x 40 mL) of whole blood was 

taken from the antecubital fossa of volunteers with T2DM, into 0.38% (final 

concentration) sodium citrate.  The samples were centrifuged at 350 g for 20 

minutes.  PRP was aspirated using sterile pastettes and 1 M CaCl2 (200 µL 

for each 10 mL PRP) was added prior to the PRP being incubated in a water 

bath at 37ºC for 1 h to allow the platelets to form a plug.  Autologous serum 

was also isolated and stored at 4ºC to be used for culture of the primary cells.  

While the PRP was incubating, dextran sedimentation was performed to 

separate the leukocytes from the erythrocytes, for 25 minutes.  The 

leukocytes were removed using sterile pastettes, and the tube was topped up 

to 50 mL with pre-warmed (37ºC) sterile saline, and centrifuged at 350 g for 6 

minutes.  Leukocytes and remaining erythrocytes were resuspended in 3 mL 

of a 55% Percoll solution.  Percoll gradients were made, as outlined in 

Materials and Methods, Section 2.2.7.  The gradient tubes were centrifuged at 

720 g for 20 minutes, and the mononuclear cell layer was removed from the 

55/70 gradient, washed twice in Ca2+-/Mg2+-free PBS (230 g, 6 minutes).  

Cells were resuspended in serum-free IMDM for plating. 

 

6.2.2 Inflammatory cytokine production by human monocyte-derived 

macrophages 

The protocol for treatment of the monocyte-derived macrophages has already 

been described in Materials and Methods, Section 2.2.7.1.  Briefly, monocytes 

were isolated from whole blood as outlined above, and resuspended at a 

concentration of 4 x 106 per mL in serum-free IMDM.  500 µL of monocyte cell 

suspension (2 x 106) cells was added to appropriate wells on 48-well plates, 

and incubated for one hour at 37ºC.  After incubation, supernatant containing 
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lymphocytes was removed by pipetting, and the cell monolayer (monocytes) 

was washed gently with pre-warmed, serum-free IMDM.  Complete medium 

was made by adding autologous serum (10%) to IMDM, plus 

penicillin/streptomycin at concentrations mentioned in the general cell culture 

section.  500 µL of complete medium was added to the cell monolayers, and 

the plates were incubated at 37ºC (5% CO2 atmosphere) for 7 days prior to 

testing to allow the moonocytes to differentiate to macrophages, with the 

medium changed every 2 days.   

 

After 7 days, the monocyte-derived macrophages were treated with IMDM 

(negative control), 10 ng/mL LPS (positive control), or concentrations of MG 

and GO as mentioned previously (100 nM → 1 mM).  All treatments were 

made in phenol red-free IMDM, and were replaced after 24 h so as to 

maintain concentrations of MG and GO.  Incubations were at 37ºC in a 5% 

CO2 atmosphere for 6 h or 48 h (incubation times determined by pilot CBA 

experiments, see Materials and Methods, Section 2.2.2.2). 

 

At the selected timepoints, supernatants were aspirated off the cell 

monolayer, and transferred to appropriately labelled Eppendorf® tubes.  Non-

adherent cells and debris was removed by centrifugation (approximately 

750 g for 5 minutes), and the supernatants were stored at -80ºC prior to 

cytokine assessment. 

 

6.2.2.1 TNF-α measurement  

Supernatants from the 6 h timepoint were used for the TNF-α ELISA.  The 

protocol was performed as per the manufacturer‟s instructions and has been 

described in Materials and Methods, Section 2.2.7.1.1.   

 

Briefly, 50 µL of incubation buffer was added to the wells for standards, and 

50 µL of standard diluents buffer was added to the wells for samples.  

Standards were made up to the required concentrations, and samples were 

diluted as appropriate.  100 µL of standards and samples were added to the 
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appropriate wells on the microtiter plate, the plate was covered and incubated 

at RT for 2 h.  The solution was aspirated from each well, and the plate was 

washed four times with wash buffer before 100 µL of biotinylated anti-TNF-α 

solution was added to each well and the plate was incubated for a further 1 h 

at RT.  Following this incubation, the wells were washed four times again with 

wash buffer before 100 µL of streptavidin-HRP working solution was added to 

each well and incubated for 30 minutes at room temperature.  The plate was 

washed a further four times and 100 µL of stabilised chromogen was added to 

each well, before incubation in the dark for 30 minutes.  The final step was to 

add 100 µL of stop solution to each well, and measure the absorbance at 450 

nm.   

 

6.2.2.2 IL-8 measurement 

Supernatants from the 48 h timepoint were used for the IL-8 ELISA.  The 

protocol was performed as per the manufacturer‟s instructions and has been 

described in Materials and Methods, Section 2.2.7.1.2. 

 

Briefly, samples were diluted as appropriate and 50 µL of standards or 

samples were added to wells.  50 µL of biotinylated anti-IL-8 solution was 

added to each well, and the plate was covered and incubated for 90 minutes 

at RT.  The plate was washed four times with wash buffer before 100 µL of 

streptavidin-HRP solution was added to each well, and the plate was 

incubated for 30 minutes at RT.  Following incubation, the wells were washed 

a further four times before the addition of 100 µL of stabilised chromogen to 

each well, and incubation for 30 minutes in the dark.  100 µL of stop solution 

was added before measurement of absorbance at 450 nm. 

 

All absorbance readings were taken on the Thermo Varioskan Flash plate 

reader. 
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6.3 Statistical analysis 

For each of the ELISA assays, a 4-parameter algorithm was used to generate 

the standard curve for each set of standards, and results were analysed using 

GraphPad Prism, with repeated measures ANOVA to generate p values and 

Dunnett‟s post-hoc test to determine significance between groups. 

 

6.4 Results 

6.4.1 TNF-α measurement 

Only MG caused a significant (approximately 480%) increase in TNF-α 

generation after 6 h of treatment, as compared to an untreated (medium) 

control (Figure 6.1).  However, this response was very small (< 0.1%) 

compared to that elicited by 10 ng/mL of LPS (note difference in Y-axis 

scales).  Treatment with GO failed to produce any significant response in the 

monocyte-derived macrophages. 
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Figure 6.1  TNF-α ELISA measurement after 6 h treatment 

(A)  Treatment with 10 ng/mL LPS as a positive control, showed a significant increase from 

the untreated control; (B)  Treatment with MG.  Only at toxic concentrations did MG induce a 

significant increase in TNF-α concentrations as compared to the untreated control; (C)  

Treatment with GO.  GO did not induce a significant increase in TNF-α production as 

compared to the untreated control.  (For all graphs, results are mean ± SEM.  (A) n = 9, 

students T-test p = 0.002; (B) n = 9, repeated measures ANOVA p < 0.0001, (C) n = 8, 

repeated measures ANOVA p = 0.48.  For (B) and (C), significance was determined with 

Dunnett‟s post-hoc test) 

 

6.4.2 IL-8 measurement 

Both MG and GO induced a concentration-dependent IL-8 response in 

monocyte-derived macrophages after 48 h treatment, with significance being 

achieved at 1 mM for both α-dicarbonyls (approximately 360% increase from 

untreated control with MG and 690% with GO; Figure 6.2).  Unlike the results 
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for TNF-α above, the increase in IL-8 observed with both α-dicarbonyls was at 

least of the same order of magnitude as that induced by the positive control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2  IL-8 ELISA measurements after 48 h treatment 

(A)  Controls, in which LPS generated a significantly greater response than the untreated 

control;  (B)  Treatment with MG,  which showed a concentration-dependent response, with 1 

mM MG giving a significantly greater IL-8 response than the untreated control;  (C)  

Treatment with GO,  which showed a concentration-dependent response, with 1 mM 

treatment generating a significantly greater IL-8 response than the untreated control.  (For all 

graphs, results are mean ± SEM, (A) n = 8, Student‟s T-test **p = 0.009; (B) n = 6, repeated 

measures ANOVA p = 0.001, (C) n = 5, repeated measures ANOVA p < 0.0001.  For (B) and 

(C) significance was determined using Dunnett‟s post-hoc test) 
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6.5 Discussion 

The experiments in this chapter showed that MG, at 1 mM concentration, 

elicited a modest but significant increase in TNF-α after 6 h treatment and 

both MG and GO at 1 mM concentration elicited a more substantial increase 

in IL-8 after 48 h. 

 

The failure of micromolar concentrations of both MG and GO to induce TNF-α 

production in monocyte-derived macrophages from volunteers with T2DM is 

partially in agreement with previously published work on neutrophils from 

individuals with T2DM (Wang et al., 2007).  In the previously published work, it 

was shown that increasing concentrations of MG (from 0 – 30 µM) also failed 

to increase production of TNF-α in comparison to untreated controls.  

However, in the neutrophil study, it was demonstrated that MG treatment 

concentration-dependently reduced the production of TNF-α compared to 

basal levels (Wang et al., 2007).  However, the results in this chapter did not 

show a reduction in the levels of TNF-α produced, which was not altogether 

surprising, given the very low basal levels of TNF-α in these experiments 

(approximately 1.8 pg/mL).  TNF-α belongs to a group of cytokines that are 

involved in the upregulation of inflammatory reactions, influencing the 

synthesis, secretion and activity of other cytokines (reviewed in Alexandraki et 

al., 2006) and is also considered (along with IL-6) to be the major adipocyte 

cytokine, although it is also expressed by endothelial, smooth muscle cells 

and macrophages (reviewed in Alexandraki et al., 2006).  One of the ways in 

which it is thought to be involved in the aetiology of diabetes is through 

impairment of insulin action by interfering with its downstream signalling 

processes (reviewed in Alexandraki et al., 2006).  TNF-α has been shown to 

be hyper-expressed in obesity (Hotamisligil et al., 1993, Hotamisligil and 

Spiegelman, 1994, Hotamisligil et al., 1995) and can accelerate dysfunction 

and destruction of the β-cell (Eizirik and Mandrup-Poulsen, 2001, Mandrup-

Poulsen, 2001).  It is conceivable that, because of the persistent and chronic 

elevation of MG and GO in the plasma and tissues of individuals with T2DM 

(Beisswenger et al., 2003a, Lapolla et al., 2003), the macrophages could 
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already be tolerant to the α-dicarbonyls up to micromolar concentrations.  In 

particular, with GO, which failed to induce TNF-α production, it may be that 

further in vitro stimulation of the macrophages with α-dicarbonyls may actually 

have been supramaximal.  This chronic exposure to elevated levels of MG 

and GO in vivo may have lead to impairment of the acute-phase inflammatory 

cytokine response in the macrophages, as postulated for previous results 

observed with primary neutrophils (Wang et al., 2007). 

 

With 1 mM MG however, there was a significant increase in TNF-α production 

from untreated control, contrary to the observed effects of MG on neutrophils 

from subjects with T2DM (Wang et al., 2007).  However, this result should not 

be taken out of context, whilst the increase in TNF-α with 1 mM MG looks 

quite impressive, it is still several orders of magnitude lower than the result 

elicited by the positive control (LPS).  Thus, it is unlikely to have a serious 

impact on pro-inflammatory status in vivo.  This discrepancy in results from 

previous studies could, in part be explained by the differences in cell type, and 

also by the fact that in the neutrophil study, only concentrations of up to 30 µM 

MG were tested (Wang et al., 2007).  TNF-α has been shown to have a pro-

apoptotic effect on cells (Hernández-Caselles and Stutman, 1993, 

Diessenbacher et al., 2008, Klarić et al., 2009), and this could perhaps be a 

reason for this observed increase in the macrophages.  The results in 

previous chapters with THP-1 and RINm5f cell lines suggest that perhaps GO 

is not as cytotoxic as MG at 1 mM concentrations, which may explain why 

treatment with 1 mM GO did not induce a similar increase in production of 

TNF-α.   

 

Interestingly, treatments with both MG and GO concentration-dependently 

increased the production of IL-8, to a level that was substantially higher than 

control and approaching that induced by LPS at 1 mM concentrations.  IL-8 is 

a cytokine known to attract both monocytes and neutrophils to sites of 

inflammation, and circulating levels have been shown to be elevated in 

individuals with T2DM (Esposito et al., 2003, Zozuliñska et al., 1999).  This 
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induction of IL-8 by MG and GO treatment is in agreement with previous work 

conducted on human colon epithelial cell lines (Kuntz et al., 2010), in which 

incubation with both compounds elicited an increase in IL-8 secretion from 

HT-29 and Caco-2 cells, and also an increase in IL-8 mRNA in both cell types 

(Kuntz et al., 2010).  This increase in expression and secretion was 

associated with induction of O2
.- anions and the activation of the p38 MAPK 

pathway (Kuntz et al., 2010).  Previous studies have also shown that 

activation of the NF-κB signalling pathway is associated with augmented 

secretion of IL-8 from macrophages (Bhattacharyya et al., 2002). 

 

However, the results in this chapter are contradictory to the results obtained 

with the study by Wang H et al (2007), in which it was demonstrated that MG 

treatment of neutrophils from individuals with T2DM concentration-

dependently decreased the production of IL-8 (Wang et al., 2007).  This could 

again be accounted for by differences in cell phenotype, suggesting that α-

dicarbonyls have different effects on different cell types.  Although the levels 

of α-dicarbonyls required to induce a significant change in IL-8 secretion in 

this chapter are at cytotoxic levels, this may be because the cells have 

become tolerant to the nano- and micro- molar concentrations in vivo.  

 

This hypothesis is supported by the fact that MG (at micromolar levels) has 

been shown to induce an increase in IL-8 secretion in neutrophils from non-

diabetic volunteers (Wang et al., 2007).  The increase in IL-8 from tissue 

macrophages could induce migration of activated neutrophils and monocytes 

into the pancreas in T2DM, possibly contributing to cell death amongst insulin-

secreting β-cells.   

 

In conclusion, in monocyte-derived macrophages from volunteers with T2DM, 

high (potentially cytotoxic) levels of MG and GO treatment induced a 

significant increase in IL-8 release.  MG induced a significant but extremely 

small increase in TNF-α release and it is unclear whether this would be 

sufficient to constitute a pro-inflammatory effect.  In discussing these results, it 
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is always important to bear in mind the acute nature of the exposure to the α-

dicarbonyls in cell culture assays: this is some way from the in vivo situation, 

in which cells are constantly exposed to relatively high levels of α-dicarbonyls 

in individuals with T2DM.  It is possible that prolonged exposure has a 

cumulative effect on inflammatory cells that would result in chronic, substantial 

release of cytokines, only the early stages of which are replicated in acute 

exposures in cell. 
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7.1 Introduction 

The α-dicarbonyl precursors of AGEs have been strongly linked with oxidative 

stress and inflammation in diabetes mellitus, and yet, despite years of 

research, little is known about the exact mechanisms and signalling pathways 

by which these compounds exert their effects.  The two most prevalent α-

dicarbonyls, MG and GO, have been shown to be present in increased 

concentrations in the plasma of individuals with diabetes (Lapolla et al., 2003) 

and their presence has been suggested to be a causative factor in many of 

the late-stage complications of diabetes, for example nephropathy, 

retinopathy, neuropathy and atherosclerosis.   

 

Previous research has linked MG and GO with production of free radicals in 

direct reactions with proteins and amino acids (Lee et al., 1998, Yim et al., 

1995), leading to the hypothesis that the elevated plasma concentrations seen 

in diabetes would generate free radical species capable of exerting damage to 

cells of the vasculature and the immune system.  In particular, it is thought 

that formation of radical sites on proteins by GO and MG will be persistent and 

could be reactive sites for putative oxidising and reducing molecules which 

may exert significant effects to the biological environment if produced in vivo 

by production of free radical species for a long duration (Yim et al., 2000).  In 

agreement with this hypothesis, MG has been shown to be responsible for 

free radical generation in several cell types, including rat hepatocytes 

(Kalapos et al., 1993), the monocytic cell line U937 (Okado et al., 1996), red 

blood cells (Wittmann et al., 2001) and the T-lymphocyte Jurkat cell line (Du et 

al., 2001).  Whilst little work has been done on the effects of GO on free 

radical production, it has been shown to increase hepatocyte susceptibility to 

non-cytotoxic concentrations of H2O2 (Shangari et al., 2006). 

 

Several pathways have been implicated in this generation of free radical 

species, including inhibition of the antioxidant enzymes Gsr, Gpx, catalase 

and SOD (reviewed in Kalapos, 1994).  Also, GSH (the major thiol antioxidant 

in mammalian cells, and thought to be a major player in α-dicarbonyl 

detoxification) levels has been shown to be modulated by treatment with GO 
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and MG (Kalapos, 2008).  NADPH oxidase, a cellular enzyme responsible for 

O2
.- production, has been shown to be an important target for GO and MG in 

colonic epithelial cell lines (Kuntz et al., 2010). 

 

Activation of the immune system has long been reported in obesity, insulin 

resistance and T2DM, with increased circulating levels of acute-phase 

proteins, cytokines and chemokines (Kolb and Mandrup-Poulsen, 2005, Arkan 

et al., 2005, Weisberg et al., 2003, Xu et al., 2003, Wellen and Hotamisligil, 

2005).  An increase in tissue associated macrophages is also associated with 

the complications of T2DM (Tang et al., 1993, Said et al., 2003, Fukumoto et 

al., 1998, Nguyen et al., 2006) and, recently, it has been shown that there is 

an increased number of macrophages associated with the pancreatic islets of 

individuals with T2DM (Ehses et al., 2007).  As well as an increase in 

activated tissue macrophages, the peripheral blood monocytes in obese 

subjects have been shown to be in an activated inflammatory state, with 

increased production of cytokines and increases in transcription of pro-

inflammatory genes regulated by NF-κB, the central proinflammatory 

transcription factor (Alexandraki et al., 2006).  GO, MG and MG-modified 

protein have been shown to induce an inflammatory response (involving 

secretion of IL-6, IL-8 and TNF-α) in various cell types; HUVECs (Yamawaki 

and Hara, 2008, Yamawaki et al., 2008), colonic epithelial cells (Kuntz et al., 

2009, Kuntz et al., 2010), and the RAW 254.7 macrophage cell line (Fan et 

al., 2003).  Neutrophils isolated from individuals with T2DM show an 

increased basal production of IL-6, IL-8 and TNF-α from healthy non-diabetic 

controls. Interestingly however, this production was not enhanced by further 

treatment with MG (Wang et al., 2007). 

 

As well as their effects on immune cells, the α-dicarbonyls have also been 

implicated in β-cell injury and apoptosis in diabetes.  Specifically, treatment 

with MG has been shown to increase the number of apoptotic cells in the 

RINm5F β-cell line in a concentration-dependent manner (Sheader et al., 

2001).  It is also thought that the interaction of MG with the thiol group of GSH 
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could prevent insulin secretion by β-cells, as thiol oxidants have been shown 

to inhibit its secretion (Cook et al., 1998). 

 

Whilst all the previously published evidence indicates that MG and GO are 

particularly important in the generation of oxidative stress and inflammation in 

diabetes, most of the work is not physiologically relevant.  The concentrations 

of MG and GO used to obtain these results are often above physiologically 

attainable levels, and indeed, there has been very little work done on GO at 

all.  So there was a real need for further investigation into the impact of these 

compounds at (patho)physiologically relevant concentrations on inflammatory 

cells and pancreatic β-cells, to determine how much of an impact these 

compounds will have in the clinical setting of T2DM. 

 

In this PhD thesis (patho)physiological concentrations of MG and GO have 

been used to investigate the generation of free radical species and 

inflammatory mediators.  In particular, the possibility that MG and GO 

generate free radicals in direct reactions with proteins and free amino acids 

under physiological conditions has been investigated. The effects on 

inflammatory cells have been studied, using a THP-1 monocytic cell line to 

determine whether MG and GO generate free radicals, and monocyte-derived 

macrophages from individuals with T2DM to determine the effect of treatment 

with MG and GO on inflammatory cytokines IL-8 and TNF-α production.  Also, 

the ability of MG and GO to generate free radical species and their effects on 

insulin production in β-cells were examined, using a rat pancreatic β-cell line.  

The pathways by which MG and GO may induce oxidative stress in 

inflammatory cells and pancreatic β-cells has also been investigated in this 

work.  A graphical representation of the major hypotheses in this PhD thesis is 

shown in Figure 7.1. 
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Figure 7.1  Diagram representing the main hypotheses of the PhD thesis 

(A) Inflammatory cells and (B) pancreatic β-cells. Some of the pathways by which MG and 

GO are suspected to act to induce oxidative stress and inflammation that have been 

investigated within this work. 

(A) 

(B) 
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7.2 Summary 

In order to investigate the ability of the α-dicarbonyls to produce AGEs under 

physiological temperatures, MG was added to BSA, L-lysine and L-arginine, 

incubated at 37ºC for up to 6 days, and analysed using HPLC.  As 

demonstrated in Chapter 3, the reaction of MG with a single amino acid can 

generate a variety of products with different fluorescent peaks and retention 

times.  Even with the supraphysiological concentrations of MG and amino 

acids used, the products were most clearly seen at later timepoints 

(approximately 6 days), indicating that the reaction was slow at physiological 

temperatures.  The reaction with BSA shows that glycated products were 

generated at even slower rate with whole protein.  This could be because the 

concentration of BSA used was closer to plasma concentrations (4%).  These 

findings complement other publications indicating that formation of AGEs in 

vivo occurs slowly and they are most likely to involve long-lived proteins such 

as skin collagen, lens crystallins and nerve proteins (Nagai et al., 2003, 

Westwood et al., 1997, Yim et al., 2000, Frye et al., 1998, Monnier and 

Cerami, 1981, Monnier et al., 1984, Vlassara et al., 1983).  Interestingly, there 

was only a single broad peak seen in the reaction with BSA, which could 

indicate that there is only a single product, or conversely, its broadness could 

mask several glycation products which have similar fluorescence and 

retention times with the gradient method used. 

 

Also in Chapter 3, EPR was used to determine the ability of MG and GO to 

generate oxygen-centred free radicals in reactions with single amino acids, 

BSA and complete cell culture medium (containing free amino acids and 

FBS).  With the reactions with L-lysine and L-alanine (100 µM – approximate 

plasma concentration), only GO produced a significant increase in EPR signal 

as compared to the controls (PBS, α-dicarbonyl in PBS and amino acid in 

PBS) over a 24 h incubation period at 37ºC.  In the reaction with BSA only 

MG, over a 30 minute incubation period at 37ºC, produced a significant 

increase in EPR signal as compared to the controls (PBS, α-dicarbonyl in 

PBS and BSA in PBS).  It is also possible, as was discussed in Chapter 3 that 

this result was purely an additive effect of the signals from BSA and MG, 
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rather than being a by-product of a specific glycation reaction, particularly as it 

had already been shown that this reaction proceeds very slowly at 

physiological temperature.  The results from the experiments with the cell 

culture medium clearly indicated that there is no significant additional 

generation of oxygen-centred radical species as compared to those generated 

with medium alone, even up to the suprahysiological concentration of 4 mM.  

This is an important precursor to the subsequent cell culture studies because 

it implied that any free radical production from later experiments was unlikely 

to be explained by spontaneous generation of radicals in the medium and 

would imply that the cells themselves are the likely source.  These results 

contradict published data, which implicated MG in oxygen-, protein- and MG-

centred radical formation (Lee et al., 1998, Yim et al., 1995).  These 

discrepancies may be accounted for (as discussed in Chapter 3) by the 

differences in pH.  The previously published experiments had been conducted 

in carbonate buffer at pH 9.5 (Lee et al., 1998, Yim et al., 1995), as compared 

to the pH of PBS used in this work, which is approximately 7.4, and much 

closer to physiological conditions.  These results are novel because they 

suggest that radical generation in direct reactions between α-dicarbonyls and 

amino acids and proteins is much lower than had previously been suggested, 

to the extent that this might not be an important feature of AGEs in vivo. 

 

In the experiments presented in Chapter 4, the hypothesis was tested that MG 

and GO induce significant free radical production in a monocytic cell line 

(THP-1), via a downstream, cell-signalling pathway.  Firstly, the cytotoxicity of 

both compounds was tested in acute incubation experiments (8 h), using both 

the Trypan Blue exclusion assay and Annexin V/PI staining.  These 

experiments showed that concentrations of MG (but not GO) > 100 µM are 

cytotoxic, and that a small percentage of the cells treated with such a high 

concentration of MG would have compromised membrane integrity.  This is in 

agreement with previously published work, which shows that concentrations of 

MG above 1 mM had cytotoxic effects on rat hepatocytes (Kalapos et al., 

1993).  However, results obtained with the rat myoblast L6 cell line showed 

that concentrations of up to 2.5 mM MG did not increase the number of 
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apoptotic or necrotic cells (Riboulet-Chavey et al., 2006).  These 

discrepancies are an indicator of how the α-dicarbonyls have different effects 

on different cell types, probably dependent on cell function and machinery.  

Following these experiments, lucigenin was used to determine free radical 

production with MG and GO treatments over an 8 h period.  These results 

showed that 1 mM MG had a negative effect on lucigenin-enhanced 

luminescence as compared to the control, which is probably best explained by 

the cytotoxic effects seen in the cell viability experiments.  However, the 

lucigenin experiment also showed that 100 µM MG and 1 mM GO also had 

similar negative effects on the lucigenin-enhanced luminescence.  Although 

the viability tests performed did not show any evidence of these treatments 

activating apoptotic or necrotic pathways within THP-1 cells, this does not 

preclude the possibility that longer incubations with these concentrations of α-

dicarbonyls would not result in the cells entering these pathways.   

 

In agreement with previous publications and the hypothesis, GO significantly 

increased production of free radical species at the physiologically relevant 

concentrations of 100 nM → 10 µM.  However, it is only with a 1 µM 

concentration of MG that there is any significant increase in lucigenin-

enhanced luminescence as compared to control.  The biphasic concentration-

dependent response elicited by both of these α-dicarbonyls suggests that two 

conflicting effects might be induced by GO and MG:  at low concentrations, a 

pro-oxidant effect dominated, whilst at higher concentrations an apparent 

antioxidant effect is dominant.  This latter effect, indicated by a depression in 

lucigenin-enhanced luminescence, may be explained as an artefact related to 

cell death, as it was present at concentrations which are (in the case of 1 mM 

MG) or may be (in the case of 100 µM MG and 1 mM GO), cytotoxic in longer 

incubations.  In contrast with the hypothesis, the resultant increase in free 

radical production seen in this chapter does not appear to be associated with 

a depression in the levels of total GSH, even after 48 h of treatment.  It is 

possible that the assay used may not be suitable for this model, as the Gsr in 

the presence of NADPH may be able to reduce any MG- or GO-modified GSH 

(GS-MG or GS-GO respectively), which would result in changes in total GSH 
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being undetectable.  However, these results were in agreement with a 

previously published study indicating that GO up to 100 µM did not alter total 

GSH levels in rat hepatocytes (Shangari et al., 2006). 

 

The results in Chapter 4 also showed that GO (but not MG) at low 

concentrations (100 nM and 1 µM), significantly acitivated the enzyme 

NADPH oxidase to generate O2
.-.  This activation appeared to be the 

dominant factor in ROS production in this model, accounting for approximately 

70% of the increase in lucigenin-enhanced luminescence seen.  As discussed 

in Chapter 4, this could be due to either upregulation of the enzyme itself, of 

through enhancement of its activation.  The fact that MG treatment did not 

correlate with a significant increase in NADPH oxidase activation highlights an 

interesting dichotomy in the mechanism by which the 2 α-dicarbonyls induce 

oxidative stress.  In this model it would appear the MG is acting through an 

NADPH oxidase-independent mechanism, possibly the xanthine/xanthine 

oxidase pathway, cytoplasmic SOD, or perhaps by mediating mitochondrial 

dysfunction.  Any of these pathways may also be responsible for the residual 

ROS generation (30%) caused by GO treatment. 

 

The experiments described in Chapter 5 were designed to investigate the 

effects of MG and GO on pancreatic β-cells.  First, the cytotoxicity of the 

compounds was established using the MTT cell viability test, which showed 

(as with the THP-1 monocytes in Chapter 4) that only concentrations of MG 

> 100 µM were cytotoxic to the RINm5f cell line over an acute incubation 

period (8 h).  This cytotoxicity was accompanied by a sustained decrease in 

insulin production over a 24 h period, and a significant decrease in ROS 

production (lucigenin-enhanced luminescence).  Again, a biphasic response 

was seen over the concentration range of α-dicarbonyls, showing 100 µM MG 

and 1 mM GO treatments displayed marked decreases in ROS production as 

compared to an untreated control, indicating that perhaps these treatments 

are cytotoxic to the cells over longer incubation periods.  Concentrations of 

the α-dicarbonyls ≤ 10 µM generated a significant increase in ROS 

production, which did not appear to be associated with cytotoxic 



Chapter 7 – General Discussion and Future Directions 

 

Page | 147  

consequences, at least in acute experiments (8 h).  Indeed, concentrations of 

GO ≤ 100µM appeared to increase cell viability in a concentration-dependent 

manner, as measured by the MTT assay.  This may be due to either an 

increase in cellular proliferation, or an increase in mitochondrial respiration.  

Other than 1 mM MG, there was no significant impact with MG or GO 

treatment upon insulin release in static incubations over a 24 h period, in 

agreement with previously published results (Cook et al., 1998).  However, 

due to the fact that the cells were maximally stimulated by the culture medium 

(11 mM glucose), it was impossible to tell whether or not the insulin secretion 

would be further stimulated by α-dicarbonyl treatment. 

 

Contrary to the hypothesis, the increase in ROS was not associated with a 

decrease in total GSH concentrations.  As discussed previously for the THP-1 

cells in Chapter 4, this may be because the test was inadequate for this 

model, with the Gsr + NADPH managing to dissociate any MG- and GO- 

moieties from the thiol component of the GSH.  However, in support of the 

results, quantitative PCR of the mRNA for glutathione regulatory genes (Gsr, 

GPx1, GCLc and GCLm) showed that there was no significant difference in 

translation of these genes compared to the untreated control.  This suggests 

that perhaps MG and GO are not causing the observed increase in ROS 

through depression of the intracellular antioxidant, GSH.  It remained to 

determine the mechanism by which MG and GO were exerting their pro-

oxidant effects in this β-cell model.  Quantitative PCR of the mRNA from the 

SOD genes 1 & 2 (cytoplasmic and mitochondrial respectively) revealed that 

the α-dicarbonyls were not inhibiting the production of these antioxidant 

defence enzymes compared to untreated control.  However, with the apocynin 

experiments, it was revealed that NADPH oxidase is probably solely 

responsible for the observed ROS (thus O2
.-) production in response to 

treatment with MG (but not GO) in the β-cell line.  This is in agreement with 

previously published results implicating NADPH oxidase activation in renal 

mesangial cells and human intestinal cells (Kuntz et al., 2010, Ho et al., 

2007).  The mechanism by which GO is inducing the observed free radical 

generation is still unknown, it is possible that it could be through the 
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xanthine/xanthine oxidase pathway, or perhaps through alterations in 

mitochondrial function. 

 

Previous published work has implicated MG and GO in production of the 

proinflammatory cytokines, IL-8 and TNF-α, in various cell types (Yamawaki 

and Hara, 2008, Yamawaki et al., 2008, Kuntz et al., 2009, Kuntz et al., 2010, 

Fan et al., 2003), including neutrophils from individuals with T2DM (Wang et 

al., 2007) and a macrophage cell line (Fan et al., 2003).  However, there had 

been no previous studies on proinflammatory cytokine production from 

monocyte-derived macrophages from individuals with T2DM, and the 

experiments in Chapter 6 were designed to test this.  The results showed that 

only MG (but not GO) at concentrations > 100 µM elicited a modest, but 

significant increase in TNF-α production.  This failure of micromolar 

concentrations of α-dicarbonyls to induce TNF-α production is in partial 

agreement with results obtained from the earlier neutrophil study (Wang et al., 

2007), in which concentrations of MG and GO ≤ 30 µM failed to increase TNF-

α production in comparison with untreated controls.  The neutrophil study also 

showed that MG treatment concentration-dependently decreased the 

production of TNF-α from untreated control, which was not seen in this work, 

unsurprising as the basal levels of TNF-α release were very low 

(approximately 1.8 pg/mL).   

 

Interestingly, both MG and GO treatments increased IL-8 production in a 

concentration-dependent manner, an effect that was significantly greater than 

the untreated control at 1 mM, and indeed approaching that elicited by LPS 

(positive control).  LPS is a general cell activator and induces the release of 

numerous cytokines.  IL-8 is a cytokine known to attract monocytes and 

neutrophils to sites of inflammation, and circulating levels have been shown to 

be elevated in individuals with T2DM (Esposito et al., 2003, Zozuliñska et al., 

1999).  These results are in agreement with previously published work on 

human colonic cell lines (Kuntz et al., 2010).  However, they are also 

contradictory to results obtained with neutrophils from T2DM individuals, 

which showed that MG treatment concentration-dependently decreased the 
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production of IL-8 from said cells (Wang et al., 2007).  This could be explained 

by a difference in the cell phenotype, once again pointing to the hypothesis 

that, despite their structural similarities, MG and GO activate distinct pathways 

in different cell types.   

 

Although the concentrations required to induce significant IL-8 secretion were 

approaching cytotoxic concentrations, this could be because the cells have 

developed a tolerance to the nano- and micro- molar concentrations in vivo.  

In any event, it is feasible that the increase in IL-8 from tissue macrophages 

could induce migration of activated neutrophils and monocytes to the 

pancreas in T2DM, possibly contributing to cell death amongst the β-cells. 

 

In summary, the work in this thesis has shown that, in agreement with the 

hypotheses, MG and GO induced free radical generation in both monocytic 

cells and also pancreatic β-cells at (patho)physiologically relevant 

concentrations.  Despite their structural similarities, the mechanisms by which 

they exerted this effect are distinct not only between themselves, but also 

within different cell phenotypes.  Contrary to the hypotheses, this pro-oxidant 

effect did not appear to be the consequence of depletion of cellular GSH in 

either cell type.  Nor indeed, did it appear to be due to the depletion of the 

antioxidant enzyme SOD within the pancreatic β-cell.  In both of the cell lines 

used as models within this work, it would appear that activation or 

upregulation of the enzyme NADPH oxidase was responsible for some of the 

observed increase in production of O2
.-.  Specifically, in the THP-1 monocytic 

cell line, NADPH oxidase was responsible for the majority of GO- (but not  

MG-) induced O2
.- production, whilst in the RINm5f cells, it was responsible for 

potentially all of the observed MG- (but not GO-) induced O2
.- production.  An 

illustrative summary of the results is presented in Figure 7.2.  Data presented 

in this PhD thesis also indicated that both MG and GO are able to induce an 

inflammatory response in monocyte-derived macrophages from individuals 

with T2DM.  These results may indicate that, whilst the potential pro-oxidant 

and proinflammatory effects of these α-dicarbonyls in T2DM may have been 

overstated in previous work, they may have the potential to be damaging to 
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the vasculature and the pancreas in a chronic disease such as diabetes 

mellitus. 
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Figure 7.2  Diagram representing the main findings of this thesis 

(A) Inflammatory cells and (B) pancreatic β-cells.  In acute incubations, neither MG nor GO 

generated significant ROS with amino acids or proteins in cell culture medium.  Neither MG 

nor GO appeared to act by depleting the levels of total cellular GSH, nor of SOD1 or SOD2 in 

pancreatic β-cells.  In both models, NADPH oxidase appeared to be involved in the 

generation of O2
.-
. 

(A) 

(B) 
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7.3 Clinical Implications 

Oxidative stress and inflammation are considered to be key mechanisms in 

the initiation of pathologies of chronic diseases such as diabetes mellitus.  

Indeed, an important aspect of tissue damage and death associated with 

chronic hyperglycaemia and diabetes is mediated by oxygen-centred free 

radicals (Wautier and Guillausseau, 2001), and T2DM has long been 

recognised as a disease that is characterised by low-grade, systemic 

inflammation (Hotamisligil et al., 1993).  Because of the increased 

concentration of protein-bound and circulating AGEs and their α-dicarbonyl 

precursors in the tissues and plasma of individuals with diabetes mellitus, 

there has been a lot of attention paid to these compounds, and their potential 

effects on free radical production and induction of inflammation.   

 

Given that pancreatic β-cells are slow-turnover cells that play a central role in 

whole-body glucose homeostasis, it is reasonable to hypothesise that they are 

well protected in terms of antioxidant defences.  However, β-cells have been 

found to have weaker antioxidant defences than most other cell types 

(reviewed in Rashidi et al., 2009), thus increased ROS production and 

deficient defensive mechanisms are known to mediate a major part of the link 

between glycaemia and β-cell functional/turnover impairments (Robertson et 

al., 2003).  Clinical evidence supporting this line of thinking includes many 

reports of elevated markers of oxidative stress in the plasma and urine of 

T2DM individuals, as well as decreased levels of GSH in the blood cells 

(reviewed in Robertson et al., 2003).  There have been numerous studies 

demonstrating that the administration of certain antioxidants, such as N-

acetylcysteine and aminoguanadine (that also traps α-dicarbonyl 

intermediates) can retard the onset of β-cell dysfunction in rodent models of 

T2DM (Kaneto et al., 1999, Tanaka et al., 1999).  Likewise, perfusion of 

human diabetic islets in vitro with glutathione has been shown to normalise 

the glucose-stimulated insulin secretion of these islets (Del Guerra et al., 

2005). 
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It is feasible that the significant generation of ROS in a pancreatic β-cell 

model seen in this work (Chapter 5) could be of clinical significance in T2DM.  

The concentrations of MG and GO that generated the increase in ROS 

production as compared to the untreated control were within the levels that 

have previously been reported to be circulating in the plasma of individuals 

with diabetes mellitus.  This production of ROS (which in the case of MG 

treatment was most likely O2
.-, generated by activation of NADPH oxidase) 

has the potential to damage cells, particularly the β-cell with its weak 

antioxidant defences.  This free radical-mediated injury could conceivably 

damage the β-cell, leading to apoptotic cell death.  Although only the highest 

concentrations of α-dicarbonyl treatment were associated with a reduction in 

cell viability in this work, it is necessary to consider that the model used in 

these experiments was a cell line which may be more robust than the cells in 

the pancreas.  Indeed, diabetes is a chronic disease, and the β-cell in vivo 

would be exposed to MG and GO for much longer periods of time increasing 

the chances of glycation of cellular proteins (as discussed in Chapter 3).   

 

The ability of MG and GO to generate ROS in monocytic cells is also of 

potential importance in the pathologies of diabetes.  Monocytes circulate in 

the blood, thus all the cells in the vasculature would be exposed to any free 

radical species generated from these cells.  It is plausible to suggest that the 

elevated levels of MG and GO in the plasma of individuals with T2DM may 

generate a chronic, low-level production of ROS within these circulating cells.  

This has the potential to not only damage the cells in the vasculature 

themselves, but also to generate damaging chain reactions which would harm 

the cells of the vital organs. Indeed, in support of this hypothesis, 

development of diabetic nephropathy (one of the major late-stage 

microvascular complications of diabetes) has been associated with generation 

of ROS (reviewed in Kanwar et al., 2008).  ROS are able to activate PKC 

which can lead to endothelial dysfunction with decreased nitric oxide (NO) 

production, increased expression of endothelin-1 and vascular endothelial 

growth factor.  This would alter blood flow and capillary permeability (reviewed 

in Kanwar et al., 2008). 
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The ability of MG and GO to induce the generation of the chemotactic protein 

IL-8 in macrophages is also of clinical importance in diabetes.  As discussed 

in Chapter 6, IL-8 functions to attract monocytes and neutrophils to sites of 

inflammation, and circulating levels have been shown to be increased in 

T2DM.  It is entirely feasible that the increased plasma and tissue 

concentrations of MG and GO observed in T2DM could be partially 

responsible for the increased level of IL-8.  Production of the cytokine is also 

particularly important when considering tissue macrophages.  If they are 

exposed to these concentrations of MG and GO it is feasible that they would 

be continually producing IL-8 in chronic disease.  This would enhance the 

number of inflammatory cells to various organs in T2DM, and could be 

partially responsible for the inflammatory infiltrates seen in the pancreas.  

Recruitment and activation of inflammatory cells would certainly have 

pathological consequences for the β-cells of the pancreas, by increasing the 

levels of oxidative species production and activation of inflammatory pathways 

via production of cytokines, leading to apoptosis of the insulin-producing cells. 

 

7.4 Future Directions 

In this PhD thesis several new and important observations have been made 

regarding the action of MG and GO on oxidative stress and inflammation.  1) 

Despite previous evidence linking MG and GO with production of free radicals 

in glycation reactions with amino acids and proteins (Lee et al., 1998, Yim et 

al., 1995), this work has shown that it is entirely possible that the amount of 

oxidative species production that may occur from such reactions may be so 

low as to be negligible in vivo.  2) In these models of MG and GO action, it 

would appear that the α-dicarbonyls did not generate oxidative stress within 

inflammatory cells nor pancreatic β-cells by depleting the levels of GSH.  3) At 

least in the β-cell model, the mechanism of action of the α-dicarbonyls did not 

involve dysregulation of the antioxidant SOD enzymes.  4) Neither MG nor GO 

had any significant effect on insulin production by β-cells, except at cytotoxic 

concentrations.  5) Treatment of inflammatory cells with α-dicarbonyls 

activated nuclear factors to induce release of the proinflammatory cytokine IL-

8.  6) In both immune cells and pancreatic β-cells, α-dicarbonyls were 
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involved in O2
.- generation by activation and/or upregulation of the enzyme 

NADPH oxidase.  7) Despite the structural similarities of MG and GO, it has 

been conclusively demonstrated that they have distinct mechanisms of action 

with respect to oxidative stress.  Yet, in order to fully understand the 

processes, further work should be performed.  The exact mechanisms by 

which MG and GO were generating free radicals through NADPH oxidase 

should be clarified, as well as elucidating the other pathways through which 

these free radicals were being produced.  Also, the exact nuclear factors 

being activated during the production of proinflammatory mediators still need 

to be investigated. 

 

7.4.1 The effects of MG and GO on modulation of GSH 

In this thesis, it has been demonstrated that neither MG nor GO appeared to 

generate ROS via depletion of cellular GSH levels.  However, as discussed in 

Chapters 4 and 5, the recycling assay used in this work (Rahman et al., 2006) 

may not be suitable for this model.  It has been previously demonstrated that 

MG and GO may interact with the –SH groups in GSH, forming intermediate 

glycation products GS-MG and GS-GO.  Whilst it is possible that with the 

acute treatments used in this thesis that these products have not been 

formed, it is also conceivable that the mixture of Gsr plus NADPH was able to 

cleave these bonds, and thus any modulation of total GSH levels may not 

have been observed.  In order to conclusively resolve this issue, it would be 

prudent to investigate this further, perhaps using a more sensitive 

measurement of glutathione detection, for example HPLC (Kand'ár et al., 

2007), mass spectrometry, nuclear magnetic resonance or capillary 

electrophoresis (for an in-depth review of all techniques in GSH analysis, see 

Monostori et al., 2009).  In addition to the increased sensitivity of these 

techniques, they are likely to be able to detect any adducts of GSH without 

cleaving the products, giving a clearer picture of the levels of total GSH within 

the cells.  Also, they are able to detect GSH and GSSG individually, which 

would give a much clearer picture of the redox balance of the cells in 

question. 
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As mentioned earlier, it is also possible that the formation of these glycation 

products may not have occurred in such an acute timeframe, as we have 

seen in this work that glycation products occur very slowly under physiological 

conditions (Chapter 3); an investigation of the effects of these α-dicarbonyls 

on the GSH levels over longer incubations is merited, particularly as diabetes 

is a chronic disease and individuals with both T1DM and T2DM have been 

shown to have significantly elevated levels of α-dicarbonyls in their plasma 

and tissues. 

 

7.4.2 MG and GO activation of NADPH oxidase 

 Activation of NADPH oxidase seems to be crucial to the pro-oxidant actions 

of MG and GO on more than one cell type.  This has also been shown in 

colonic cell lines (Kuntz et al., 2010), indicating that NADPH oxidase 

production of O2
.- is a major pathway by which these α-dicarbonyls exert a 

pro-oxidative effect.  NADPH oxidase in phagocytic cells is a complex 

multicomponent enzyme, consisting of the membrane-bound cytochrome b558 

and cytosolic proteins termed p67phox, p47phox and p40phox (reviewed in 

(Yagisawa et al., 1996, Segal and Abo, 1993, Edwards, 1996).  Upon 

activation, cytochrome b558 is reduced by NADPH, and functions by passing 

electrons from NADPH to O2, to form O2
.-.  It is currently thought that the phox 

proteins form a complex with p21rac and cytochrome b558 to form the complete 

NADPH oxidase enzyme (Segal and Abo, 1993).  There has also been work 

implicating arachadonic acid, calcium release and PKC as activators of 

NADPH oxidase (Maridonneau-Parini and Tauber, 1986, Maridonneau-Parini 

et al., 1986 McCarty et al., 2010). 

 

Because of the complexity of the NADPH oxidase enzyme and its pathways of 

oxidation, it might be interesting to investigate the mechanisms of activation 

imposed by GO in the monocyte and MG in the β-cell.  It is possible that the 

production of O2
.- could be mediated by a direct upregulation of components of 

the enzyme, for example the p21rac, p47phox or p67phox proteins.  It is also 

feasible that the activation of NADPH could be a downstream signalling 
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pathway, for example through an increase in arachadonic acid or calcium 

release, or in PKC activation. 

 

7.4.3 Other pro-oxidant effects of MG and GO 

Although some of the oxidative species production described in this work has 

been explained by activation/upregulation of the NADPH oxidase enzyme, this 

does not account for the ROS generated by approximately 30% of the GO 

treatment of THP-1 monocytes, any of the MG treatment of THP-1 monocytes 

or the GO treatment of β-cells.  Therefore it seems necessary to elucidate the 

other mechanisms by which these α-dicarbonyl compounds may be 

generating ROS.  Some obvious pathways which could be contenders are: 

activation of the xanthine/xanthine oxidase pathway (a flavoprotein thought to 

be involved in reactions that produce ROS such as nitrite and O2
.-, and 

inhibited by allopurinol) and inhibition of intracellular antioxidant enzymes, 

such as catalase, SOD (although this is not the case in the β-cell model) and 

other mitochondrial defence enzymes. 

 

7.4.4 Effects of MG and GO on inflammation 

In this work, it was shown that both MG and GO can induce production of the 

pro-inflammatory cytokine IL-8.  However, this study was only performed on 

the isolated monocyte-derived macrophages from individuals with T2DM.  For 

a complete picture of how these α-dicarbonyls can induce an inflammatory 

response, it would seem that it is necessary to have some healthy non-

diabetic controls in which to compare the results.  It may be that there was no 

acute inflammatory response (as measured by TNF-α production) because 

the cells had already become tolerant to a high α-dicarbonyl load in vivo.  This 

may also account for the fact that only cytotoxic concentrations of the α-

dicarbonyls were able to induce a significant increase in IL-8 secretion.  

 

It would also seem sensible to research into which nuclear factors were 

activated in the production of IL-8.  Previous work on colonic epithelial cell 

lines have implicated MAPK p38, ERK1/2, NFκB and indeed, NADPH oxidase 



Chapter 7 – General Discussion and Future Directions 

 

Page | 158  

in the secretion of IL-8, with different pathways being activated by both MG 

and GO (Kuntz et al., 2010). 
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Appendix 1  Flow cytometric profiles of Annexin V/PI staining of THP-1 cells 

(A) Untreated cells, where the majority appear in quadrant 3 (Annexin –ve, PI –ve), indicating 

healthy, viable cells; (B) Cells treated with staurosporine, where there is a shift of cells right 

into quadrant 4 (Annexin +ve, PI -ve), indicating apoptosis; (C) Cells treated with 1mM MG, 

showing a shift of cells up into quadrant 1 (PI +ve, Annexin -ve), indicating necrosis, and right 

into quadrant 2 (Annexin +ve, PI +ve), indicating apoptosis and necrosis, and quadrant 4 

(Annexin +ve), indicating apoptosis. 
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Appendix 2  Controls for AnnexinV/PI staining of THP-1 monocytes. 

(A) Viable cells, (B) Apoptotic cells, (C) Necrotic cells and (D) Dual-stained cells.  Cells were 

either untreated (cells, negative control) or treated with 10nM staurosporine (positive control).  

Staurosporine significantly increases the percentage of apoptotic and necrotic cells.  

Untreated cells show a low background level of apoptosis and necrosis.  (For all graphs, n = 5 

± SEM; p < 0.0001 repeated measures ANOVA; significance between groups determined 

against unstained cells using Dunnett‟s post-hoc test) 
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Appendix 3  Lucigenin controls for oxidative stress measurement. 

The results show an auto-oxidation of both MG (A) and GO (B) in reactions with the complete 

medium (including 10% FBS), and this response is concentration-dependent for both 

compounds.  The strongest signal for both compounds is at the start timepoint (approximately 

3.5 minutes), and as the timepoints progress towards 24 h the luminescence signals begin to 

merge towards a single point, most likely due to saturation of the lucigenin.  (For both graphs, 

n = 9, mean ± SEM) 
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Appendix 4  Measurement of ROS production in THP-1 cells treated with MG and GO. 

Treatment with concentrations of dicarbonyls ≥ 100 µM depress lucigenin-enhanced luminescence as compared to an untreated control.  100 µM GO shows 

a similar depressant effect until the 4 h timepoint, where it begins to mirror the results obtained in the untreated control.  (For both graphs, n = 9, mean ± 

SEM) 

MG lucigenin blank subtraction

2 4 6 8

-100

-75

-50

-25

0

25

50

75

100

125

untreated

20 M H2O2

1 mM MG

100 M MG

Time (hours)

L
u

c
ig

e
n

in
-d

e
ri

v
e
d

 l
u

m
in

e
s
c
e
n

c
e
 (

A
U

)

GO lucigenin blank subtraction

2 4 6 8

-100

-75

-50

-25

0

25

50

75

100

125

untreated

1 M H2O2

1 mM GO

100 M GO

Time (hours)

L
u

c
ig

e
n

in
-d

e
ri

v
e
d

 l
u

m
in

e
s
c
e
n

c
e
 (

A
U

)


