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Chapter 1 

Introduction 
1.1 Diabetes mellitus and prevalence 

Diabetes mellitus is a complex multi-factorial disease characterized by increased 

blood glucose level due to the defect in the body’s ability to produce or use insulin 

(ADA, 2005). Aretaeus, a Greek physician (150 A.D.), described the destructive 

nature of this affliction, which he named "Diabetes" - the melting down of flesh and 

limbs into urine. During 17th century, Dr. Thomas Willis diagnosed diabetes in 

patients based on the sweet taste of their urine sample. 

Diabetes is considered as one of the main life-threatening disease and medical 

emergency in 21st century. Globally, around 415 million people are suffering from 

diabetes in 2015 and the number is expected to rise up to 642 million by 2040 (Fig. 

1.1).  The majority of the people with diabetes are aged between 40 and 60 years, and 

75 % of them live in low- and middle-income countries (IDF, 2015). The rising 

prevalence of diabetes is associated with various factors such as genetic make up 

coupled with environmental influence, obesity associated with rising living standards 

and lifestyle modifications. According to International Diabetes Federation (IDF), 

Fig. 1.1 Global prevalence of diabetes population (Source: IDF, 2015) 
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India is the second largest country with 69.2 million people diagnosed with diabetes 

and the number may reach up to 123.5 million by 2040 (IDF, 2015). The rise of 

diabetes in India is mainly attributed to rapid urbanization and economic 

development. In Asia, there is at least one undiagnosed case of glucose intolerance for 

every diagnosed case of diabetes, indicating that actual population at risk of diabetes 

is much higher than the estimates (Ramachandran et al., 2002).  

A large community study by Indian Council of Medical Research (ICMR) 

indicated that Maharashtra (9.2 million) and Tamil Nadu (4.8 million) have high 

population affected with diabetes, whereas, people from Northern India such as 

Chandigarh (0.12 million) and Jharkhand (0.96 million) are least affected (Anjana et 

al., 2011). Across the metropolitan cities of India, the reported trend of diabetes is as 

follows: 11.7 % in Kolkata (Eastern India), 6.1 % in the Kashmir Valley (Northern 

India), 11.6 % in New Delhi (Northern India), 9.3 % in Mumbai (West India), 13.5 % 

in Chennai (South India), 16.6 % in Hyderabad (South India), and 12.4 % in 

Bangalore (South India) (Kaveeshwar et al., 2014). As the treatment of diabetes and 

associated complications is costly, the economic burden has been expected to increase 

steeply. For diabetic individuals in India, 33 % of total health expenditure is required 

to cover treatment costs. Overall increasing incidences of diabetes and related 

problems continue to create a burden on health systems, as well as the social and 

economic development of the country. 

 

1.2 Classification of diabetes mellitus 

According to American Diabetes Association (ADA), diabetes is classified into four 

main clinical classes as shown in Table 1.1.  

 Type 1 diabetes mellitus (T1DM): T1DM is characterized by autoimmune 

destruction of insulin-producing β-cells of the pancreas by CD4+, CD8+ T cells and 

macrophages (Jorns et al., 2014). The pancreatic β-cells can sense glucose and 

releases insulin to maintain the physiological level of glucose. When these β-cells are 

destroyed, the person loses control on blood glucose and essentially relies on 

exogenous insulin administration for survival (Keenan et al., 2010). T1DM is 

sometimes referred as juvenile diabetes as it typically begins in children and young 

adults. In T1DM, there is a higher risk of developing cardiovascular disease, kidney 

failure and cerebrovascular disease (Fourlanos et al., 2004).  
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Table 1.1 Classification of diabetes mellitus (ADA, 2013). 

 Type 1 
diabetes 

Type 2 
diabetes 

Gestational 
diabetes 

Other  
specific 
types of 
diabetes 

Commonly 
known as  

Insulin-
dependent 
diabetes 
mellitus 
(IDDM), type 
1 diabetes or 
juvenile-onset 
diabetes  

Non-insulin 
dependent 
diabetes 
mellitus 
(NIDDM), 
adult-onset 
diabetes 

Gestational 
diabetes 
mellitus (GDM) 
During 
pregnancy  

• Genetic 
defects of 
the β-cell -
maturity-
onset 
diabetes 
of young 
(MODY). 

• Genetic 
defects in 
insulin 
action 

• Diseases 
of the 
exocrine 
pancreas 

• Endocrino
pathies 

• Drug- or 
chemical- 
induced 
diabetes 

• Infections 
• Uncommo

n forms of 
immune-
mediated 
diabetes 

• Other 
genetic 
syndromes 
associated 
with 
diabetes  

Prevalence 5-10 % 90-95 %  1-14 %  
Patho-
physiology  

Autoimmune 
response  
destroys β-cells 
of pancreas, 
therefore 
negligible 
amount of 
insulin is 
produced  

Insulin 
resistance 

Similar to Type 
2 diabetes. 
Carries risk 
both for the 
mother and the 
neonate  

Risk 
factors  

Multiple 
genetic 
predispositions 
and some 
environmental 
factors  

Increased age, 
genes, obesity, 
lack of physical 
activity, 
previous history 
of gestational 
diabetes in 
women, 
hypertension or 
dyslipidemia 
and certain 
racial/ethnic 
subgroups. 

Higher maternal 
age (>35 y), 
pregnancy 
weight, BMI, 
poor diet, more 
sedentary 
lifestyle, 
ethnicity, 
glycosuria in 
the current 
pregnancy 
(Chen et al., 
2009).   

 

Type 2 diabetes mellitus (T2DM): T2DM is the most common form of diabetes. The 

frequency of T2DM has increased in developing countries because of changes in 

lifestyle and diet. Insulin resistance and β-cell failure represent the core 

pathophysiological defects in this type of diabetes (Patel et al., 2010). Insulin 

resistance is a physiological condition in which body produces insulin but the cells 
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and major target tissues such as liver, muscles and adipose tissues fail to use it 

effectively leading to hyperglycemia (Kesavadev et al., 2014). Majority people with 

T2DM are obese because of high-fat diet intake and reduced exercise.  

Gestational diabetes mellitus (GDM): GDM is a type of diabetes in which women 

without diabetes develops high blood glucose levels during pregnancy. Treatment of 

gestational diabetes is aimed to keep mother and baby healthy and maintain glycemic 

control (Beharier et al., 2015). These causes increased weight gain further affect cells 

and produced less insulin, therefore develop insulin resistance. The risk factors for 

GDM include age >25 years, genetic history of GDM, obesity (>30 BMI), history of 

polycystic ovarian syndrome, glucose intolerance etc. High blood sugar during 

pregnancy increases baby size and risk of pre-eclampsia. It may result in complicated 

delivery with higher chances of cesarean birth. Women with gestational diabetes are 

at higher risk of developing T2DM after the pregnancy. The risk can be lowered by 

adopting a healthier lifestyle, balanced diet and regular exercise (Vuong et al., 2017). 

 

1.3 Diagnosis of diabetes mellitus 

There are many internationally recognized guidelines and procedures for diagnosis of 

diabetes (Zhao et al., 2015). Clinical diagnosis of diabetes is warranted by 

characteristic symptoms include polydipsia (increased thirst), polyuria (increased 

urination), blurring of vision, weight loss, polyphagia (increased hunger), lack of 

energy, extreme tiredness and in severe cases drowsiness and coma. Since many 

symptoms are often not severe or may be absent, the diagnosis of the condition 

becomes difficult. According to ADA, the latest diagnostic criteria for diabetes are 

illustrated in Table 1.2. The diagnostic tests should be performed using a method 

certified by the National Glycohemoglobin Standardization Program and standardized 

or traceable to the Diabetes Control and Complications Trial reference assay. The 

method of monitoring blood sugar became popular and used universally untill 20th 

century. Monitoring of blood glucose levels help patients to maintain their diet or 

switch to an appropriate dose of drugs to maintain their glycemic status. Various new 

methods of diabetes monitoring are emerging in the 21st century including continuous 

glucose monitoring; closed loop control and alternate markers of glucose control 

(Dungan et al., 2014). 
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Table 1.2 Criteria for the diagnosis of diabetes mellitus (ADA, 2013) 

HbA1C ≥ 6.5%. 

OR 

Fasting Plasma Glucose (FPG) ≥ 126 mg/dL (7.0 mM/L). Fasting is defined as no 

caloric intake for at least 8 h. 

OR 

2 hr plasma glucose ≥ 200 mg/dL (11.1 mM/L) during an Oral Glucose Tolerance 

Test (OGGT). The test should be performed as described by the WHO, using a 

glucose load containing the equivalent of 75 g anhydrous glucose dissolved in 

water. 

OR 

In a patient with classic symptoms of hyperglycemia or hyperglycemic crisis, a 

random plasma glucose ≥ 200 mg/dL (11.1 mM/L). 

 

Pre-diabetes: It is commonly known as borderline diabetes. It is a metabolic 

condition in which blood glucose levels rise than the normal but not enough to 

categorize the person as diabetic (Genuth et al., 2003). Pre-diabetes is the critical 

stage of diabetes and correct action should be taken to slow down the progress of 

T2DM. Many people are unaware of their pre-diabetic condition because of the 

absence of any symptoms.  The way to know pre-diabetic condition is either by 

fasting plasma glucose (FPG) test or oral glucose tolerance test (OGTT) (Zimmet et 

al., 2004). According to ADA pre-diabetic persons are divided into following two 

categories: 

a) Impaired fasting glucose (IFG) - FPG levels 100 mg/dL (5.6 mM/L) to 126 

mg/dL (7 mM/L) 

b) Impaired glucose tolerance (IGT) - 2 hr plasma glucose level in OGTT 

between 140 mg/dL (7.8 mM/L) to 200 mg/dL (11.1 mM/L). 

Individuals with IFG and/or IGT have a relatively high risk for the future 

development of diabetes. IFG and IGT conditions are associated with obesity 

(especially abdominal or visceral obesity), dyslipidemia with high triglycerides and/or 

low HDL cholesterol and hypertension. Ideal body weight, regular exercise and 

controlled diet can help to prevent the pre-diabetic condition. 
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1.4 Pathogenesis of diabetes  

Glucose is an important energy source for normal functioning of the body organs. 

Maintenance of normal plasma glucose level in body requires balance between 

glucose utilization and endogenous glucose production. Glucose can be derived from 

three different sources such as, intestinal absorption that follows the digestion of 

dietary carbohydrates, glycogenolysis, and gluconeogenesis (Fig. 1.2). There are 

different metabolic pathways for transport of glucose into cells such as storage of 

glucose as glycogen; conversion of glucose to pyruvate by glycolysis; cellular uptake 

in response to insulin secretion; or released into the circulation by the liver and 

kidneys (Esposito et al., 2008). There are two metabolic conditions exist, 1) fasting 

condition where the body relies primarily on glucose stored in the form of glycogen 

which will be used as fuel in metabolic needs; 2) after a meal, absorption of glucose 

from the gut to replenish glycogen and fat storage. The body regulates the production 

and storage of glucose by secreting the endocrine hormone insulin produced from the 

pancreatic β-cells.  

Insulin is the dominant glucoregulatory hormone. Increased blood glucose 

levels signal the pancreas to produce insulin which allows the cells to uptake the 

glucose and normalize blood glucose levels. Another hormone glucagon maintains 

glucose level by breakdown of stored glycogen from the liver in low blood glucose 

condition (Giugliano et al., 2008). Therefore, the imbalanced ratio of insulin to 

glucagon results in disturbed glucose metabolism leading to the development of pre-

diabetes or T2DM condition. Due to over production of insulin, β-cell become over 

worked and over the time will start to fail. Additionally, consistent increasing insulin 

levels cause the body to become more resistant to insulin. Therefore, uncoupling of 

blood glucose levels and the concentration of insulin prevents proper regulation of 

glucose metabolism leading to development of hyperglycemia (Ceriello et al., 2013). 

Hyperglycemic disarray is an important determinant for the onset of diabetes and 

severity of complications. In the increased pathogenesis of diabetes, various pathways 

such as polyol pathway, modification of protein kinase C activity, the formation of 

advanced glycation endproducts (AGEs) and hexosamine pathway flux have been 

reported (Sacks et al., 2011). These mechanisms further activate various signaling 

cascade and β-cell dysfunction leading to the development of micro-vascular 

(neuropathy, retinopathy and nephropathy) and macro-vascular complications (stroke, 
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heart attack, coronary artery disease (CAD), atherosclerosis and myocardial 

infarction) (Fig. 1.2). 

 

1.5 Diabetes mellitus complications 

1.5.1 Diabetic cardiomyopathy (DCM): DCM is a disease which affects the 

myocardium leading to structural abnormalities and diastolic-systolic dysfunction. It 

is a leading cause of death and accounts for half of the mortality in diabetic patients. 

DCM is a distinct entity and has been confirmed by myocardial infarction, heart 

disease like CAD and stroke in diabetic patients. DCM is characterized by diastolic 

dysfunction, myocellular hypertrophy, myocardial fibrosis, extracellular matrix 

deposition, defective calcium transportation and fatty acid metabolism (Yan et al., 

2014). CAD is most common heart disease in which heart muscles become hard and 

narrow due to cholesterol accumulation and therefore restricts blood supply to heart 

resulting in angina, heart attack or heart failure. In T1DM, DCM develops without 

disturbing kidney function, however in T2DM kidney dysfunction is the indicator for 

the onset of DCM. 

Fig. 1.2 Hyperglycemia-induced activation of downstream signaling pathways and 
vascular complications. NADPH= nicotinamide adenine dinucleotide phosphate; 
NOS= nitric oxide synthase; NO= nitric oxide; PKC= protein kinase C; p38MAPK= 
p38 mitogen-activated protein kinases; JAK/STAT= janus kinase/signal transducer 
and activator of transcription; JNK= c-Jun N-terminal kinases; NF-κB= nuclear factor 
kappa-B. 
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1.5.2 Diabetic retinopathy (DR): The hallmark of DR is the change in retinal 

structure and cellular composition of the microvasculature of eye (Saif et al., 2014). 

Prevalence of DR among diabetic patients was estimated to be 34.6% (Mahendra et 

al., 2015). Endothelial cell damage leads to changes in capillary microaneurysms, 

vascular permeability and neovascularization of blood vessels. There are two types of 

DR, 1) non-proliferative DR (NPDR); 2) proliferative DR (PDR). The death of 

pericytes which are responsible for regulation of retinal capillary perfusion occurs in 

early NPDR resulting in altered hemodynamics including abnormal auto-regulation of 

retinal blood flow and vascular permeability (Ciulla et al., 2002). In PDR, capillaries 

degradation causes release of angiogenic factors, subsequent blood vessel 

neovascularization, macular edema and visual impairment. Nearly all patients with 

T1DM and >60 % of T2DM patients are expected to have some form of retinopathy 

by the first decade of incidence of diabetes (Lund et al., 2015). 

1.5.3 Diabetic nephropathy (DN): DN represents a major cause of end-stage renal 

failure worldwide and characterized by albuminuria and declined in glomerular 

filtration rate (GFR). It progresses over a period of 10-20 years and may also 

contribute to macro-vascular complications such as heart attack and stroke (Silva et 

al., 2011, Wagner et al. 2011). Clinical symptoms of DN include excessive deposition 

of extracellular matrix proteins, thickening of the glomerular basement membrane, 

glomerular hypertrophy, tubulointerstitial fibrosis and decreased creatinine clearance 

(Matsushita et al., 2010). Higher sorbitol concentration causes fluid imbalance and 

disruption of cellular osmoregulation by the polyol pathway flux resulting in kidney 

damage (Kanwar et al., 2011). 

1.5.4 Diabetic neuropathy: In diabetic neuropathy, diffused and widespread damage 

of peripheral and autonomic nerves and small vessels occurs with high chances of 

amputation. Symptoms of neuropathy include headache, dizziness, poor wound 

healing, confusion, visual changes, sensation loss in the hands, arms, feet and legs 

(Selvarajah et al., 2006). The nerve fiber repair mechanism, nerve growth factor and 

other neurotrophic factors decrease in diabetes which contributes to vascular 

abnormalities (Schreiber et al., 2015). Decreased level of glucose causes neurogenic 

reactions by the hypothalamus, cellular malnutrition and disturbs normal cellular 

functions (Wessels et al., 2006). 
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1.6 Diabetes management – medicinal approaches 

Anti-diabetic drug treatment plays a pivotal role and remains the preferred 

pharmacological therapy to maintain glycemic control of diabetic patients (Iacobucci 

et al., 2014). Patients usually prefer to take oral medication rather than insulin 

injections due to fear of needle pain and its adverse effects such as hypoglycemia and 

weight gain. Selection of anti-diabetic drug depends on the type of diabetes. T1DM 

patients require insulin therapy as the body does not produce insulin. While, T2DM 

patients are first prescribed with oral anti-diabetic drugs which induce pancreas to 

produce insulin and reduce hepatic gluconeogenesis. In the management of T2DM 

among available therapeutic choices, major goal is to improve tissue insulin 

sensitivity and protect patients from long-term complications of the disease. This 

often involves lifestyle intervention, modest exercise and weight loss. It reduces the 

risk of impaired glucose tolerance and improves many of the cardiovascular risk 

parameters (Rawal et al., 2012). Anti-diabetic drugs are the first line therapy accepted 

through national and international guidelines. There are two different classes of anti-

diabetic medications available- 1) insulin injections and 2) oral anti-diabetic drugs. 

Insulin offers several benefits including improved insulin sensitivity and secretion, 

decreased hepatic glucose output and maintainance of glycated hemoglobin (HbA1c) 

below 7 %. However, larger doses are often required to achieve glycemic control, 

which sometimes may cause hypoglycemia (Giacco et al., 2010).  According to 

International guidelines, combination therapy of insulin and anti-diabetic drugs is 

more effective rather than monotherapy (Rivera et al., 2015). From different oral anti-

diabetic medications available (Fig. 1.3), metformin (MF) from biguanides class is 

generally recommended as a first-line treatment. Other anti-diabetic drug classes are - 

sulphonylureas (SU), meglitinide analogs, alpha-glucosidase inhibitors, 

thiazolidinediones (TZDs), dipeptidyl peptidase-4 inhibitors (Verspohl et al., 2012).  

• SU: They are hypoglycemic K+ channel blockers, which inhibit efflux of K+ from 

pancreatic β-cells, leading to depolarization of the β-cell membrane along with 

unlocking of Ca++ channels to permit the entry of Ca++. Calcium binding to 

calmodulin causes activation of kinases associated with endocrine secretory 

granules thereby promoting the exocytosis of insulin (Gross et al., 2011). eg. - a) 

First generation SU: Tolbutamide, Tolazamide, Acetohexamide, Chlorpropamide 

b) Second generation SU:  Glipizide (Gz), Glyburide, Glimepiride. 
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• Meglitinide analogs: Meglitinides are rapid acting insulin secretagogues. They 

modulate K+ efflux by blocking ATP-sensitive K+ channels and stimulate insulin 

release from pancreatic β-cells. They are used as monotherapy or in combination 

with MF and also for patients suffering from allergy (Guardado et al., 2013). e.g. - 

Repaglinide, Nateglinide. 

• Biguanides: Biguanides were introduced as oral anti-hyperglycemics in clinical 

practice in 1950s for the treatment of T2DM. They act on hepatic gluconeogenesis 

and improve insulin sensitivity in skeletal muscles. They also reduce intestinal 

absorption of glucose (Phung et al., 2010). e.g. - MF (dimethylguanide), 

Phenformin (Phenylethylbiguanide), Buformin. 

Fig. 1.3 Pharmacological treatment of hyperglycemia according to the site of 

action GLP1=glucagon-like peptide 1. DPP-IV=dipeptidyl peptidase IV. 
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• Alpha-glucosidase inhibitors: These are the inhibitors of intestinal glucosidases, 

enzymes responsible for degradation of oligosaccharides such as sucrase, maltase, 

and dextranase to monosaccharides. They also reduce carbohydrate absorption in 

the small intestine and postprandial hyperglycemia (Baron et al., 1987). e.g. - 

Acarbose, Miglitol. 

• TZDs: TZDs are highly selective and potent agonists for the peroxisome 

proliferator activated receptor (PPAR) gamma, which regulates the transcription 

of insulin responsive genes. PPAR receptors can be found in adipose tissues, 

skeletal muscles and liver. Activation of these receptors increases production of 

glucose transporters and helps in the regulation of fatty acid metabolism (Murff et 

al., 2014). e.g - Pioglitazone (Pz). 

• Dipeptidyl peptidase-4 inhibitors (DPP-4 inhibitors): They inhibit glucagon 

like peptide-1 enzyme and associated with increased gastrointestinal hormone 

level results in insulin secretion (Jiang et al., 2015). e.g -  Sitagliptin, Vildagliptin. 
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Chapter 2 

Review of literature 

 
2.1 Role of non-enzymatic glycation in diabetes   

Hyperglycemia adversely modulates cellular properties by a variety of mechanisms. 

The most important pathway involved in the pathogenesis of diabetes is the non-

enzymatic glycation (Brownlee, 2005). Glycation is spontaneous and multi-step 

process in which 1) reducing sugars non-enzymatically reacts with the free amino 

group of proteins to form early glycation intermediate Schiff base and then 

fructosamine which undergoes a series of reactions to form highly reactive 

dicarbonyls; 2) reaction of these reactive dicarbonyls with other amino groups further 

undergoes complex rearrangements and forms irreversible, heterogeneous moieties 

known as AGEs (Fig. 2.1). Intracellular hyperglycemia can induce the formation of 

glucose-derived dicarbonyl molecules such as glyoxal, methylglyoxal (MGO) and 3-

deoxyglucosone. These intracellular dicarbonyls, also called AGE precursors, are 

much more reactive than glucose due to lack of cyclic structure and comparatively 

smaller size. They glycate with amino groups of both intracellular and extracellular 

proteins at a much faster rate than glucose and cause more AGEs accumulation.  

Participation of MGO in glycation reaction can also alter the secondary 

structure of a protein leading to loss of protein function (Cohen et al., 2006). Major 

consequences of protein modification by dicarbonyls are the protein cross-links 

formation contributing to the development of several diabetic complications. 

Fig. 2.1 Formation of multiple glycation end-products 
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Interaction of dicarbonyls with lysine and arginine residues of protein or Amadori 

products leads to AGE crosslinks formation. AGEs are important biomarkers for the 

hyperglycemic condition as they can be easily detected and accounts only 1 % of 

protein cross-links in normal physiological condition. The most common cross-links 

structures are imidazolium crosslinks formed by modification of ε-amino group of 

lysine residues in protein by glyoxal and MGO. Few examples of cross-links are 

glyoxal-derived AGE glyoxal-lysine dimer (GOLD) and methylglyoxal-derived AGE 

methylglyoxal-lysine dimer (MOLD) found in human lens protein and human serum. 

There are also some non-fluorescent and non-crosslink structures which act as a 

receptor ligand and responsible for cellular responses and tissue damage (Yaylayan et 

al., 2003). Carboxymethyl lysine (CML) with the carboxyalkyl group attached to the 

ε-amino group of an amino acid is the best example of non-fluorescent AGE structure 

and also used as a biomarker for long-term protein damage and tissue abnormalities in 

diabetes (Li et al., 2008). 

AGEs formation is concentration dependant and levels vary based on the rate 

of protein turnover, degree of hyperglycemia and levels of oxidative stress (Rondeau 

et al., 2010). AGEs cause tissue damage by following mechanisms: 1) intracellular 

protein glycation; 2) cross-link formation and protein modification; 3) interaction with 

the receptor for advanced glycation end products (RAGE). The accumulation of 

AGEs on protein causes loss of their structural and functional integrity and amyloid 

fibril formation. Additionally, AGEs interact with RAGE causing nuclear factor 

alteration and activation of downstream signaling mechanism leading to increased 

formation of pro-inflammatory cytokines, vascular adhesion molecules and oxidative 

stress. AGEs are chemically heterogeneous compounds from which structures of only 

25 AGEs are fully characterized and some of them exhibit intrinsic fluorescence 

(Vlassara et al., 2011). Few identified AGEs include CML, GOLD, pentosidine, 

pyralline (Fig. 2.2) and among them 90 % of CML and pentosidine bind to plasma 

albumin (Luft et al., 2015). 

Albumin glycation: Albumin, the major plasma protein has long half-life of ~21 days. 

In normal individuals, glycated albumin comprises ~6–15 % of the total albumin and 

rises upto 32–40 % in hyperglycemic condition (Zheng et al., 2012). Albumin 

performs several essential biological functions such as transport and binding of 
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different biomolecules, antioxidant properties, acid-base balance, oncotic pressure 

regulation etc., which gets affected by glycation (Neelofar et al., 2016). 

 

During glycation of albumin reactive dicarbonyls rapidly interact with the free 

reduced thiol group and free amino groups leading to structural modification. Further, 

glycation of albumin decreases its bilirubin binding capacity leading to increased free 

bilirubin level and aggregate formation in blood (Ahlfors et al., 2009). As compared 

to HbA1c, glycated albumin reflects the short time plasma glucose level and therefore 

it is an important marker to assess the glycemic control in diabetes (Yoshiuchi et al., 

2008). Research on protein structural changes has gained an interest as they are 

strongly associated with developments of vascular complications (Rondeau et al., 

2007). However, an association of plasma protein multiple glycation modifications 

and aggregate formation in T2DM patients is not well understood.  

Fig. 2.2 Different types of glycation adducts 
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2.2 Exogenous sources of AGEs 

Apart from endogenous AGEs, exogenous AGEs are found in cigarettes and food. 

Such orally absorbed glycation end products are known as dietary AGEs or 

glycotoxins. In food, apart from Maillard reaction, AGEs can also be formed by 

interaction of sugars with oxidized lipids and proteins. Exogenous AGEs formation 

depends on the time and degree of exposure to heat (Uribarri et al., 2010). Various 

factors are responsible for AGEs formation in food such as high lipid and protein 

content, low water content during cooking, elevated pH and high temperature. The 

cooking method is also one of the important factors in AGEs formation. The food 

directly exposed to dry heat- grilling, frying, roasting, baking and barbecuing are 

richer in AGEs content than food cooked at lower temperatures in the presence of 

high water by boiling, steaming, poaching and stewing. Few examples of high AGEs 

content foods are sugary items like candy, cookies, cakes, soda, pastries, processed 

foods, packaged meats, cheese, butter, margarine, oil and fried foods. Foods with low 

AGEs content are fruits, vegetables, seafood, whole grains, low-fat breads, pasta and 

vegetarian burger (Cai et al., 2014). Plasma AGEs concentration in the human body is 

directly influenced by dietary AGE intake and the ability of the body for AGEs 

excretion (Hasegawa et al., 2017). 

 

2.3 Removal of AGEs 

Kidneys play an important role in the excretion of AGEs and effective elimination of 

AGEs depends on normal creatinine clearance. Reactive conjugates of AGEs attach to 

the small peptide which may get filtered through glomerulus and transported to the 

proximal tubules or may be directly removed from blood in the peritubular capillaries. 

Further, proximal tubules metabolize AGEs into non-reactive products which were 

excreted from the body (Geissler et al., 2010). The clearance of serum AGEs depends 

on renal function and activity of enzymes such as glyoxalase I, II and carbonyl 

reductase. Glyoxalase I is the key enzyme in anti-glycation defense system as it 

detoxifies MGO into D-lactate and reduces its accumulation on proteins or tissues. 

Patients with renal failure showed more glycated albumin accumulation in the 

glomerulus contributing to the development of nephropathy (Vlassara et al., 2009). In 

old age patients, more endogenous AGEs formation and exogenous AGEs intake 

lowers renal clearance of AGEs causing its accumulation and renal impairment 
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(Vlassara et al., 2007). Therefore, dysfunction of glyoxylase system and or high 

intake of dietary AGEs are linked to several health problems such as diabetes 

nephropathy, cardiovascular disease, cancer and neurological disorders.  

 

2.4 Protein glycation and cellular damage 

Glycated albumin elicits a number of pathological effects on various cells by 

triggering several cellular events and modulating intracellular signal transduction, 

concomitant oxidative stress and inflammation leading to cellular or tissue injury 

(Brownlee M, 2001). AGEs cross-linking with proteins in vascular wall results in 

thickening of vessels or leakage from the vasculature and leads to development of 

vascular disease (Bierhaus et al., 2004).  

AGEs can cause damage to the target cells by following mechanisms,  

1 Interaction of AGEs with their receptor RAGE causes generation of oxidative 

stress and induced production of inflammatory cytokines like tumor necrosis 

factor-α (TNF-α), interleukin-6 (IL-6); chemokine such as monocyte 

chemoattractant protein-1 (MCP-1) and growth factors like transforming 

growth factorβ-1(TGFβ-1), connective tissue growth factor and angiogenic 

vascular endothelial growth factor (VEGF). Together, these further contribute 

to the progression of different diabetes vascular complications (Wang et al., 

2010). 

2 AGEs accumulation on extracellular proteins causes stiffness, alters structural 

and functional properties of extracellular matrix protein (ECM) and affects 

matrix-cell interactions (Rabbani et al., 2015). 

3 Interactions of AGEs with receptor trigger activation of intracellular 

transcription factor NF-κB and various downstream signaling mechanisms 

such as PKC, MAPKp38 and JAK-STAT pathways and influence the 

synthesis of various ECM proteins (Tam et al., 2011). 

 During circulation, blood cells are constantly exposed to glycated plasma 

protein such as albumin and thus they are more susceptible to cellular toxicity induced 

by glycated protein. 

2.4.1 Glycation-induced damage to erythrocytes: Glucose uptake and transport from 

extracellular fluid into the cell has been made by two families of structurally and 

functionally related glucose transporters (Glut). 1) The facilitative Na+ independent 
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glucose transporter family (solute carriers SLC2A, protein symbol GLUT) - they 

mediate a bidirectional and energy-independent glucose transport in tissues and cells. 

2) The Na+ dependant co-transporter family (solute carriers SLC5A, protein symbol 

SGLT) - mediate an active, Na+-linked transport via a secondary transport mechanism 

(Carruthers et al., 2009). The multiple glucose transporter isoforms have different 

kinetic properties and cell surface expression which provides the basis for glucose 

uptake and its metabolism. Total 14 GLUTs have been characterized and the majority 

of them are expressed on the cell membrane. The human erythrocytes are enriched 

with GLUT-1 and constitute a large fraction of 2-5 % of polypeptides groups, a band 

4.5 which contains 95 % of the glucose transporter, and only 5 % of nucleoside 

transporter. In diabetic condition, band 4.5 undergoes non-enzymatic glycation due to 

increased level of intracellular glucose and oxidative stress (Keller et al., 1990). 

Glucose transporters play an important role in maintaining glucose levels by 

transporting them across plasma membrane. The transport is reduced in T2DM due to 

inability of insulin to elicit a translocation of adequate numbers of glucose 

transporters from an intracellular pool to the plasma membrane (Rudlowski et al., 

2003). GLUT-1 is more susceptible to glycation and its structural alteration is 

increased in diabetes resulting in cellular and tissue damage. Li et al. (2014), showed 

that high glucose concentration reduces GLUT-1 expression and increases oxidative 

stress. While, Zhou et al. (2005), demonstrated that increased GLUT-1 expression 

enhances intracellular glucose and elevates oxidative stress in rat retinal endothelial 

cells. 

Erythrocytes are more susceptible to cellular damage due to high life span 

(120 days) and continuous exposure to glucose as well as glycated protein in plasma. 

In hyperglycemia, glucose binds to N-terminal amino acids of β chains of hemoglobin 

(Beltran et al., 2016). The hemoglobin glycation is dependent on age of erythrocytes 

and blood glucose concentration (Alo et al., 2001). Continuous exposure of 

erythrocytes to glycated plasma proteins result in erythrocyte fragility, hemolysis 

(Rother et al., 2005) and increases free plasma heme levels. Free heme is extracellular 

inflammatory signaling molecule with binding specificity for TLR4 on macrophages 

and endothelial cells. It also scavenges NO and reduces its bioavailability. Therefore, 

imbalance of vasodilator: vasoconstrictor results in endothelial dysfunction (Balla et 

al., 2005). GLUT-1 protein expression and erythrocyte fragility are strongly 
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associated with each other; however, expression of GLUT-1 in erythrocyte membrane 

and its relation with erythrocyte membrane protein glycation in T2DM patients is not 

well studied.   

2.4.2 Glycation-induced damage to monocytes: In humans, 5-10 % peripheral blood 

leucocytes are monocytes.Migration of monocytes into tissue and differentiation into 

macrophages or dendritic cells indicate enhanced inflammation at the respective sites 

by over-expression of adhesion molecules and chemokines. Glycated albumin also 

activates monocytes by interacting with RAGE present on them and causes monocyte 

infiltration contributing to vascular inflammation. Monocytes accumulation occurs 

through interaction with the MCP-1 and excessive accumulation to the vessel wall is 

one of the earliest detectable events indicating development of atherosclerosis. 

Secondly, production of cytokine and growth factor leads maturation of monocytes to 

macrophages which play an important role in plaques formation in atherosclerosis 

(Labrouche et al., 1996). Monocytes also rapidly recruited to sites of inflammation 

and lead endothelium disturbance.  

2.4.3 Glycation-induced damage to other cells: AGE-RAGE interaction on 

endothelial cells causes reduction in endothelial barrier function with increased 

permeability and lipid entry to endothelium. Further, this interaction leads to 

activation of adhesion molecules and trans-endothelial migration of monocytes. AGEs 

incubation with human umbilical vein endothelial cells caused suppression of NOS 

expression and changed vascular tone of the endothelium (Seshasai et al., 2011). 

AGEs can cause intense modification of basement membrane protein of retinal 

capillaries in diabetic dogs (Gardiner et al., 2003). Activation of RAGE causes 

osteogenic differentiation of smooth muscle cells and promotes vascular calcification 

(Nin et al., 2011). Glycated albumin accumulation in renal tubular cells causes up-

regultation of IL-6 in diabetic nephropathy. AGEs can exert inflammatory and fibrotic 

effect on proximal tubular epithelial cells via RAGE interaction and NF-κB activation 

(Tan et al., 2002). AGEs accumulation to renal cells causes structural changes of 

nephropathies like glomerulosclerosis, interstitial fibrosis and tubular atrophy. In 

mesangial cells, glycation causes generation of reactive oxygen radicals, synthesis and 

release of inflammatory cytokines leading to development of vascular complications 

(Ramasamy et al., 2012). Intracellular AGEs accumulation triggers over-expression of 

TGF-β which affects cellular hypertrophy, impairs protein degradation and renal 
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function (Tang et al., 2011). Thus, AGEs-RAGE interactions coerce advanced 

progression of diabetes complications.  

 

2.5 RAGE structure, isoforms and AGE-RAGE interaction 

RAGE is a type 1 transmembrane protein of approximately 45 kDa and contains 404 

amino acids residues. It is a multi-ligand receptor belonging to the immunoglobulin 

(Ig) superfamily of cell surface molecules (Tang et al., 2016). Human RAGE gene is 

present in chromosome 6p21.3 and comprises 11 exons and 10 introns. RAGE is 

called as pattern recognition receptor as it has the ability to interact with different 

ligands such as AGEs, β-sheet fibrils like amyloid proteins, high-mobility-group B 

and S100/calgranulin (Gu et al., 2006). Increased expression of RAGE in different 

type of cells such as vascular smooth muscles, glomeruli, podocytes, and tubular 

epithelium of the kidney of diabetes patients has been shown directly related to acute 

inflammation and vascular complications (Dimitriadis et al., 2013). Cell membrane-

bound RAGE contains three different types of domains as shown in Fig. 2.3. 

1. Extracellular domain (amino acids 1 to 339) - Responsible for extracellular 

ligand binding. It contains N-terminal signal peptide (amino acids 1 to 22), a type 

V immunoglobulin domain (variable, amino acids 23 to 116) and two type C 

immunoglobulin domains (constant) stabilized by disulfide bridges between 

cysteine residues (amino acids 124 to 221 in C1 domain and amino acids 227 to 

317 in C2 domain).  

2. Hydrophobic transmembrane domain (amino acids 340 to 361) – It is a three-

dimensional integral part of the protein which is thermodynamically stable in 

membrane. This anchors the receptor in the cell membrane. 

3. Highly charged intracellular cytoplasmic hydrophobic domain (amino acids 

362 to 404) – Essential for intracellular signaling.  

The domain V is the main ligand binding domain of RAGE as it has two alleged 

biding sites for glycation N-binding products. Domain V involves front and back 

sheet with β-strands. The back β-strands B, D and E are relatively short and strongly 

structured by intra-molecular hydrogen bonds. It has an extensive hydrophobic region 

which is highly conserved and positively charged due to Arg and Lys residues that 

wrap around the front β-strands. In contrast, domain C1 and domain C2 have few 

distinctive surface properties except a small positively charged patch of amino acids 
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continuing from domain V like Lys-123, Arg-216, Arg-218, Arg-221. These 

positively charged residues on domain V, C1 and C2 of RAGE are important and help 

negatively charged AGEs to fit into the positively charged cavity of V domain of 

RAGE and peptide backbone atoms make these interactions much stronger (Xue et 

al., 2011). It has been shown that the geometry of the bound AGEs are more 

compatible with other modified CML or CEL sites within plasma protein and 

therefore it justifies that different glycative adducts act as a ligand for RAGE and 

prominently bind to it. This interaction elicits oxidative stress generation and 

consequently causes an inflammatory reaction in various types of cells (Bodiga et al., 

2014). 

Different RAGE isoforms (Fig. 2.3) and their functions are as follows 

(Dimitriadis et al., 2013):- 

1. Full-length RAGE (membrane-bound): RAGE mainly expressed as full-length 

membrane-bound RAGE and contains ligand interaction domain as well as 

intracellular cytoplasmic tail. It is capable of inducing intracellular signaling.  

2. sRAGE: sRAGE has two subtype of soluble RAGE - esRAGE and cRAGE. It is 

involved in over-expression of pro-inflammatory cytokines by directly binding to 

the monocytes in less ligand condition. 

a. esRAGE (Endogenous secretory RAGE): It is a major splice variant 

generated due to exogenous splicing and has a V-domain which is essential for 

Fig. 2.3 Different RAGE isoforms and their structural variations 
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binding with ligands but lacks trans-membrane domain, therefore, cannot 

cause intracellular signaling. It is secreted extracellularly and acts as a decoy 

receptor as it neutralizes the action of AGEs.  

b. cRAGE (Cleaved RAGE): Proteolytically cleaved from the cellular surface 

by the action of matrix metalloproteinases (MMPs) and shed into the 

bloodstream. It may also bind to AGEs and prevent their interaction with full-

length RAGE, though mechanism of action is not known. After the cleavage 

of RAGE, the remaining membrane-bound C-terminal fragment undergoes 

degradation by γ-secretase and releases intercellular domain of RAGE into 

cytosolic space (Ostendorp et al., 2007).   

3. Dominant-negative RAGE (DN-RAGE): Lacks cytosolic tail hence cannot 

cause intracellular signaling though interact with ligands. Expressed on cell 

surface like full-length RAGE and its biological function is not known. 

4. Delta-RAGE isoform (ΔN-RAGE): N-truncated RAGE isoform. Lacks V 

domain, therefore, no ligand interaction. Expressed on cell surface and involved in 

angiogenic regulation in classical RAGE signaling pathway. 

Membrane-bound RAGE expression increases with the increased level of 

AGEs and it is also prone to undergo proteolytic cleavage by MMPs resulting in 

generation of cRAGE. Cleavage of RAGE is beneficial as it not only reduces number 

of receptors available for activation but also generates cRAGE which can act as a 

decoy for RAGE ligands (Dai et al., 2010). esRAGE and cRAGE were the most 

prevalent variants and accounted for about 90 % presence in lung and aortic smooth 

muscle cells (Humpert et al., 2007). Generation of sRAGE and esRAGE is affected by 

renal dysfunction and medication might have a strong influence on levels of sRAGE 

and esRAGE. According to Koyama et al. (2005), esRAGE is a novel and potential 

protective factor for the metabolic syndrome and atherosclerosis. Patients with T2DM 

and CAD showed elevated serum glycated albumin and decreased serum esRAGE 

levels (Lu et al., 2009). Increased serum levels of sRAGE are found to be associated 

with T1DM and T2DM complications in Western population. Interlink between 

RAGE gene polymorphism and insulin resistance suggested that RAGE plays a key 

role in development of advance stage of diabetes (Kalea et al., 2009).  
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2.6 Glycation and oxidative stress 

Auto-oxidation of glucose and protein glycation increases oxidative stress, generates 

reactive oxygen species which causes disruption of cellular functions and membrane 

damage (Zhao et al., 2015). The production of reactive oxygen species (ROS) is 

controlled by antioxidant enzymes like superoxide dismutase (SOD), catalase, GSH 

(glutathione) and inhibitors of LDL oxidation such as paraoxonase 1 (PON1). The 

levels of all these enzymes are found to be depleted in diabetic condition (WHO, 

2012). Coupled with free radicals, AGEs become more destructive and produce 

oxidative stress that can cause cellular damage (Narne et al., 2014). Researchers 

believe that oxidative stress may be involved in the formation of AGEs and their 

accumulation on proteins which in turn may induce even more oxidative stress 

(Ceriello, 2000). AGE-RAGE binding causes more oxidative stress generation via 

nicotinamide adenine dinucleotide phosphate (NADPH) subunit oxidation dependant 

mechanism in certain condition. AGE-RAGE may also contribute to excessive ROS 

generation via induction of mitochondrial superoxide electron transport chain 

(Giannakou et al., 2017). Additionally, excessive superoxide (O2
-) inhibits glycolytic 

enzyme glyceraldehyde-3-phosphate dehydrogenase and activates upstream metabolic 

pathway for glucose overutilization. Hence, rise in fructose-6-phosphate and glucose 

flow rate consumes phosphate from available NADPH and leads to depletion of 

cellular GSH. Depletion of GSH reduces glyoxylase I and increases levels of MGO 

resulting in more cellular ROS generation (Cannizzaro et al., 2017). 

Patients with T2DM are severely deficient in the synthesis of GSH and 

catalse. These enzymes play an important role in detoxification of MGO and 

enhancement of SOD levels (Houstis et al., 2006). Our previous study has shown 

increased erythrocyte fragility due to depletion of plasma antioxidants, increased 

oxidative stress and glycation in T2DM patients (Tupe et al., 2014). NO, a short-lived 

gaseous lipophilic molecule produced in almost all tissues, is a potent vasodilator and 

its levels are found to be lowered in T2DM patient. PON1 is responsible for anti-

oxidative balance and play an important role in inhibiting oxidation of LDL and cell 

membranes by circulating AGEs (Watson et al., 1995). The activity of PON1 was 

found to be lowered in T1DM and T2DM patients. The possible reason could be the 

formation of AGEs in hyperglycemic condition may affect PON1 activity by 

generating oxidative stress (Boemi et al., 2001). As with the reduction of different 
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antioxidant enzyme levels, the total antioxidant status of the cell goes down or gets 

imbalanced. Depletion of antioxidant profile causes oxidation of plasma proteins and 

form oxidized products known as advanced oxidation protein products (AOPP). 

AOPP are one of the causative factors in the development of cardio vascular diseases 

(CVD) as AOPP-albumin is directly involved in foam cell formation in arterial wall 

(Descamps-Latscha et al., 2005). Peroxidation of polyunsaturated fatty acids leads to 

generation of reactive carbonyls which further interacts with proteins and generates 

lipoxidation products (Yamagishi et al., 2012). Reports indicate positive correlation 

between lipid peroxidation and fasting glucose levels in patients with diabetes 

(Djindjic et al., 2017). Therefore, studies on glycation markers at different stages will 

be useful to understand the extent of glycation in human diabetic patients and their 

impact on antioxidant level.  

 

2.7 Glycation and inflammation 

Increased serum levels of AGEs can cause up-regulation of RAGE and AGE-RAGE 

interaction activates several signaling cascades such as Mitogen-Activated Protein 

Kinase (MAPK), Janus Kinase/Signal Transducer and Activator of Transcription 

(JAK/STAT) and Rho GTPases. The signaling cascades causes activation of 

proinflammatory transcription factor NF-κB as a first line of cellular defense. In 

normal condition, NF-κB resides in the cytoplasm in its inactive form bound to IκBα. 

Upon activation signal, IκBα is rapidly phosphorylated and degraded resulting in 

translocation of NF-κB (NF-κB heterodimer p50/p65) to nucleus. In the nucleus, it 

binds to decameric DNA sequence and activates transcription of targeted genes like 

adhesion molecules and pro-inflammatory cytokines- IL-6 and TNF-α (Ramasamy et 

al., 2009) (Fig. 2.4). The over-expression of inflammatory genes plays an important 

role in vascular response and development of complications. Previous evidence 

suggests that IL-6 inhibits glucose-stimulated insulin secretion from rodent islets and 

its over expression promotes islet inflammation in diabetes (Trinanes et al., 2012). 

Nicoletti et al. (2001), showed that serum levels of IL-18 were increased in newly 

diagnosed T1DM patients as compared to healthy individuals. Synergistic action of 

IL-6 with other pro-inflammatory cytokine in islets has been shown to play an 

important role in β-cell destruction and inflammation (Choi et al., 2004).  
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Ligand interaction with RAGE on monocytes causes release of cytokines, 

including TNF-α and MCP-1 (Hajebrahimi et al., 2016). TNF-α is an adipocytokine 

primarily secreted by macrophages and involved in systemic inflammation associated 

with insulin resistance. In serum of diabetes patients, levels of vascular cell adhesion 

molecule-1 (VCAM-1), or E-selectin were found to increase indicating endothelial 

dysfunction as endothelial cells are responsible for their expression (Tangvarasittichai 

et al., 2016). Recently, diagnosis of adiponectin levels in diabetic patients gained an 

interest as it is an important hormone for insulin sensitivity (Herder et al., 2016). It 

has been shown that adiponectin suppresses attachment of monocytes to endothelial 

cells and therefore prevents early event of atherosclerotic plaque formation and 

vascular change (Okamoto et al., 2000). It also interferes with TNF-α signaling and 

therefore may reduce levels of TNF-α in diabetes. Thus, its decreased levels might 

have an important role in the development of insulin resistance and atherosclerotic 

vascular damage in diabetic patients with CAD (Schraw et al., 2008). However, there 

are no reported evidences on serum levels of AGE-RAGE and their effect on 

inflammatory response. Therefore, study on this aspect may provide a novel 

biomarker platform for tracking the disease and its severity in Indian diabetic patients.  

 

 

Fig.2.4 RAGE dependant induction of oxidative stress, activation of NF-κB and 
inflammatory response 



31 

 

2.8 Diabetes secondary complications and glycation 

2.8.1 Diabetic cardiomyopathy and glycation: In hyperglycemia, AGEs formation on 

extracellular proteins quenches NO, decreases elasticity of vasculatures and weakens 

coronary vasodialation. Receptor interaction of AGEs elicits oxidative stress and 

converts NO to peroxynitrite which is involved in endothelial dysfunction and platelet 

activation. AGEs can cause oxidation of low-density lipoproteins and associated 

impaired clearance of cholesterol and triglyceride further causes hardening of the 

arteries. AGE interaction of RAGE enhances angiotensin-II levels, induces smooth 

muscle cell proliferation and concomitant atherosclerotic plaque formation. 

Accumulation of AGEs in myocardium results in up-regulation of RAGE and causes 

over-expression of inflammatory molecules like VCAM-1, MCP-1 and VEGF by NF-

κB activation. Elevated levels of inflammatory molecules results in vascular 

calcification and atherosclerosis progression (Wakasaki et al., 1997). Additionally, 

factors such as age, hypertension, obesity, coronary artery disease and 

cardiomyopathy increases risk of heart failure and stroke in diabetic patients (Katunga 

et al., 2015). 

2.8.2 Diabetic retinopathy and glycation: The lens of eye is a refractile epithelial 

membrane and made up of glycoprotein and collagen. The collagen in lens contains 

higher amount of hydroxylysine. C-amino group of lysine and C-hydroxyamino group 

of hydroxylysine is more prone to glycation. Long-term exposure to glucose causes its 

non-enzymatic glycation. The deposition of early glycation adducts in α-crystalline 

fraction increases with the age and causes opacification of the lens and cataract 

formation (Reddy et al., 2015). AGEs can also accumulate on ocular tissues such as 

cornea, lens, vitreous, retina and induce various changes in an extracellular matrix 

like reduced solubility, susceptibility to enzymes, thermal stability, mechanical 

strength and stiffness, thereby contributing to progression of DR. 

2.8.3 Diabetic nephropathy and glycation: In hyperglycemia, accumulation of AGEs 

such as CML modifies proteins and target renal tubular system by binding to their 

cellular receptors. Glycated albumin penetrates the glomerular wall and stimulates 

mRNA expression, protein synthesis of fibronectin and collagen. The ratio of glycated 

albumin penetration is more than non-glycated one which plays an important role in 

glomerular dysfunction (Stinghen et al., 2015).  Due to glycation in diabetes, there is 

increased filtration of fatty acids, growth factors and cytokines from kidney. These 
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filtration products further activate a number of downstream signaling cascades and 

generate more ROS and inflammation (Sourris et al., 2015). Increased glycation in 

mesangium leads to pericyte apoptosis and enhances expression of VEGF, finally 

resulting in glomerular hyper-filtration and kidney dysfunction (Busch et al., 2010). 

RAGE on podocytes and tubular cells interact with AGEs, causes pathological 

changes leading to chronic kidney lesions such as glomerular sclerosis and 

tubulointerstitial fibrosis (Yamagishi et al., 2011). AGE-RAGE axis impairs NO 

action by reducing its levels and up-regulates expression of HIF-1α (hypoxia-

inducible factor-1α) and TGF-β (transforming growth factor-β) in diabetic kidney 

which results in fibrosis and tubule-interstitial ischemia in T2DM patients (Stirban et 

al., 2009). 

2.8.4 Diabetic neuropathy and glycation: Advanced glycation leads to accumulation 

of myelin and tubulin in peripheral nerves which causes disturbed axonal transport, 

nerve fiber abnormalities, capillary basement membrane thickening and endothelial 

hyperplasia (Malik et al., 2003). The increased transport of glycated albumin across 

the blood-nerve barrier has deleterious effect on endoneurium. Glycation of collagen 

impairs elongation of axonal sprouts and hampers sensory neuron function (Duran et 

al., 2009). 40-60% diabetic patients with neuropathy are prone to hyperalgesia, 

paresthesias and allodynia (Ullah et al., 2015). Longer nerve fiber loss results in 

tingling, loss of sensation in feet and hands, leg ulcers, foot injuries and dysesthesia 

and in worst cases amputation is needed (Yagihashi et al., 2011). Laminin is an 

important constituent of Schwann cell basal laminae; however laminin glycation 

impairs its ability to promote nerve fiber regeneration (Wada et al., 2005). 

Accumulation of CML, hydroimidazolones and fructosyl-lysine in the peripheral 

nerve causes protein modification in streptozotocin-induced diabetic model. Glycation 

of ECM protein modifies charge and structure of arginine residues which lowers its 

integrin binding affinity and cell detachment further contributing to basement 

membrane thickening (Malik et al., 2003). 

 

2.9 Clinical implications of therapeutic interventions 

2.9.1 MF and its clinical use: MF, an anti-hyperglycemic agent, is in use for >50 

years and first choice of drug to treat T2DM. MF is as insulin sensitizing agent and 

acts directly against insulin resistance. MF reduces risk of both micro and macro-
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vascular complications in overweight patients (UKPDS, 1998). MF has similar 

structure (Fig. 2.5) as aminoguanidine (AG). AG is an anti-diabetic drug having two 

guanidine nitrogen groups with clear inhibitory effect on AGEs formation. However, 

side effects of AG might cause chronic toxicity problems in patients (Lo et al., 1994). 

MF has structurally related guanidine nitrogen groups which can react extensively 

with Amadori groups to trap reactive dicarbonyl species. Therefore, MF may block 

early glycation reaction and prevent formation of early glycation adducts such as 

fructosamine (Scarpello et al., 2008). MF can also react with physiological α-

oxoaldehydes, glyoxal, methylglyoxal and 3-deoxyglucosone to form 3-amino-1,2,4-

triazine derivatives and prevent glycation of proteins by these agents. Additionally, it 

has been observed that MF binds to subdomain IIIA (Sudlow’s site II) on non-

glycated and glycated serum albumin and may prevent albumin modification by 

AGEs (Matsuda et al., 2011). MF declines multi-marization and condensation of 

glycated protein and further formation of aggregates such as globular or amyloid 

fibrils (Ahmad et al., 2013). In addition, MF improves lipid profile and inhibits 

adipose tissue lipolysis, thereby reduces circulating level of free fatty acids. It 

improves antioxidant defense by activating AMP-kinase which plays an important 

role in regulation of glucose and lipid metabolism (Zou et al., 2004). MF has shown to 

provide benefit by reducing oxidative stress, inflammation and insulin resistance in 

streptozotocin-induced T2D rats (Salman et al., 2013). Similarly, Lund et al. (2008) 

have shown that MF was effective in reduction of inflammation and endothelial 

dysfunction as compared to repaglinide in patients with cardiovascular complications.  

 

 

 

 

 

 

 

 

 

 

 Fig. 2.5 Structures of MF, Gz and Pz 
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2.9.2 Gz and its clinical use: Gz,  a second-generation SU drug (Fig. 2.5), shows an 

intensive control on blood glucose levels in diabetic patients by stimulating insulin 

release from pancreatic β-cells (Jennings et al., 2000). In diabetes, insulin secretion 

gets hampered by failure of the β -cell KATP channels to close in response to increased 

intracellular ATP levels. SU class drug closes the KATP channels by an ATP-

independent route and maintains insulin secretion (Pearson et al., 2006).  It has been 

reported that SU binds to the sulfonylurea receptor 1 (SUR1) and decreases 

intracellular Ca++ levels in cell lines exposed to H2O2 thereby decreasing ROS-

mediated cell death (Bukan et al., 2004). Matsuda et al. (2012), showed that Gz 

interacts at Sudlow sites I and II in human serum albumin (close homology with 

BSA), which were estimated to have affinities of 3.2 - 3.9 × 10(5) and 1.1- 1.4 × 10(4) 

M(-1). During HSA glycation, up to 18 % decrease in the affinity for Gz was 

observed at Sudlow site I, while ~27 % increase was noted at Sudlow site II indicating 

changes in complex interactions of drug with proteins (Matsuda et al., 2015). 

2.9.3 Pz and its clinical use: Pz contains hydrazine nitrogen (Fig. 2.5), which has 

ability to interact with dicarbonyl species and further inhibits AGEs-protein cross-

linking (Rahbar et al., 2000). Binding of AGEs to RAGE activates MAPK, JNK/ p38 

and down-regulates PPAR-γ DNA binding activity which was strongly inhibited by 

the presence of Pz in chondrocytes results in reduction of vascular inflammation (Shi 

et al., 2016). Pz inhibits oxidative stress formation by activation of PPAR-γ which in 

turn enhances glutathione peroxidase 3 gene expression and blocks xanthine oxidase 

pathway (Chung et al., 2009). Pz also improves the activity of PON-1 in T2DM 

patients by increasing ApoA1 mass in HDL. Pz decreases nitrotyrosine in endothelial 

cells, lungs, plasma; prevents activation of NF-κB and acute inflammation in T2DM 

patients. PPAR-γ agonists have rapid action on mitochondrial respiration. It inhibits 

complex I and complex III and hampers electron transport and ROS generation in 

mitochondria (Collino et al., 2006).  

Nevertheless, the exact mechanism of action of these drugs on glycation 

induced albumin structural and functional modifications and further effect on vascular 

cells remains to be determined. Therefore, an analysis of glycated proteins in blood 

samples will give a better understanding about plasma and cellular levels AGEs, 

protein modifications at multiple stages and different RAGE isoforms in Indian 

diabetic population with different diabetic complications. Present study will add 



35 

 

knowledge about AGE-RAGE-ROS axis, intracellular modulation of NF-kB signaling 

and vascular inflammation in diabetes. Study about the potential action of drugs on 

protein modifications by glycation will give better understanding of the linkage 

between glycation and anti-diabetic drugs. Based on this background, present work 

was initiated to study the levels of different RAGE isoforms and their implication in 

different diabetic complications; linking of glycation with both oxidative stress and 

inflammation at cellular levels; in-vitro and in-vivo implication of three different 

classes of anti-diabetic drugs against glycation induced protein structural changes and 

cellular damage. 
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Chapter 3 

Aim and Objectives 

3.1  Aim of the study 

Evaluation of RAGE mediated cellular signaling mechanisms on glycation, 

inflammatory, oxidative stress markers in human diabetic patients along with in-vitro 

studies. 

 
3.2  Objectives of the study  

1. To study the glycation induced protein modifications in diabetes and diabetes 

complications. 

2. To evaluate the level of different RAGE isoforms in diabetic condition. 

3. To study the levels of different oxidative stress and inflammatory markers in 

diabetic condition. 

4. To examine effect of anti-diabetic drugs on albumin glycation and cellular 

changes in-vitro and in-vivo. 

5. To determine the levels of glycation, oxidative stress and inflammatory markers 

in anti-diabetic drug treated follow up diabetic patients. 
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Chapter 4 

Materials and Methods 
4.1 Materials 

The materials and chemicals used in the studies were purchased from suppliers as 

shown in Table 4.1. All other chemicals used were of analytical grade. 

Table 4.1 Source of chemicals and materials 

Chemicals, Materials Source 

Metformin hydrochloride, Glipizide, Pioglitazone HCl, nitro blue 

tetrazolium (NBT), 2, 4-dinitrophenylhydrazine (DNPH), 5-

5’dithiobis (2-nitrobenzoic acid) (DTNB), congo red (CR), p-

benzoquinone, sulphanilamide, naphthyl ethylene 

diaminedihydrochloride, paraoxon-ethyl, thiobarbituric acid 

(TBA), phosphotungstic acid hydrate (PTA),  2,2′ -Azobis(2-

methylpropionamidine) dihydrochloride (AAPH), 3-[4,5-

Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), 

albumin bovine fraction V, protease inhibitor cocktail,  2’-

thiobarbituric acid, histopaque®-1077   

Sigma 

Chemical 

Co.,USA 

Glucose, ethylene diamine tetra chloro acetic acid (EDTA), 

Potassium persulphate extrapure AR, ethylene glycol-O,-O'-bis(2-

Aminoethyl) N,N,N,N-tetraacetic acid extrapure (EGTA), sodium 

glycocheno deoxycholate, tris buffer, glycine, brilliant blue R, 

bromophenol blue indicator, urea, magnesium chloride 

hexahydrate, potassium dihydrogen orthophosphate, sodium 

potassium tartrate, ammonium acetate, trifluoroacetic acid (TFA), 

triton X 100, hydroxylamine hydrochloride, acetone, ethyl 

acetate, methanol, chloroform, n-butyl alcohol, acetic acid glacial, 

N,N,N`,N`-tetramethyl ethylenediamine (TEMED), 

trichloroacetic acid (TCA), sodium hydroxide pellets, sodium 

chloride, potassium chloride, dimethyl sulfoxide (DMSO) 

SRL 

diagnostics 

New Delhi, 

India 

Fetal bovine serum, trypsin 2.5 % solution, antibiotic solution 100 

x liquid, Dulbecco’s modified eagle's medium (DMEM), RPMI-

1640 w/ L-glutamine w/o sodium bicarbonate (powder) 

Himedia, 

Mumbai, India 
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ELISA kit for esRAGE (201-12-5303) Sunred 

Biological 

Technology, 

Shanghai  

5-(and-6)-carboxy-2′, 7′-dichlorofluorescein diacetate (DCF-DA) 

(Sc-209391), Antibody of NF-κB p65 (sc-8008), GLUT-1   (A-4) 

(sc-377228) and β-actin (sc-130301), Goat anti-mouse IgG HRP 

secondary antibody (sc-2005) 

Santacruz, CA, 

USA 

Antibody of CML (MAB3247) and human RAGE (MAB11451), 

ELISA kits of sRAGE (DRG00), IL-6 (D6050), TNF-α 

(DTA00C), VCAM-1 (DVC00), MCP-1 (DCP00), adiponectin 

(DRP300) 

R&D systems, 

USA 

Pre-stained molecular weight markers for SDS PAGE, 

Chemiluminescence kit, Nitrocellulose membrane 

Bio-Rad, USA 

 

4.2 Study design and participants 

Ethical Clearance: The ethical approval for the human study was obtained from 

Bharati Vidyapeeth Medical College Institutional Human Ethical Committee        

(Ref No. BVDU/MC/11, Dt. 20.9.13, Ref No. BVDU/MC/48, Dt. 15.9.2015). 

Recruitment of subjects and controls: Type of research study: Prospective 

The diabetic patients along with controls have been recruited at Department of 

Medicine, Bharati Hospital, Dhankawadi, Pune under the guidance of Dr. Arundhati 

G. Diwan. Patients from the out-patients department (OPD) and in-patients 

department (IPD) from Department of Medicine, Bharati Hospital, Pune were taken 

for the study. Healthy age sex matched non-diabetic controls were recruited through 

the camp organized at the hospitals for free health checkups. Initially, the complete 

study was explained to the patients using patient information sheet which helps them 

to decide whether or not they wish to take part in this study (Appendix I). Among the 

patients and control, only those were enrolled in the study who voluntarily signs the 

consent to participate (Appendix II). Total 500 volunteers were recruited for the 

objective. The number was decided on statistical parameters calculated by a 

statistician. 
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• Group 1 (n = 100): Control volunteers 

• Group 2 (n = 200): Diabetes mellitus patients without complications (DM) 

• Group 3 (n = 200): Diabetes mellitus patients with micro or macro-vascular 

complications (DMC) 

Inclusion criteria and exclusion criteria 

Age: 40-70 years 

Inclusion criteria for controls: Control subjects were recruited according to the 

following criteria (Anjana et al., 2011): 

1. FPG < 100 mg/dL 

2. HbA1c  < 5.7%      

Inclusion criteria for DM patients: The diagnosis of diabetes was determined by the 

criteria of the American Diabetes Association (ADA, 1997), as mentioned below,  
1. FPG >126 mg/dL  

2. HbA1c > 6.5 % 

Inclusion criteria for DMC patients: In addition to DM inclusion criteria, the DMC 

patients were included based on the following complications criteria, 

• Retinopathy: Medical and ocular history, comprehensive medical eye 

evaluation, presence of macular edema, high risk proliferative diabetic 

retinopathy (Haritoglou et al., 2014). 

• Neuropathy: HbA1c ≤ 12%, history of poor glycemic control, absence of 

joint position and vibration sense (Harnarayan et al., 2014).              

• Nephropathy: Albumin-to-Creatinine ratio ≥ 0.3, proteinuria, glomerular 

filtration rate (calculated by modification of diet in renal disease- MDRD) 

study equation) ≤ 60, 24 -hr urinary protein excretion ≥ 500 mg ( Knowler et 

al., 2005).  

• Coronary artery disease (CAD): Non-fatal myocardial infarction, LDL value 

>200mg/dL, history coronary artery disease and angina, blood pressure range 

between 120-139 mm Hg (systolic)/80-89 mm Hg (diastolic) (Aon et al., 

2015). 

Exclusion criteria for all groups: 

1. History of liver disorder, alcohol or drug abuse, active inflammatory disease 

and cancers etc. 

2. Patients consuming high antioxidant drugs (Moschopoulou et al., 2016).  
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4.3 Collection of patient’s personal, clinical information and blood sample  

The clinical information of each volunteer was recorded at the hospital such as FPG, 

HbA1c, erythrocyte sedimentation rate (ESR), lipid profile, serum creatinine, blood 

urea, total protein, albumin, globulin and liver enzymes from the patient’s hospital 

record form and included as a part of the study. Healthy volunteers (controls) were 

requested to bring their previous reports regarding above mentioned clinical 

information and recorded for comparison with diabetic groups. Personal information 

such as education, family income, drug history, family history of other non-

communicable diseases was also collected through the questionnaire (Appendix III).  

Blood sample collection: Blood samples (6ml) were collected from volunteers after 

12 hr fasting by venipuncture in EDTA vacutainers and immediately centrifuged at 

3000 rpm for 20 min. Plasma, erythrocyte and peripheral blood mononuclear cells 

(PBMNCs) were carefully separated and labeled. Plasma was stored at -20°C for 

further biochemical analysis, whereas erythrocytes were immediately processed for 

biochemical analysis. 

 

4.4 Estimation of plasma glycation markers  

4.4.1 Total protein estimation: The total protein concentration was determined by the 

reported method (Lowry et al., 1951). Briefly, 250 µl of plasma sample was mixed 

with 250 µl of alkaline copper tartrate solution (2 % Na2CO3 in 0.1 N NaOH and 0.5 

% of CuSO4. 5H2O in 1 % solution of sodium potassium tartrate) and incubated for 10 

min. Afterward, 1 ml of Folin’s Ciocalteu reagent was added and the samples were 

incubated for 10 min at room temperature. After incubation, the absorbance was 

measured spectrophotometrically (GENESYS 10-S, UV-Vis Spectrophotometer, 

Thermo Fisher Scientific) at 660 nm. The amount of protein in the sample was 

calculated using standard BSA (0 to 100 µg/ml) and results were expressed as mg/ml 

protein present in the sample. 

4.4.2 Fructosamine estimation: Fructosamine levels were analyzed by reported 

method (Baker et al., 1985) with the following modifications. 0.8 ml of NBT (0.75 

mM) was prepared in carbonate buffer (0.1 M, pH 10.35) and added to 0.04 ml of 

plasma sample followed by 30 min incubation at 37°C. The absorbance was taken at 

540 nm. The fructosamine content was calculated using standard 1-deoxy-1-
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morpholino-D-fructose (0 to 8 nM) and results were expressed as nM 

fructosamine/ml.  

4.4.3 Protein carbonyl group determination: Protein carbonyl groups were estimated 

by the reported method (Uchida et al., 1998). Briefly, 0.1 ml plasma sample was 

mixed with 0.5 ml of DNPH reagent (10 mM in 2.5 M HCl) and incubated at 37°C for 

60 min. The protein was precipitated using 1 ml of 10 % TCA, centrifuged at 7,000 

rpm for 10 min. Pellet was washed three times with 1 ml ethanol: ethyl acetate (1:1 

v/v) mixture and dissolved in 1 ml of 6 M urea. The absorbance of protein-hydrazone 

formation was measured at 365 nm and total protein concentration in solution was 

measured at 280 nm. Carbonyl concentration was calculated by using a molar 

extinction coefficient of DNPH (ε at 365 nm = 21 mM-1.cm-1). The results were 

expressed as nM carbonyl groups/mg protein.  

4.4.4 β-amyloid estimation: Cross-β amyloid structure was estimated by binding of 

specific dye CR (Klunk et al., 1999). 0.5 ml of plasma samples were incubated with 

0.1 ml of 100 mM CR prepared in phosphate buffer saline (PBS) (pH 7.4) containing 

ethanol (10 % v/v). The reaction was allowed to proceed for 20 min at 37°C and 

absorbance was recorded at 540 nm. The results were expressed as OD 540 nm/mg 

protein.  

4.4.5 AGEs fluorescence estimation: Plasma AGEs concentration was determined 

according to the reported method (Grillo et al., 2008). Plasma was diluted with PBS 

(pH 7.4) and fluorescence intensity was recorded using a PerkinElmer Luminescence 

spectrometer (LS50B, USA) at the emission wavelength 440 nm upon excitation 

wavelength 350 nm and the slit was adjusted to 10 nm. Results were expressed as 

fluorescence intensity in Arbitrary Units (AU)/mg protein.  

4.4.6 Free amino group content: Free amino group in plasma proteins were 

determined using p-Benzoquinone according to reported method (Acimovic et al., 

2011). The reaction mixture contained 100 µl of plasma sample, 100 µl of potassium 

phosphate buffer (pH 7.0) and 40 µl of p-Benzoquinone (0.1 M) by making the final 

volume of 1.5 ml with distilled water. Incubation was done at 37°C for 30 min. Free 

amino groups were calculated using alanine (1 to 9 mM) as standard and results were 

expressed as mM free amino groups/mg of protein. 

4.4.7 Free thiol group estimation: Thiol groups of plasma proteins were measured 

using DTNB according to the reported method (Ellman G., 1959). Briefly, the 250 µl 
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plasma samples were mixed with 0.05 M PBS (pH 7.6) followed by incubation for 15 

min at room temperature with 2.5 mM DTNB (750 µl). The absorbance was measured 

at 410 nm.  The free thiol content was calculated by using the molar extinction 

coefficient of DTNB (ε 410 nm = 13.6 mM-1.cm-1) and the results were expressed as 

nM thiol groups/mg of protein. 

 

4.5 Erythrocyte membrane modification markers 

4.5.1 Osmotic fragility of erythrocytes: Osmotic fragility was estimated as per the 

reported method (Raghuramulu et al., 1983). Briefly, to 1 ml of the hypotonic solution 

of varying concentration of NaCl (0.10-0.85 %), 0.01 ml erythrocytes were added and 

mixed carefully. The tube was allowed to stand at 37°C for 30 min followed by 

centrifugation at 5000 rpm for 5 min. The absorbance of the supernatant was taken at 

520 nm. The amount of hemolysis was estimated by comparing with 100 % lysis tube 

(0.1% NaCl). The results were expressed as mean erythrocyte fragility (MEF) at 

which 50 % of erythrocytes lysed. 
 

4.5.2 Preparation of erythrocytes ghosts: 1.5 ml erythrocytes were lysed in 5 ml of 

hypotonic buffer (5 mM sodium phosphate buffer), centrifuged at 10,000 rpm for 10 

min and washed with PBS (pH 7.4) until the pellet appears white (approximately 5-6 

times) (Dodge et al., 1963). Then pellet was homogenized in lysis buffer (50 mM 

Tris-pH 7.4, 0.1 % SDS, 5 mM EDTA, 1 mM EGTA, 0.1 mM PMSF, 150 mM NaCl, 

0.5% sodium deoxycholate, 1% Triton X-100, 10 µl protease inhibitor cocktail). 

Estimation of membrane protein carbonyls, β-amyloids and free amino groups were 

done according to above - prescribed methods (section 4.4). 

4.5.3 Protein estimation by Bradford assay: Bradford assay is very fast and mainly 

recommended for determining the protein content of cell fractions and assessing 

protein concentrations for gel electrophoresis (Bradford M., 1976). The reaction 

mixture contained 798 µl of distilled water, 200 µl of Bradford reagent (100 mg 

Coomassie Brilliant Blue G-250 in 50 ml 95 % ethanol, 100 ml 85 % (w/v) 

phosphoric acid and then diluted to 1 liter when the dye has completely dissolved) and 

2 µl of cell lysate. Mix properly, incubated for 5 min and absorbance was taken at 595 

nm on a spectrophotometer. The amount of protein in the sample was calculated using 

standard BSA (0 to 100 µg/ml) and results were expressed as mg/ml protein present in 

the sample.  
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4.5.4 Expression of glucose trasporter-1 by western blotting: Membrane protein 

concentration was estimated using Bradford assay. Erythrocyte ghost was mixed with 

loading dye (200 mM Tris-Cl, pH 6.8, 8 % SDS, 0.4 % bromophenol blue, 40 % 

glycerol, β-mercaptoethanol). An equal amount of protein (40 µg) was loaded on to 

12 % polyacrylamide gel and transferred electrophoretically to nitrocellulose 

membrane (Bio-Rad, USA) for 120 min at 110 volts. The membrane was blocked 

with 5 % BSA and incubated at 4ºC overnight with primary antibody against GLUT-1   

at 1:1000 dilution and β-actin at 1:500 dilutions. Then blots were washed with TBST 

(Tris pH 7.4, NaCl, KCl and Tween-20) three times followed by 45 min incubation 

with goat anti-mouse IgG secondary antibody. Proteins were visualized with a 

chemiluminescence kit (Bio-Rad, Advance western blotting detection kit, USA) and 

densitometry analysis was performed on scanned western blot images using the Image 

J 1.44p gel analysis tool (Wayne Rasband, National Institutes of Health, USA) (Badr 

et al., 2000).  

 

4.6 Determination of different RAGE isoforms 

4.6.1 Isolation of PBMNCs: Fasting blood samples were collected from healthy or 

diabetic volunteers by venipuncture in EDTA vacutainers. Blood was mixed with 

equal volume of saline and slowly layered on ficoll-histophaque followed by 

centrifugation at 3000 rpm for 20 min. After centrifugation, the middle layer of buffy 

coat was slowly collected in a separate centrifuge tube and washed with saline three 

times at 3000 rpm for 5 min. Supernatant was removed and pellet was dissolved in 

lysis buffer (50 mM Tris-pH 7.4, 0.1 % SDS, 5 mM EDTA, 1 mM EGTA, 0.1 mM 

PMSF, 150 mM NaCl, 0.5% sodium deoxycholate, 1 % Triton X-100, 10 µl protease 

inhibitor cocktail) and stored at -20°C. Next day, dissolved pellet was centrifuged at 

13000 rpm for 15 min at 4°C (Panda et al., 2013). From supernatant, protein was 

estimated by Bradford method. The same day samples were processed for the 

estimation of membrane-bound RAGE (Fig. 4.2).  
4.6.2 Expression of membrane RAGE and soluble RAGE by western blotting: 

Expression of membrane-bound RAGE from PBMNCs and sRAGE from plasma was 

determined. Samples were mixed with loading dye (200 mM Tris-Cl, pH 6.8, 8 % 

SDS, 0.4 % bromophenol blue, 40 % glycerol, β-mercaptoethanol) and equal amount 

of protein (40 µg) was loaded on to 12 % polyacrylamide gel and transferred 
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electrophoretically to nitrocellulose membrane (Bio-Rad, USA) for 120 min at 110 

volts. The membrane was blocked with 5 % BSA and incubated at 4ºC overnight with 

primary antibody against RAGE at 1:1000 dilution and β-actin at 1:500 dilution. Then 

blots were washed with TBST (Tris pH 7.4, NaCl, KCl and Tween-20) three times 

followed by 45 min incubation with goat anti-mouse IgG secondary antibody. 

Proteins were visualized with a chemiluminescence kit and densitometry analysis was 

performed on scanned western blot images using Image J 1.44p gel analysis tool 

(Wayne Rasband, National Institutes of Health, USA) (Katakami et al., 2005). 

4.6.3 Determination of plasma sRAGE and esRAGE by ELISA: The concentration 

of human sRAGE and esRAGE in plasma was determined using quantikine human 

immunoassay ELISA kits (Tang et al., 2016). In these ELISA assays, undiluted 

plasma samples were used and measurements were performed according to 

manufacturer's instructions. All the reagents, working standard and samples were 

brought to room temperature. First, 100 µl of assay diluent was added to the each well 

of 96 plate followed by addition of 50 µl of standard, controls and samples per well. 

Plate was covered with adhesive strips and incubated for 2 hr at room temperature. 

Each well was aspirated and washed with wash buffer three times. Then, 200 µl of 

RAGE conjugate was added to the each well, covered with adhesive strip followed by 

2 hr incubation at room temperature.  Each well was aspirated and repeated the 

washes for four times. 200 µl of substrate solution was added to each well and 

incubated for 30 min at room temperature. Finally, 50 µl of stop solution was added to 

each well and color was changed from blue to yellow. The absorbance was 

determined at 450 nm using ELISA plate reader (ELX800MS, BioTek Instruments 

Inc., USA). 

4.6.4 cRAGE estimation: The level of cRAGE for each plasma sample was calculated 

by subtracting esRAGE value from the respective sRAGE value (Tang et al., 2016). 

 

4.7 Estimation of plasma antioxidants and oxidative stress markers  

4.7.1 GSH content: The GSH was measured according to reported method (Ellman 

G., 1959). 0.25 ml plasma was added to 0.5 ml of precipitating solution composed of 

5 % TCA in 1 mM EDTA, centrifuged at 2000 rpm for 10 min. 0.1 ml of plasma 

sample was mixed with 2.5 ml of 0.1 M potassium phosphate buffer (pH 8.0) 

followed by the addition of 0.1 ml of DTNB (0.01 %). Absorbance (412 nm) was 
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measured and GSH concentration was calculated by using the molar extinction 

coefficient of DTNB (13600 M−1 cm−1). The results were expressed as nM GSH/mg 

protein. 

4.7.2 Catalase activity: Catalase activity was assayed according to reported method 

(Aebi et al., 1984). 0.1 ml of plasma mixed with 0.56 ml of 50 mM phosphate buffer 

(pH 7.0) and the reaction was started by the addition of 0.33 ml of 30 mM H2O2 

prepared in the same buffer. Absorbance (240 nm) was measured at 0 and 60 sec. 

Enzyme activity was expressed as nM of H2O2 decomposed min-1 mg-1 protein. The 

specific activity of catalase was calculated using the molar extinction coefficient for 

H2O2 as 43.6 M-1.cm-1 at 240 nm in the following equation:  

Specific activity (units/min/mg protein) =  ΔA240nm (1min) * 1000/43.6 * mg protein 

The results were expressed as catalase (U/min)/mg protein.  

4.7.3 NO levels: 0.25 ml of plasma was mixed with equal volume of Griess reagent 

(sulphanilamide 1 % w/v, naphthyl ethylene diaminedihydrochloride, 0.1 % w/v, and 

orthophosphoric acid, 25 % v/v) and incubated at room temperature for 10 min. The 

absorbance was measured at 540 nm. The results were expressed as OD at 540 nm/mg 

protein (Bitar et al., 2005).  

4.7.4 Total antioxidant capacity: Total antioxidant capacity of plasma was estimated 

by the ferric reducing antioxidant power (FRAP) assay (Benzie et al., 1996). For this, 

0.1 ml of plasma sample was mixed with 3 ml of working FRAP reagent (acetate 

buffer pH 3.6, FeCl3.7H20 and tripyridine triazide - 10:1:1) and incubated at 37°C. 

After vortexing, absorbance (593 nm) was measured at 0 min and 4 min. Ascorbic 

acid standard (100 μM-1000 μM) was processed in the same way. The results were 

expressed as μM of reduced ferrous/mg protein by comparing with a standard.  

4.7.5 Superoxide dismutase (SOD) activity: The activity of SOD was estimated by 

using the earlier reported method (Kono Y., 1978). The method is based on the 

principle of the inhibitory effect of SOD on reduction of NBT dye by superoxide 

anions, which was generated by the photo-oxidation of hydroxylamine hydrochloride. 

The reaction mixture contained 962 μl of 50 mM sodium carbonate solution, 10 μl of 

10 mM EDTA, 15 μl of 1.6 mM NBT and 3 μl of Triton X- 100 (10 %). The reaction 

was initiated by the addition of 10 μl of plasma. The rate of NBT reduction was 

calculated and one unit of enzyme was expressed as inverse of the amount of the 

protein required to inhibit the reduction rate of NBT by 50 % (U/mg protein). 
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4.7.6 Paraoxonase-1 (PON-1) activity: PON-1 activity was measured according to 

reported method (Bhattacharya et al., 2008). Briefly, 40 µl plasma samples were 

added to 760 µl of assay buffer (0.132 M Tris–HCl, pH 8.5, 1.32 mM CaCl2, and 2.63 

M NaCl). The mixture was incubated at 37°C for 5 min and the assay was initiated by 

the addition of 200 µl of 6 mM freshly prepared paraoxon ethyl substrate solution. 

Addition of substrate represents the activity of enzyme PON-1 present in sample. The 

absorbance was continuously monitored at 405 nm for 5 min. A molar extinction 

coefficient of 4-nitro phenol 18.05×103 M-1.cm-1was used for calculations of PON-1 

activity. A unit of PON-1 activity is defined as 1 nM of 4-nitro phenol formed/min 

under the assay conditions. The results were expressed as nM per mg protein. 

 4.7.7 Lipid peroxidation (LPO): Plasma malondialdehyde (MDA) assay is based on 

the transformation of chromogen - TBA to a chromophore after condensation with 

MDA which is a secondary product of LPO (Placer et al., 1996). For this, 0.2 ml of 

plasma sample was mixed with 1 ml of 10 % TCA and 2 ml of 0.67 % TBA prepared 

in 0.25 mM HCl. The mixture was kept in a boiling water bath for 25 min, cooled and 

then centrifuged at 3000 rpm for 15 min. The absorbance of supernatant was 

measured at 532 nm and the concentration of MDA was calculated using the molar 

extinction coefficient of MDA as 153000 M−1.cm−1. The results were expressed as nM 

MDA/mg protein. 

4.7.8 AOPP: AOPP concentration was measured according to reported method 

(Anderstam et al., 2008). MgCl2 (5 µl, 2 M) and phosphotungstate (20 µl, 4 % in 0.19 

M NaOH) were mixed with 200 µl of plasma followed by centrifugation at 1000 rpm 

for 20 min. AOPP was immediately measured in the supernatant at 340 nm. The 

AOPP levels in samples were calculated by comparing with standard chloramine-T 

(0-100 µM). The chloramine-T absorbance at 340 nm is linear within the range of 0 to 

100 µM, AOPP concentrations were expressed as µM chloramine-T equivalents/mg 

protein. 

4.7.9 Intracellular ROS detection: Pellet of PBMNCs was dissolved in DMEM 

culture medium containing 10 % FBS. 1×106 cells of control, DM and DMC samples 

were equally distributed on the sterile glass cover slip in 35 mm culture dish and kept 

at 37°C in CO2 incubator for 48 hr until the cells attached to the cover slip. Cells were 

washed with PBS and stained with DCF-DA dye (20 µM) for 30 min at 37°C. Cells 

were washed two times with PBS to minimize the background staining and cover slips 
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were mounted on glass slide using a mounting medium (90 % glycerol). Fluorescence 

of cells viewed using epifluorescence microscope (LeitzLaborlux-S, Germany) 

equipped with a 50 W mercury lamp and a filter set (I3 filter block with excitation 

filter BP 450-490, and suppression filter LP520). The digital images were acquired at 

40X with a Canon Powershot S80 camera. The % of fluorescent cells for each 

treatment was determined from the number of total (>400) and fluorescent cells 

counted (Royall et al., 1993). 

 

4.8 Determination of plasma inflammatory markers 

4.8.1 Expression of NF-κB: Expression level of NF-κB in PBMNCs was estimated 

according to above - prescribed method (Section 4.6.2). The primary antibody used 

for NF-κB at 1:1000 dilution and a loading control β-actin at 1:500 dilution. Then 

blots were incubated for 45 min with goat anti-mouse IgG secondary antibody. 

Proteins were visualized with a chemiluminescence kit and densitometry analysis was 

performed on scanned western blot images using Image J 1.44p gel analysis tool 

(Wayne Rasband, National Institutes of Health, USA) (Lan et al., 2015). 

4.8.2 IL-6: The concentration of human IL-6 in plasma was performed using 

quantikine human immunoassay ELISA kit. First, 100 µl of assay diluent was added 

to the each well of 96 plate followed by addition of 100 µl of standard, controls and 

undiluted plasma samples per well. Plate was covered with adhesive strips and 

incubated for 2 hr at room temperature. Each well was aspirated and washed with 

wash buffer three times. Then, 200 µl of IL-6 conjugate was added to the each well, 

covered with adhesive strip followed by 2 hr incubation at room temperature.  Each 

well was aspirated and repeated the washes for four times. 200 µl of substrate solution 

was added to each well and incubated for 20 min at room temperature. Finally, 50 µl 

of stop solution was added to each well and color was changed from blue to yellow. 

Absorbance was determined at 450 nm. The series of IL-6 Standard (3.13, 6.25, 12.5, 

25, 50, 100 pg/ml) were made and the level of IL-6 in the sample was calculated from 

standard graph and results were expressed as pg/ml.  

4.8.3 TNF-α: The concentration of human TNF-α in plasma was performed using 

quantikine human immunoassay ELISA kit. First, 50 µl of assay diluent was added to 

the each well of 96 plate followed by addition of 200 µl of standard, controls and 

undiluted plasma samples per well. Plate was covered with adhesive strips and 
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incubated for 2 hr at room temperature. Each well was aspirated and washed with 

wash buffer three times. Then, 200 µl of TNF-α conjugate was added to the each well, 

covered with adhesive strip followed by 2 hr incubation at room temperature.  Each 

well was aspirated and repeated the washes for four times. 200 µl of substrate solution 

was added to each well and incubated for 20 min at room temperature. Finally, 50 µl 

of stop solution was added to each well and color was changed from blue to yellow. 

Absorbance was determined at 450 nm. The series of TNF-α Standard (15.6, 31.2, 

62.5, 125, 250, 500, 1000 pg/ml) were made and the levels of TNF-α in the sample 

was calculated from standard graph and results were expressed as pg/ml. 

4.8.4 MCP-1: The concentration of human MCP-1 in plasma was performed using 

quantikine human immunoassay ELISA kit. First, 50 µl of assay diluent was added to 

the each well of 96 plate followed by addition of 200 µl of standard, controls and 

undiluted plasma samples per well. Plate was covered with adhesive strips and 

incubated for 2 hr at room temperature. Each well was aspirated and washed with 

wash buffer three times. Then, 200 µl of TNF-α conjugate was added to the each well, 

covered with adhesive strip followed by 2 hr incubation at room temperature.  Each 

well was aspirated and repeated the washes for four times. 200 µl of substrate solution 

was added to each well and incubated for 30 min at room temperature. Finally, 50 µl 

of stop solution was added to each well and color was changed from blue to yellow. 

Absorbance was determined at 450 nm. The series of MCP-1 Standard (31.3, 62.5, 

125, 250, 500, 1000 pg/ml) were made and the level of MCP-1 in the sample was 

calculated from standard graph and results were expressed as pg/ml. 

4.8.5 VCAM-1: The concentration of human VCAM-1 in plasma was performed 

using quantikine human immunoassay ELISA kit. First, 100 µl of assay diluent was 

added to the each well of 96 plate followed by addition of 100 µl of standard, controls 

and undiluted plasma samples per well. Plate was covered with adhesive strips and 

incubated for 1.5 hr at room temperature. Each well was aspirated and washed with 

wash buffer three times. Afterwards, immediately 100 µl substrate solution was added 

to the each well, covered with adhesive strip followed by 20 min incubation at room 

temperature. Finally, 50 µl of stop solution was added to each well and color was 

changed from blue to yellow. Absorbance was determined at 450 nm. The series of 

VCAM-1 standard (6.25, 12.5, 25, 50, 100, 200 ng/ml) were made and the level of 
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VCAM-1 in the sample was calculated from standard graph and results were 

expressed as ng/ml.  

4.8.6 Adiponectin: The concentration of human adiponectin in plasma was performed 

using quantikine human immunoassay ELISA kit. First, 100 µl of assay diluent was 

added to the each well of 96 plate followed by addition of 50 µl of standard, controls 

and undiluted plasma samples per well. Plate was covered with adhesive strips and 

incubated for 2 hr at room temperature. Each well was aspirated and washed with 

wash buffer three times. Then, 200 µl of adiponectin conjugate was added to the each 

well, covered with adhesive strip followed by 2 hr incubation at room temperature.  

Each well was aspirated and repeated the washes for four times. 200 µl of substrate 

solution was added to each well and incubated for 30 min at room temperature. 

Finally, 50 µl of stop solution was added to each well and color was changed from 

blue to yellow. Absorbance was determined at 450 nm. The series of adiponectin 

standard (3.9, 7.8, 15.6, 31.2, 62.5, 125 ng/ml) were made and the level of adiponectin 

in the sample was calculated from standard graph and results were expressed as 

ng/ml.  

 
4.9 In-vitro investigations of anti-diabetic drugs on albumin glycation 

4.9.1 Glycation of albumin: Glycation was initiated by incubating BSA (50 mg/ml) 

with a 40 mM MGO in PBS, pH 7.3 along with anti-diabetic drugs (MF/Gz/Pz) in 

sterile tubes at 37°C. The incubation period was different for MF/Gz and Pz, as 

solubility of MF, Gz was in water the reaction mixture was incubated for 14 days. Pz 

was soluble in DMSO (0.01 %) and the reaction mixture was incubated for 2 days. 

Reaction mixtures were filtered through 0.22 µm Millipore membrane filters 

(Millipore Corp., Billerica, MA, USA) into sterile plastic-capped vials to maintain 

sterility. Positive control (BSA + MGO), negative control (BSA) and standard 

glycation inhibitor aminoguanidine (AG) i.e. BSA + MGO + AG, and drug treated 

samples (BSA + MGO + Drug) were maintained simultaneously. MF and Gz were 

used at the concentration from 50 µM to 500 µM while Pz was used at 125 µM to 

1000 µM concentration. At the end of incubation period, unbound MGO was removed 

by dialysis against PBS and dialysate was used for further analysis in triplicates. The 

protein concentrations were determined by Lowry’s method. All additions were 

performed aseptically in triplicates. Different glycation parameters like fructosamine, 
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protein carbonyl, β-Amyloid, free amino groups, thiol groups were studied according 

to above - described methods (Section 4.4).  

4.9.1.1 Bilirubin binding assay: In the present study, Bf (free bilirubin) was measured 

using undiluted glycated samples (Roca et al., 2006). First bilirubin-albumin solution 

(0.2:0.3 ratio) was prepared by adding 350 µl of bilirubin (30 µM) and 4650 µl of 

glycated samples (60 µM) followed by measurement of absorbance at 468 nm to 

confirm the concentration of bilirubin in solution. Then, in 5 ml of bilirubin-albumin 

solution, 8.33 µl of 1.0 % H2O2 and 66.66 µl of HRP (1 mg/ml) were added. Unbound 

bilirubin is oxidized to colorless compounds by hydrogen peroxide in the presence of 

HRP. Then, absorbance was measured for 0, 30 and 60 sec at 468 nm. The unbound 

bilirubin concentration was calculated from the oxidation velocity of the reaction. 

4.9.1.2 Absorption spectroscopy: Absorption spectra of glycated albumin were 

recorded on UV-Visible spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA) in the range of 200-400 nm (Baraka et al., 2014). Prior to recording the 

absorption spectra, all samples were normalized to 200 µg of protein/ml. Results were 

expressed as absorbance unit from 200 to 400 nm. 

4.9.1.3 Polyacrylamide gel electrophoresis (PAGE): Structural modification of 

albumin samples after glycation in absence or presence of drugs was analyzed by 

native- PAGE (12 %). Sample protein was estimated by Lowry method. The sample 

was mixed with loading dye (200 mM Tris-Cl (pH 6.8), 0.4 % bromophenol blue, 40 

% glycerol) and an equal amount of protein (20 µg) was loaded on to 12 % 

polyacrylamide gel (neither SDS nor β-mercaptoethanol in the sample buffer or in the 

gel). Running condition was 70 V for stacking gel and 90 V for resolving gel followed 

by staining with Coomassie blue according to the Laemmli’s method (Laemmli et al., 

1970). 

4.9.1.4 HPLC analysis: HPLC analysis was performed on a Waters HPLC system 

comprising a UV/Visible Detector with Column symmetry c18 column (3.9*300 mm) 

and 512 HPLC pump. A gradient consisting of eluent “A” (0.1 % trifluoroacetic acid 

and 5 % acetonitrile) and eluent “B” (0.1% trifluoroacetic acid and 95 % acetonitrile) 

was employed at 1 ml/min flow rate. An isocratic method of 33 % of B and 67 % of A 

was applied for 20 min at a constant flow rate of 1 ml/min for each BSA, BSA-MGO, 

BSA-MGO-Pz and BSA-MGO-AG sample analysis and gradient of (A:B) 10:90 to 

90:10 was applied for analysis. Aqueous 5 % and 95 % acetonitrile solution was 
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prepared in deionized water to degassed and sonicated for 5 min before use. Prior to 

HPLC analysis, all samples and solvents were filtered with Millipore 0.22 μm syringe 

filters. 20 µl samples (13 µg) were loaded in the column and elution profile was 

measured at 220 nm (Seneviratne et al., 2011).  

4.9.2 Effect of MF and Gz incubated glycated samples on THP-1 cells and 

erythrocytes 

4.9.2.1 THP-1 cell line culturing and treatment: Human acute monocytic leukemia 

THP-1 cell line was purchased from National Centre for Cell Sciences (NCCS), India. 

Cells were grown in RPMI Media 1640 (Gibco) supplemented with 10% fetal bovine 

serum and 1X penicillin/streptomycin at 37°C, 5% CO2 in a humidified incubator. 

Cells were passage every 3 days by centrifugation at 2000 rpm approximately and re-

suspended with pre-warmed fresh RPMI-1640 media. All experiments were carried 

out using near-confluent cells which have been passage 2 days prior to the 

experiments. Appropriate cell number was seeded in ninety-six-well plate and 25cm2 

tissue culture flasks (Corning Inc., Corning, NY, USA) and incubated overnight at 

37°C in CO2 incubator. Next day, cells were given the treatment of glycated samples 

in presence or absence of anti-diabetic drugs (MF, Gz) followed by incubation for 24 

hr at 37°C in CO2 incubator. After treatment cells were centrifuged at 2000 rpm for 

10 min and pellet was dissolved in cell lysis buffer (50 mM Tris-pH 7.4, 0.1 % SDS, 

5 mM EDTA, 1 mM EGTA, 0.1 mM PMSF, 150 mM NaCl, 0.5% sodium 

deoxycholate, 1% Triton X-100, 10 µl protease inhibitor cocktail). The cell lysate was 

further used for estimation of other biochemical parameters such as GSH, catalase, 

NO according to above described methods (Section 4.7). 

4.9.2.2 MTT assay: Cell viability was checked according to reported method 

(Klegeris et al., 2003). Onto a ninety-six-well plate (Corning Inc., Corning, NY, 

USA) 100 μl of THP-1 cells at 105cells/ml were seeded per well in triplicate followed 

by overnight incubation at 37°C in 5 % CO2 incubator. Second day, cells were treated 

with glycated samples (600 µg/ml) for 24 hr at 37°C in 5 % CO2 incubator. Third day, 

10 µl of MTT (5 mg/ml) was then added to each well and incubated at standard 

incubation conditions for 1-2 hr or until blue crystals can be seen under the 

microscope. Solubilization solution DMSO (100 μl) was added to each well and 

trituration done to dissolve the crystals. The absorbance was read at 570 nm and the 

background read at 655 nm using microplate reader (Bio Kinetics EL340; Bio-Tek 
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Instruments, Winooski, VT, USA). Results were expressed as percentage cell viability 

relative to non-glycated control (% BSA control). 

4.9.2.3 Erythrocytes treatment: Blood was collected from healthy volunteers by 

venipuncture in EDTA vacutainers and centrifuged at 3000 rpm for 10 min, followed 

by erythrocyte washing with 0.15 M NaCl solution (thrice). Cells were then 

suspended in PBS (pH 7.4) for the final yield of erythrocytes suspension as 1 × 108 

erythrocytes/ml. Erythrocyte hemolysis was evaluated according to procedure 

described by the Ajila et al. (2008). The erythrocytes were treated with 0.1 % Triton-

X 100 without glycated samples to obtain 100 % hemolysis. To 100 µl of erythrocyte 

suspension, 100 µl of BSA and glycated albumin samples (600 µg/ml) in presence or 

absence of drugs were mixed. Further 100 µl of 0.45 M AAPH was added followed 

by incubation at 37°C for 3 hr and the absorbance of the supernatant was measured at 

450 nm using ELISA plate reader (BioTek Elx800, Winooski, USA). The results were 

expressed as percent (%) hemolysis. Similarly, for quantification of other cellular 

antioxidant parameters, 4 % of erythrocytes solutions were incubated with glycated 

samples (600 µg/ml) for 24 h. Afterwards, cells were collected by centrifugation at 

3000 rpm for 10 min and cell lysate was prepared in lysis buffer (50 mM Tris-pH 7.4, 

0.1 % SDS, 5 mM EDTA, 1 mM EGTA, 0.1 mM PMSF, 150 mM NaCl, 0.5% 

sodium deoxycholate, 1% Triton X-100, 10 µl protease inhibitor cocktail) which was 

further used for analysis. GSH content, catalase activity, SOD activity and lipid 

peroxidation were measured according to the above - mentioned methods (Section 

4.7).  

4.9.3 Effect of Pz incubated glycated samples on HEK-293 cells 

4.9.3.1 HEK-293 cells culturing and treatment: Human embryonic kidney (HEK-

293) cell line was purchased from NCCS, India. Cells were grown in DMEM Media 

(Gibco) supplemented with 10 % fetal bovine serum and 1X penicillin/streptomycin 

at 37°C, 5 % CO2 in a humidified incubator. Cells were passaged after 80 % 

confluency. For passage, first cells were washed twice with PBS and trypsinized for 1 

min with the trypsin-EDTA solution in CO2 incubator at 37°C. Then, trypsin was 

removed slowly and fresh media was added to re-suspend the cells and passaged in 

1:3 ratios followed by observation under phase contrast inverted microscope. All 

experiments were carried out using near-confluent cells which have been passage 2 

days prior to the experiments. Appropriate cell number were seeded in ninety-six-well 
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plates, 25cm2 tissue culture flasks (Corning Inc., Corning, NY, USA) and incubated 

overnight at 37°C in CO2 incubator. Next day media was removed and cells were 

given the treatment of glycated albumin in presence or absence of Pz followed by 

incubation for 24 hr at 37°C in CO2 incubator. After treatment cells were centrifuged 

at 2000 rpm for 10 min and pellet was dissolved in cell lysis buffer (50 mM Tris-pH 

7.4, 0.1 % SDS, 5 mM EDTA, 1 mM EGTA, 0.1 mM PMSF, 150 mM NaCl, 0.5% 

sodium deoxycholate, 1% Triton X-100, 10 µl protease inhibitor cocktail). Cell lysate 

was further used for estimation of other biochemical parameters such as PON-1 

activity, SOD activity, TAC and lipid peroxidation according to above described 

methods (Section 4.7). Expression of NF-κB and levels of IL-6 and TNF-α were 

measured as mentioned above (Section 4.8). Expression of membrane RAGE was 

studied by western blotting according to above prescribed method (Section 4.6.2) 

4.9.3.2 Intracellular ROS detection: The attached cells on glass cover slip were given 

the treatment of glycated samples in presence or absence of Pz (125 µM to 1000 µM) 

for 24 hr. Intracellular ROS was measured by DCF-DA fluorescence intensity as 

prescribed above (Section 4.7.9).  

 

4.10 Action of MF against advanced glycation in T2DM patients 

4.10.1 Study design and participants: Subjects were recruited from the Department 

of Medicine, Bharati Hospital, Pune. The complete study was explained to the 

patients and only those who voluntarily sign the consent to participate were enrolled 

in the study. Ethical approval for the study was obtained from the Bharati Vidyapeeth 

Medical College Institutional Human Ethical Committee (Ref No. BVDU/MC/11, Dt. 

20.9.13, Ref No. BVDU/MC/48, Dt. 15.9.2015). Diabetes was diagnosed according to 

the ADA diagnostic criteria.  The Age of patients was between 40-65 years old. 

Patients with malignancy, liver disorders, cancers and other chronic inflammations; 

patients consuming high antioxidants and alcohol abuse were excluded from the 

study. Control volunteers were recruited according to the above - mentioned criteria 

in section 4.2.  

Total 130 volunteers were included in the study and divided into three groups 

as follow: 1) controls (n=35); 2) diet controlled DM patients (n= 45); 3) DM patients 

with MF therapy (n= 50): These patients were given MF therapy with the daily dose 

of 1000 mg.  
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4.10.2 Biochemical evaluation of glycation and inflammatory markers: Blood 

samples (6ml) were collected after 12 hr fasting by venipuncture in EDTA vacutainers 

and were sent to the hospital laboratory for biochemical measurements. The clinical 

information of each volunteer has been recorded from the patient’s hospital record 

form and included as a part of the study. Plasma levels of different glycation markers 

– fructosamine, protein carbonyls, β-amyloid, free amino groups, free thiol groups 

and AGEs were analyzed as prescribed above (Section 4.4). Different antioxidants 

and oxidative stress markers (GSH, NO, TAC, LPO) were assessed (Section 4.7). 

sRAGE and inflammatory markers - IL-6, TNF-α, MCP-1 and VCAM-1 were 

quantitatively assessed by ELISA (Sections 4.6 and 4.8 respectively). 

 

4.11 Follow-up study: Study design and participants 

Type of research study: Prospective 

40 newly diagnosed, medication-naive type 2 diabetes patients visiting the department 

of medicine at Bharati Hospital, BVDU, Pune were recruited. The complete study was 

explained to the patients and only those who voluntarily sign the consent to 

participate were enrolled in the study. The ethical approval for the study was obtained 

from the Human Ethical Committee of Bharati Medical College of BVDU (Ref No. 

BVDU/MC/11, Dt. 20.9.13, Ref No. BVDU/MC/48, Dt. 15.9.2015). Patients were 

included in the study if the following inclusion criteria were met: 1) Recent diagnosis 

of type 2 DM in the absence of the use of medications known to cause insulin 

resistance; 2) Negative history for taking anti-diabetes medications of any class in the 

past; 3) Negative history for taking over-the counter vitamin or anti-oxidant 

supplements; 4) Absence of clinically significant chronic illnesses of the heart, lungs, 

or kidneys. Diabetes was diagnosed according to the ADA diagnostic criteria.   

Total 40 medication-naive T2DM patients were recruited and among them, 

only 31 patients were continued with the MF therapy in 3 months follow-up study. 

Patients received 1000 mg MF (500 mg tablets, two times daily) treatment as 

prescribed by the doctor. For each patient, the second visit at 3 months after the 

baseline visit was scheduled. No dose adjustment was made during the follow-up 

period of 3 months. Written informed consent forms were signed by all participating 

patients prior to enrolment in the study. 
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4.11.1 Baseline and follow-up assessment: A similar assessment protocol was used 

to evaluate patients at baseline and follow-up visits. At the time of enrolment age, 

sex, medical and drug history of patients were recorded using a pre-designed 

questionnaire.  

4.11.2 Glycation, oxidative stress and inflammatory markers: Blood samples (6 ml) 

were collected after 12 hr fasting by venipuncture in EDTA vacutainers and were sent 

to the hospital laboratory for biochemical measurements. During the follow-up check-

up of the same patients after 3 months, the blood sample was collected (12 hr fasting) 

and processed for biochemical measurements. Plasma levels of different glycation 

markers - fructosamine, protein carbonyls and β-amyloid were analyzed according to 

above - mentioned methods (Section 4.4). Different plasma oxidative stress markers - 

GSH, catalase, NO, PON-1, AOPP and lipid peroxidation were studied (Section 4.7). 

RAGE isoforms - sRAGE and esRAGE (Section 4.6) and inflammatory markers - IL-

6 and TNF-α were quantitatively assessed by ELISA method (Section 4.8). 

Expression profile of different proteins RAGE (Section 4.6), NF-κB (Section 4.8), 

GLUT-1   (Section 4.5) and CML (Section 4.12.3) in isolated PBMNCs was studied 

according to the procedure prescribed in respective sections.  

 

4.12 Statistical analysis 

Statistical analysis was carried out using Graph Pad Prism software. Values were 

presented as the mean ± standard deviation of triplicate values. Differences between 

the mean of multiple groups were compared by one-way analysis of variance 

(ANOVA) followed by post hoc Turkey's analysis or Kruskal–Wallis test depending 

on the data distribution. In the case of high inter-individual variability and non-normal 

distribution data were expressed as median and interquartile range through box plot 

representation of graphs. Box plot is represented as whiskers (minimal and maximal 

values) and used to visualize the data distribution for the comparison of data from the 

different groups. Statistical significance between two groups was determined by using 

the Student’s t-test (two-tailed). Densitometry analysis was performed on scanned 

western blot images using Image J 1.44p gel analysis tool. The 95 % confidence 

interval (CI) for the difference between the two means of before and after drug 

therapy in follow-up study does not include zero. The p-value for the comparison was 

considered statistically significant when the level of significance is less than 0.05, 
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0.01 and 0.001 value. Pearson’s correlation or Spearman's correlation analysis was 

performed in all study groups, to determine the relationship between different 

parameters which was expressed as the correlation coefficient (r). Statistical 

differences of p<0.001, p<0.01 and p<0.05 value was considered significant. 
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Chapter 5 

Results and discussion 
Objective 1: To study the glycation induced protein modifications in diabetes and 

diabetes complications 

5.1 Clinical profile of study volunteers 

In the present study, different clinical parameters of participants from control, DM 

and DMC groups were collected and summarized in Table 5.1. In DMC group, 

retinopathy (n=33), nephropathy (n=80), neuropathy (n=37) and coronary artery 

disease (CAD) (n=50) patients were recruited. Results showed no significant 

difference in the age between the study groups. FPG and HbA1c were significantly 

higher in DM and DMC patients as compared to controls (p<0.001). In serum 

proteins, plasma albumin (p<0.001) concentration was significantly lowered in both 

DM and DMC patients as compared to controls. Globulin level was also significantly 

reduced in (p<0.01) DM and DMC patients as compared to controls. The liver marker 

enzymes activity were same in all groups except for SALP which was markedly 

increased in DM and DMC patients (p<0.001) as compared to controls. Among the 

lipid profile, the level of total cholesterol and triglyceride was higher in DM patients 

and further cholesterol was significantly elevated in DMC patients as compared to 

both control (p<0.001) and DM patients (p<0.05). The level of HDL cholesterol was 

lowered in diabetic patients (p<0.001) whereas LDL cholesterol was higher in DM 

and significantly higher (p<0.05) in DMC patients as compared to controls. The level 

of VLDL cholesterol did not differ considerably between the groups. The value of 

blood urea was found higher in DMC patients as compared to controls and DM 

patients (p<0.05). The creatinine level was significantly elevated in DMC patients as 

compared to control (p<0.001) and DM patients (p<0.001). 

Due to long-term duration of diabetes, the level of HbA1c increases which is a 

standard marker of glycemic control (ADA, 2013). Similarly, in the present study, 

levels of HbA1c and FPG were higher in both DM and DMC groups indicating 

enhanced glycation. Total protein test measures albumin to globulin as they are two 

major proteins and their reduced levels in serum indicate certain underlying health 

conditions (Zheng et al., 2012) which were exactly found in DM and DMC patients. 

Increased levels of plasma liver enzymes are associated with the progression of liver 

diseases, obesity and physical inactivity. High liver enzymes and low glomerular 
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filtration rate (GFR) is positively correlated with each other in diabetes indicating 

interrelation between kidney dysfunction and liver disease (Leithead et al., 2011). As 

in present study SALP, SGOT and SGPT were higher in both diabetic groups.  

Table 5.1 Clinical characteristics of control, DM and DMC patients 

Parameters Control DM DMC 
Subjects (n) 106 200 200 

Age (years) 52.04 ± 8.95 55.6 ± 9.79 58.76 ± 9.91 

Sex (male/female) 60/46 104/96 97/103 
Diabetic duration (years) - 9.64 ± 5.93 10.33 ± 6.30 

FPG  (mg/dl) 89.86 ± 31.7 228.63 ± 65.26
 a1

 234.37 ± 63.33
 a1

 
Hemoglobin (g/dl) 12.87 ± 2.34 11.78 ± 2.37 10.61  ± 2.84 

HbA1c (%) 5.02 ± 0.74 7.96 ± 2.41
 a1

 9.88 ± 2.52
 a1, b1

 
ESR (mm/hr) 13.13 ± 3.81 35.75 ± 9.52 

a1
 45.39 ± 8.50 

a1, b1
 

Protein (Total) gm% 6.44 ± 0.73 6.24 ± 0.61 6.39 ± 0.65 

Protein (Albumin) gm% 5.33 ± 1.50 3.56 ± 0.46
 a1

 3.30 ± 0.67
 a1

 
Protein (Globulin) gm% 3.35 ± 0.58 2.72 ± 0.54

a2
 2.98 ± 0.75 

A/G ratio 1.37 ± 0.38 1.37 ± 0.36 1.29 ± 0.41 

SGOT (IU/L) 25.5 ± 12.5 28.71 ± 15.72 23.93 ± 14.86 

SGPT (IU/L) 24.47 ± 9.59 27.42 ± 12.33 24.23 ± 9.62 

SALP (IU/L) 23.46 ± 13.07 67.87 ± 23.82
a1

 74.73 ± 24.21
a1

 
Cholesterol (mg/dl) 141.0 ± 20.9 151.8 ± 38.1  161.8 ± 43.6 a1, b3 

Triglycerides (mg/dl) 123.0 ± 27.9 122.92 ± 52.1 136.4 ± 85.1 

S-HDL Cholesterol (mg/dl) 75.75 ± 35.63 40.3 ± 13.80
 a1

 38.60 ± 7.91
 a1

 
S-VLDL Cholesterol (mg/dl) 32.49 ± 13.24 27.75 ± 17.47 27.28 ± 17.03 

S-LDL Cholesterol (mg/dl) 83.21 ± 24.09 85.92 ± 30.87
 
 96.89 ± 31.69

 a3
 

Blood Urea (mg/dl) 31.25 ± 8.88 41.72 ± 20.03 58.84 ± 24.19
 b3

 
Serum Creatinine (mg/dl) 1.10 ± 0.54 1.13 ± 0.44 1.67 ± 1.05

 a1, b1
 

Data is presented as Mean ± SD. 
a = Comparison of DM and DMC patients vs. control subjects 
b = Comparison of DM patients vs. DMC patients  
a1b1: p<0.001, a2b2: p<0.01,   a3b3: p<0.05.  
FPG = fasting plasma glucose; HbA1C = glycated hemoglobin; ESR = erythrocyte 
sedimentation rate; SGOT = serum glutamic-oxaloacetic transaminase; SGPT = serum 
glutamic pyruvic transaminase; SALP = serum alkaline phosphatase; S-HDL = serum high-
density lipoprotein; S-VLDL = serum very low density lipoprotein; S-LDL = serum low 
density lipoprotein; DM = diabetes mellitus; DMC = diabetes mellitus complications. 



59 

 

Total cholesterol comprises all the cholesterol found in various lipoproteins such as 

HDL, LDL and VLDL. It has reported that AGEs increases LDL oxidation and limits 

their clearance (Xu et al., 2016). Due to increased plasma lipoprotein, blood-retinal 

barrier allows leakage of lipoprotein inside eyes which further modifies the intra-

retinal environment and causes substantial local damage leading to the development 

of diabetic retinopathy (Modjtahedi et al., 2016). Dyslipidemia is also highly 

prevalent in diabetic nephropathy patients (75.28 %) hence, regular screening required 

to minimize the risk factor for dyslipidemia and their adverse effect in diabetic 

nephropathy (Palazhy et al., 2017). Increased lipid profile promotes plaque 

vulnerability and might cause stroke and coronary artery diseases in diabetes. 

Similarly, in present study levels of all cholesterol was high in both DM and DMC 

patients. Urea is a waste product produced from ammonia in liver and excreted 

through urine (Hegele et al., 1999). Creatinine is a waste molecule and produced by 

creatine during muscle metabolism which is transported through the bloodstream to 

the kidney where it filters out through urine. High plasma glucose in diabetes 

damages millions of nephrons and therefore kidneys are unable to maintain fluid and 

electrolyte homeostasis. Reduced GFR causes increased creatinine and urea levels in 

plasma which is the indirect indicator of kidney dysfunction and progression of 

diabetic nephropathy (Mittal et al., 2010). Similar results of higher creatinine and urea 

were found in DMC patients in present study.  

 

5.2 Plasma glycation markers  

The levels of various plasma glycation markers in control, DM and DMC groups are 

shown in Fig. 5.1. Additional data of comparison between DM and DMC patients 

with different complications (DM + Retinopathy or Nephropathy or Neuropathy or 

CAD) is illustrated in Table 5.2. Fructosamine is the early glycation adduct and 

mainly used to assess glycemic control. In the present study, a level of fructosamine 

was significantly higher in DM (2.7-fold, p<0.001) and DMC group of patients (3.3-

fold, p<0.001) as compared to controls (Fig. 5.1 a). There was also a significant 

difference in levels of fructosamine in both diabetic groups where it was higher in 

DMC patients (1.2-fold, p<0.001) as compared to DM patients. DM patients with 

nephropathy (p<0.001) showed increased levels of fructosamine followed by 



60 

 

neuropathy (p<0.001), CAD (p<0.01) and retinopathy as compared to DM patients 

without complications. 

 

Protein carbonyl content is a general indicator of protein oxidation or 

modification due to glycation and their accumulation was observed in diabetes. In the 

present study, we found higher levels of protein carbonyl in DM patients (1.2-fold) 

and DMC patients (1.5-fold, p<0.01) (Fig. 5.1 b) as compared to controls. However, 

no significant difference was found between the diabetic groups. Upon complications 

Fig. 5.1 Levels of plasma glycation markers in control, DM and DMC groups - a) 
fructosamine; b) protein carbonyls; c) AGEs fluorescence; d) β-amyloids; e) free 
amino groups and f) free thiol groups. Data is represented as mean ± SD. * = as 
compared to controls. † = as compared to DM patients. *** ††† = p<0.001; ** †† 
= p<0.01; * † = p<0.05.   
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segregation, nephropathy patients showed the higher level of protein carbonyls 

(p<0.001) as compared to DM patients (Table 5.2). Except for nephropathy, 

retinopathy, neuropathy and CAD patients showed marginally increased levels of 

carbonyls as compared to DM patients. Generation of early glycation adducts 

eventually leads to the formation of AGEs. Therefore, the levels of AGEs was 

estimated by measuring AGEs fluorescence, which was higher in the DM patients 

(1.4-fold, p<0.001) and DMC patients (1.6-fold, p<0.001) as compared to controls 

(Fig. 5.1 c). In DMC patients there was 1.1-fold higher AGEs fluorescence (p<0.05) 

as compared to DM patients. Similar to early glycation markers, AGEs level was 

higher in nephropathy and CAD DM patients while retinopathy and neuropathy 

patient showed reduced AGEs levels as compared to DM patients without 

complications (Table 5.2).  

β-amyloid formation is the indication of protein structural changes and in 

present results, there were significantly higher levels of amyloid formation in DM 

patients (1.5-fold, p<0.001) and DMC patients (1.8-fold, p<0.001) as compared to 

controls (Fig. 5.1 d). Additionally, amyloid content was higher by 1.2-fold (p<0.01) in 

DMC patients as compared to DM patients. In complications, only DM patients with 

nephropathy showed higher levels of β-amyloid content as compared to DM patients 

without complications. However, DM patient with retinopathy, neuropathy and CAD 

has not shown any increment in β-amyloid content as compared to DM patients 

(Table 5.2). Due to protein modification there was a reduction in levels of protein free 

amino groups in DM (1.3-fold, p<0.001) and DMC patients (1.7-fold, p<0.001) as 

compared to controls (Fig. 5.1 e). There was also significant reduction of 0.7-fold 

(p<0.001) found in DMC patients as compared to DM patients. In complications, DM 

patients with retinopathy (p<0.001) and nephropathy (p<0.001) showed lower level of 

free amino groups as compared to DM patients while not much difference found in 

neuropathy and CAD DM patients (Table 5.2). Increased level of dicarbonyl rapidly 

interacts with the protein’s thiol groups converting them to oxidized form and causes 

their alleviation which was observed in present study. Reduced thiol groups were 

decreased (1.8-fold, p<0.001) in DM and DMC patients (2.1-fold, p<0.001) as 

compared to control (Fig. 5.1 f). There was the significant reduction in thiol groups in 

DM patients with neuropathy (p<0.01) and retinopathy (p<0.05) while not much 

difference found in nephropathy and CAD as compared to DM patients (Table 5.2). 
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Table 5.2 Levels of different plasma glycation markers in DM and DMC patients 
 

Study groups 
 

Fructosamine 
(nM/ml)  

Protein carbonyls 
(nM/mg protein)  

AGEs fluorescence 
(AU/mg protein) 

β-amyloid  
(OD at 540 
nm/mg protein) 

Free amino 
groups 
(mM/mg protein)  

Free thiol 
groups 
(nM/mg protein)  

DM (n = 200) 983 ± 439.1 108.9 ± 36.08 205.4 ± 50.22 0.76 ± 0.36 31.3 ± 9.6 1.27 ± 0.40 
DM + Retinopathy (n = 33) 1083 ± 287.8  109.6 ± 24.31  203.1 ± 62.7  0.38 ± 0.21 *** 19.1 ± 8.1 *** 0.93 ± 0.60 * 
DM + Nephropathy  (n=80) 1552 ± 191.6 *** 148.3 ± 33.2 *** 242.5 ± 40.0  0.87 ± 0.49  18.9 ± 9.4 *** 1.23 ± 0.42  
DM + Neuropathy (n = 37)  1377 ± 317.6 *** 112.0 ± 22.26  197.9 ± 34.7  0.46 ± 0.18  29.4 ± 8.6  0.80 ± 0.48 ** 
DM + Coronary artery 
disease (CAD) (n = 50)  

1352 ± 211.5 **  118.7 ± 33.9  220.9 ± 54.2  0.54 ± 0.45 * 25.8 ± 9.9 * 1.14 ± 0.52 

Data are presented by Mean ± SD. AGEs = advanced glycation endproducts. 
DM + complications patients (Retinopathy, Nephropathy, Neuropathy, Coronary artery disease) compared with DM patients 
*** = p<0.001; ** = p<0.01; * = p<0.05 
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Correlation study within glycation markers in control, DM and DMC patients 

As illustrated in Table 5.3, in DM patients, fructosamine, protein carbonyls and β-

amyloid showed weak but positive correlation with AGEs indicating the dependency 

of different glycation markers on each other. Fructosamine and AGEs showed a 

negative association with free amino groups and free thiol groups, protein carbonyls 

negatively associated with free thiol groups while β-amyloid showed weak positive 

correlation. In DMC patients, fructosamine significantly correlated with protein 

carbonyls and weakly correlated with AGEs and β-amyloid. Fructosamine also 

showed strong evident negative correlation with free thiol groups. Protein carbonyls 

and AGEs showed weak correlation with β-amyloid while both were negatively 

associated with free amino groups. In controls, fructosamine was positively correlated 

with β-amyloid and exceptionally with free thiol groups while negatively correlated 

with free amino groups. Other parameters showed weak or negative correlation with 

each other. Rate of glycation is time dependant and enhances with the increased levels 

of hyperglycemia which could be the possible reason behind the significant 

association of glycation markers with each other in DM and DMC patients. In 

controls, fructosamine, protein carbonyls, β-amyloid and AGEs showed weak or 

negative correlation with each other. However, fructosamine showed positive 

correlation with β-amyloid which might be due to its presence at minimal 

concentration in the normal person and less protein change. 
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Table 5.3 Correlation analysis within glycation markers in control, DM and DMC patients 
Glycatio
n 
paramet
ers 

Correlation coefficient (r) 
Control DM DMC 

Fru
ctos
ami
ne 

Protein 
carbon

yls 

AGEs β-
amyloi

d 

Free 
amino 
groups 

Free 
thiol 
group

s 

Fru
cto
sa
mi
ne 

Protei
n 

carbon
yls 

AGEs β-
amylo

id 

Free 
amino 
groups 

Free 
thiol 
group

s 

Fru
cto
sa
mi
ne 

Protei
n 

carbon
yls 

AGEs β-
amylo

id 

Free 
amino 
groups 

Free 
thiol 

groups 

Fructosa
mine 

- -0.110 -0.018 0.311 
*** 

-0.173* 0.228
** 

- -0.054 0.036 -0.079 -0.102 -0.035 - 0.166* 0.076 0.081 0.142 -0.222 
** 

Protein 
carbonyls 

 - 0.004 -0.144 0.057 -0.025  - 0.062 -0.142 0.219 
** 

-0.022  - 0.004 0.060 -0.058 0.030 

AGEs   - -0.020 0.135 0.077   - 0.078 -0.067 -0.019   - 0.028 -0.029 0.345 
*** 

β-
amyloid 

   - -0.109 0.107    - 0.154 0.119    - 0.192* -0.001 

Free 
amino 
groups 

    - -0.084     - 0.088     - 0.011 

Free thiol 
groups 

     -      -      - 

AGEs= advanced glycation endproducts. *** = p<0.-001; ** = p<0.01; * = p<0.05 
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Protein glycation is often associated with alterations in their structural 

characteristics such as variation in functional groups and conformation which may 

link with secondary complications (Vetter et al., 2011). Interaction of reducing sugar 

and free amines of protein leads generation of early glycation adduct- fructosamine 

which reflects the mean blood glucose concentration over a short time of three weeks 

(Abdallah et al., 2016). Fructosamine and glycated albumin have been strongly 

correlated with the incidence of diabetes and progression of microvascular 

complications (Selvin et al., 2014). Elevated serum fructosamine is associated with 

reduced GFR and therefore underlie importance in development of kidney 

dysfunction and nephropathy (Peng et al., 2015). Hence, fructosamine is the current 

interest as an alternative glycemic marker for the prediction of diabetes advanced 

complications. Protein can be oxidized by many ways, 1) oxidation of glutamyl side 

chains, a secondary reaction of nucleophilic side chains with aldehydes and 2) 

reaction of reducing sugars with free amines of proteins ultimately all leads to 

generation of reactive carbonyl derivatives. The carbonyl groups are mainly produced 

at protein side chains which are more stable chemically and leads to generation of 

reactive carbonyl derivatives (Allarakha et al., 2015). Increased dicarbonyl stress in 

heart disease could be a prothrombotic risk factor. AGEs induced modifications of 

protein implicated in vascular complications such as impaired vision, increased 

arterial stiffness, or decreased kidney function (Greifenhagen et al., 2016). Therefore 

in present study due to increased blood glucose level, protein undergoes modifications 

by glycation and forms fructosamine and protein carbonyls in diabetic patients and 

found more prominent in DMC patients especially with nephropathy. 

These early end products undergo a series of reactions and forms other 

complex glycation adducts such as β-amyloid and AGEs. Glycation-induced 

modifications of protein results in protein aggregation, protein cross-linking and 

amyloid fibril formation further have correlation with vascular health and 

cardiovascular risk factors (Zheng et al., 2012). Reported study indicates that 

incubation of native albumin with glucose for few days leads protein misfolding and 

formation of amyloid aggregates (Tupe et al., 2015). Around 90 % of AGEs are 

bound to plasma protein and cause their conformational or functional changes. 

Therefore, these markers were analyzed and found increased level of β-amyloid 

aggregation and AGEs fluorescence in DM and significantly higher amount was noted 
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in DMC patients with nephropathy due to increased levels of early glycation products. 

As noted in present study, glycation markers are dependent on each other as 

fructosamine, β-amyloid, protein carbonyls and AGEs were positively correlated with 

each other in DMC patients. AGEs accumulation in kidney causes alteration in renal 

architecture and loss of renal function by cross-linking with β-sheets of matrix 

proteins and alters their abilities to interact with negatively charged proteoglycans. 

Further, AGEs accumulation causes basement membrane thickening and mesangial 

expansion causing diabetic glomerulosclerosis (Yamagishi et al., 2002). Pentosidine 

and 3-deoxyglucosone concentrations found to be increased in vitreous fluid of 

rhegmatogenous retinal detachment in diabetic patients with short duration of 

hyperglycemia (Fokkens et al., 2017). Small fiber neuropathy is also positively 

associated with a high AGEs accumulation in the skin of T1DM patients 

(Araszkiewicz et al., 2016). Additionally, activation of synergistic pathways such as 

renin-angiotensin pathway and glycation of proteins leads to AGEs accumulation 

which is associated with progressive renal damage (Villegas et al., 2011). These 

findings support the present results of increased protein aggregation and AGEs 

formation in DM patients with nephropathy.   

Increased reactive carbonyls groups on protein can rapidly react with free thiol 

or amino groups in their close vicinity causing impairment of protein structure and 

consequently oxidative injury to cells and tissues. Plasma albumin has antioxidant 

potential due to sulphur containing amino acids such as cysteine and methionine. 

Previous study showed that in-vitro albumin glycation leads to reduction in Cys-34-

free reduced thiol group and impairs its antioxidant properties (Rondeau et al., 2010). 

The alteration of the membrane proteins in diabetes with lower level of protein 

concentration contributes to reduction of free amino groups or thiol groups in protein. 

In the present study increased levels of multiple stage glycation markers indicate their 

dependency on each other and their adverse effect on protein structure modifications 

especially in diabetic nephropathy. 

 

5.3 Glycated hemoglobin and erythrocyte sedimentation rate 

In present study, levels of HbA1c and the sedimentation rate of erythrocytes were 

high in both DM and DMC groups indicating enhanced intracellular glycation. A 

positive correlation was found between ESR and HbA1c in DM (r = 0.200, p<0.1) and 
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DMC (r = 0.179, p<0.1) patients (Fig. 5.2 a,b). Soares et al. (2014) reported positive 

correlation between serum protein glycation and erythrocyte damage. Present result of 

higher level of HbA1c, ESR and their positive correlation indicates adverse effect of 

glycated hemoglobin on erythrocytes in diabetes and complications patients.  

 

Increased glycation in diabetes is strongly correlated with oxidative stress and 

leads to alterations in structural characteristics of protein like functional groups and 

conformation (Yamagishi et al., 2012). The AGEs accumulation and cross-linking 

with proteins has become a superior predictor for the development of diabetic micro- 

and macro-vascular complications (Adeshara, Diwan, & Tupe, 2016). In the Maillard 

reaction rearrangement of early glycation adducts underlies the modification of 

proteins and generation glycated hemoglobin – HbA1c which is a marker of glycemic 

control (Pani, Nathan, & Grant, 2008). In present study levels of HbA1c and the 

sedimentation rate of erythrocytes were high in both DM and DMC groups indicating 

enhanced intracellular glycation. 

 

5.4 Erythrocyte membrane protein glycation 

Higher plasma sugar leads to increased glycation of cellular membrane protein 

resulting in cell membrane alterations. As shown in Fig. 5.3 level of protein carbonyls 

and β-amyloids were significantly higher in erythrocyte membrane of DM (1.5-fold, 

p<0.001; 1.1-fold, p<0.05) and DMC patients (1.6-fold and 1.8-fold, p<0.001) 

respectively as compared to controls. In DMC patients, carbonyl and β-amyloid levels 

Fig. 5.2 Correlation between erythrocyte sedimentation rate and HbA1c in DM 
and DMC patients. a) Correlation of ESR vs. HbA1c in DM patients; b) 
Correlation of ESR vs. HbA1c in DMC patients 
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were higher 1.1-fold, p<0.05 and 1.5-fold, p<0.001 as compared to DM patients (Fig. 

5.3 a, b). Level of free amino groups was non-significantly low in DM (1.2-fold) and 

DMC (1.4-fold) patients as compared to controls (Fig. 5.3 c) while no significant 

difference was found between the diabetic groups. There were high levels of osmotic 

fragility in erythrocytes of DM (1.3-fold, p<0.001) and DMC (1.6-fold, p<0.001) 

patients as compared to healthy volunteer (Fig. 5.3 d). DMC patients showed higher 

fragility (1.2-fold, p<0.01) as compared to the DM patients. 

 

Serum protein glycation causes modifications in erythrocyte proteins and 

modulates their biological or structural functions (Singh et al., 2009). Erythrocytes are 

constantly under stress due to extracellular glycated plasma proteins and intracellular 

HbA1c. Cytoskeletal proteins of erythrocytes from diabetic patients are heavily 

glycated, oxidatively damaged (Shin et al., 2007) and also several lipids on the outer 

surface of the phospholipid bilayer are significantly decreased (Labrouche et al., 

Fig. 5.3 Levels of erythrocyte membrane modification markers in controls, DM 
and DMC groups- a) protein carbonyls; b) β-amyloid; c) free amino group; d) 
erythrocyte fragility. Data is represented as mean ± SD. * = as compared to 
controls. † = as compared to DM group of patients. ***, ††† = p<0.001; **, †† = 
p<0.01; *, † = p<0.05.  
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1996). Therefore, this could be a reason behind the increased levels of protein 

carbonyls in erythrocytes of DM and DMC patients. The erythrocytes membrane 

contains approximately equal amounts of protein to undergo glycation process and 

leads to formation of amyloid aggregates (Buys et al., 2013). Enhanced production of 

AGEs promotes strong conformational changes in proteins and subsequently leads 

formation of globular amyloid-like aggregates. Reported study indicates incubation of 

native albumin with glucose for few days leads protein misfolding and formation of 

amyloid aggregates (Tupe et al., 2015). Aggregation of damaged protein has been 

associated with cellular toxicity and modifications in cell-membrane of erythrocytes. 

This is supported by several indirect evidences where the various proteins such as 

islet amyloid polypeptide, albumin undergo modifications which ultimately results in 

decreased level of amino groups with increased aggregation both in diabetes and 

complication conditions (Awasthi et al., 2015, Suzuki et al., 2014). The red cell 

membrane contains approximately equal amounts of protein found to undergo 

glycation process and leads formation of amyloid aggregates (Buys et al., 2013). Our 

data indicates higher levels of β-amyloid formation in DM and DMC group of 

patients suggesting the worsening effect of protein glycation on erythrocyte 

membrane deformation. However, the assertion reports supported by profound 

quantitative and qualitative alteration of the erythrocyte membrane proteins in 

diabetic patients with lower level of protein concentration contributes to the lower 

level of free amino groups of protein (Bouma et al., 2003). In present study, decreased 

levels of free amino groups of protein in erythrocyte membrane were observed and 

above reason could explain their reduction. Increased erythrocyte membrane protein 

modification and aggregation changes erythrocyte membrane fluidity and therefore 

enhances erythrocyte fragility which may play a key role in the pathogenesis of 

chronic vascular complications of diabetes. Erythrocyte damage was increased with 

in-vitro incubation with glucose and further cause cellular deformability and 

membrane fragility (Soares et al., 2014) supports the present results of higher 

erythrocyte fragility in diabetic patients and further elevated in DMC patients.  

 

5.5 Expression of glucose transporter-1 in erythrocytes 

As shown in Fig. 5.4, increased expression of GLUT-1  (2.0-fold) in DM and higher 

in DMC (2.6-fold) patient was found as compared to controls. GLUT-1  plays an 
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important role in transport of glucose across the plasma membrane of cells and 

maintains the basal glucose levels. The human erythrocytes are enriched with GLUT-

1 and constitute large fraction of 2-5 % of polypeptides groups, a band 4.5 which 

contains 95 % of glucose transporter, and only 5 % of nucleoside transporter. In 

diabetic condition band 4.5 undergoes glycation due to increased level of intracellular 

glucose and oxidative stress (Rosa et al., 2009).  

 

At present there is not well understood information available on expression of 

GLUT-1 in human erythrocytes and its relation with glycation which was focused in 

the present study. Previous evidence shows that oxidative stress plays an important 

role in alteration of GLUT-1 expression in neural stem cells when exposed to high 

glucose and cause abnormal patterning of the neural tube in embryos of diabetic 

pregnancy (Fu et al., 2007). Hu et al. (2000), reported that structural changes in 

GLUT-1 affecting the entry of glucose in erythrocytes in Chinese T2DM patients. The 

controversial evidences available on the expression of GLUT-1 protein in diabetic 

condition, as James et al. (1988), have shown enhanced expression of GLUT-1 (~2-

fold) in adipose and skeletal muscle tissue  whereas Badr et al. (2000), have shown 

down-regulation of GLUT-1 expression in retina of diabetic patients. Interestingly, 

Porter-Turner et al. (2011), have demonstrated decreased glucose transport and 

unchanged number of erythrocyte GLUT-1 in T2DM patients. However growing 

evidences showed upregulated GLUT-1 expression in medulla of rat kidney and 

enhanced GLUT-1 mRNA and protein expression of cultured mesengial cells as well 

as increased glucose transport which together indicates the crucial role of GLUT-1 in 

Fig. 5.4 Expression of GLUT-1 and β-actin in erythrocyte membrane of control, 
DM and DMC groups. a) Expression of GLUT-1 and β-actin; b) Band 
densitometry of GLUT-1 and β-actin where data is represented as mean ± SD of 
three independent experiments.  



71 

 

development of diabetic nephropathy (Chin et al., 1997; Heilig et al., 1997). It is well 

defined by the present data that glycation may be contributing in upregulated 

expression of GLUT-1 in human erythrocyte of diabetic patients with complications. 

The study supports that plasma protein glycation acts as a mediator of diabetic 

vascular complications by erythrocyte membrane modifications. Increased plasma 

protein glycation in diabetes leads to enhanced levels of plasma glycation markers 

(fructosamine, protein carbonyls, β-amyloid) and decreased levels of protein’s free 

amino groups. Erythrocytes of diabetic patients are more susceptible to glycation 

induced damage which is directly related to plasma glycation adducts and enhanced 

GLUT-1 expression. The increased hemoglobin glycation alternates the properties of 

erythrocyte causing higher ESR and hemolysis. These substantial modifications 

intensify vascular dysfunction which may be involved in development of vascular 

complications.  

 

Objective 2: To evaluate the level of different RAGE isoforms in diabetic condition 
5.6 Level of different RAGE isoforms in diabetic condition 

ELISA detection of plasma samples showed significantly higher levels of total 

sRAGE and reduced level of esRAGE in diabetic patients than controls (Fig. 5.5 a, b). 

sRAGE was found to be elevated by 2.5-fold in DM (p<0.001) and 2.9-fold DMC 

patients (p<0.001) whereas levels of esRAGE was declined (1.2-fold) in DM and 

(1.3-fold) DMC patients as compared to controls (p<0.001). There was significant 

increase in cRAGE levels in DM (3.1-fold, p<0.001) and DMC patients (4.6-fold, 

p<0.001) as compared to controls (Fig. 5.5 c). To further confirm the ELISA results, 

total sRAGE protein expression was evaluated by western blotting and found the 

similar elevation in sRAGE expression in DM (0.2-fold) and DMC group (0.4-fold) of 

patients in comparison with controls (Fig. 5.6 a, b). Consistent with the increased 

expression of sRAGE in diabetic plasma, significant higher expression of PBMNCs 

membrane RAGE was found in DM (0.8-fold) and DMC patients (1.4-fold, p<0.05) 

in comparison to controls (Fig. 5.6 a, c).  
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Fig. 5.6 Expression of sRAGE, membrane-bound RAGE and β-actin in control, DM 
and DMC groups. a) Expression of sRAGE, membrane-bound RAGE and β-actin; 
Band densitometry of- b) sRAGE; c) membrane-bound RAGE where data is 
represented as mean ± SD of three independent experiments. * = as compared to 
controls. *** = p<0.001; ** = p<0.01; * = p<0.05. 

 

Fig. 5.5 Levels of different RAGE isoforms in control, DM and DMC groups- a) 
RAGE; b) esRAGE and c) cRAGE. Box plot represented as whiskers (minimal 
and maximal values). * = as compared to controls. † = as compared to DM group 
of patients. ***, ††† = p<0.001; **, †† = p<0.01; *, † = p<0.05. 
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With the increasing levels of sRAGE and cRAGE in DMC patients, further DMC 

patients were segregated according to complications and levels of RAGE isoforms 

were analyzed as compared to DM patients without complications as indicated in 

Table 5.4. DM patients with nephropathy had maximum elevated levels of sRAGE as 

compared to DM patients without complications while in other complications like 

retinopathy, CAD and neuropathy sRAGE levels were reduced. In case of esRAGE, 

DM patients with retinopathy showed maximum reduced level of esRAGE while 

nephropathy and CAD patients showed marginal reduction as compared to DM 

patients without complications. The cleaved isoform cRAGE was elevated in DM 

patients with nephropathy and CAD as compared to DM patients without 

complications. The patients with retinopathy and neuropathy had reduced cRAGE 

levels as compared to DM patients without complications.  

 

Table 5.4 Levels of different RAGE isoforms in DM and DMC patients 

Study groups 
 

sRAGE 
(pg/ml)  

esRAGE 
(pg/ml)  

cRAGE 
(pg/ml)  

DM (n = 200) 1619 ± 538.6 301.9 ± 20.5 1002 ± 254.5 
DM + Retinopathy (n = 25)  1396 ± 723.1 288.9 ± 12.2 908 ± 165.6 
DM + Nephropathy (n = 65)  2062 ± 652.1  292.9 ± 28.5 1391 ± 670.6 
DM + Neuropathy  (n = 30)  1053 ± 385.4 306.5 ± 29.7 893.6 ± 514.3 
DM + Coronary artery disease 
(CAD) (n = 35)  

1134 ± 595.2 
** 

294.6 ± 12.5 1112 ± 647.8 

Data are presented as Mean ± SD. 
sRAGE = soluble RAGE; esRAGE = endogenous secretory RAGE; cRAGE = cleaved 
RAGE. DM + complications patients (Retinopathy, Nephropathy, Neuropathy, Coronary 
artery disease) compared with DM patients. *** = p<0.001; ** = p<0.01; * = p<0.05 

 

Correlation analysis of plasma RAGE isoforms with clinical parameters in 

control, DM and DMC patients: Correlation of sRAGE, esRAGE and cRAGE with 

different clinical parameters were analyzed and shown in Table 5.5. In DM patients, 

sRAGE was positively associated with FPG and VLDL cholesterol while negatively 

or weakly correlated with rest of clinical markers. In DMC patients, sRAGE showed 

significant positive association with HbA1c, triglyceride and VLDL cholesterol while 

weakly correlated with FPG and total cholesterol. However, in controls sRAGE 

showed significant negative correlation with SGOT and triglyceride and exceptionally 

positively correlated with protein globulin and LDL cholesterol. esRAGE is 

negatively associated with diabetic duration, FPG and triglyceride while positively 
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correlated with protein total, globulin and also exceptionally with ESR and SGPT in 

DM groups of patients. In DMC, esRAGE was negatively correlated with FPG, 

HbA1c, protein total, globulin, triglyceride, VLDL and creatinine while positively 

associated with SGPT and blood urea. However, in controls, esRAGE was negatively 

correlated with all parameters except SGPT and blood urea. In DM patients, there was 

no evident positive correlation found between cRAGE and clinical parameters while 

in DMC patients it was positively correlated with SGPT, blood urea and creatinine. In 

controls, cRAGEwas negatively correlated with age, ESR, protein total, triglyceride 

and VLDL cholesterol while positively correlated with SGPT. Positive correlation of 

sRAGE, cRAGE and negative correlation of esRAGE with some clinical parameters 

in DMC condition indicates that increasing sRAGE and cRAGE levels and decline 

esRAGE levels have an adverse impact on patients clinical profile. 

 

Table 5.5 Correlation analysis of plasma RAGE isoforms with clinical parameters 
in control, DM and DMC patients 
 

Clinical parameters Correlation coefficient (r) 
Controls  DM  DMC 

sRAGE 
Age (years)  -0.170 0.121 0.042 
Diabetic duration (years)  - -0.092 0.022 
FPG (mg/dl)  -0.063 0.121 0.091 
HbA1c (%)  0.001 0.046 0.186** 
ESR (mm/hr) -0.042 0.111 -0.048 
Protein (Total) gm% -0.050 -0.068 0.006 
Protein (Albumin) gm% -0.025 0.039 -0.022 
Protein (Globulin) gm% 0.227* -0.110 -0.00030 
SGOT (IU/L) -0.238** 0.030 0.012 
SGPT (IU/L) -0.036 -0.009 -0.033 
SALP (IU/L) 0.100 -0.050 0.026 
Cholesterol (mg/dl)  0.152 -0.034 0.119 
Triglycerides (mg/dl)  -0.224* -0.096 0.142* 
S-HDL Cholesterol (mg/dl)  0.161 0.011 -0.048 
S-VLDL Cholesterol (mg/dl) -0.087 0.189** 0.031 
S-LDL Cholesterol (mg/dl)  0.273** -0.002 0.140* 
Blood Urea (mg/dl) -0.016 0.007 -0.086 
S. Creatinine  0.117 -0.034 -0.054 
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esRAGE 

Age (years)  -0.002 -0.057 0.011 
Diabetic duration (years)  - -0.179** 0.019 
FPG (mg/dl)  -0.099 -0.194** -0.047 
HbA1c (%)  0.002 -0.014 -0.087 
ESR (mm/hr) -0.213* 0.367*** 0.151* 
Protein (Total) gm% -0.196* 0.134 -0.136* 
Protein (Albumin) gm% -0.109 -0.061 0.083 
Protein (Globulin) gm% 0.085 0.214** -0.187** 
SGOT (IU/L) 0.104 0.062 0.112 
SGPT (IU/L) 0.403*** 0.252*** 0.136* 
SALP (IU/L) 0.066 0.073 0.053 
Cholesterol (mg/dl)  -0.078 0.056 0.073 
Triglycerides (mg/dl)  -0.062 -0.117 -0.133 
S-HDL Cholesterol (mg/dl)  -0.054 0.009 -0.036 
S-VLDL Cholesterol (mg/dl) -0.049 -0.083 -0.218** 
S-LDL Cholesterol (mg/dl)  -0.030 -0.013 0.050 
Blood Urea (mg/dl) 0.241** 0.121 0.160* 
S. Creatinine  0.070 -0.010 -0.247*** 

cRAGE 
Age (years)  -0.256** -0.001 0.019 
Diabetic duration (years)  - -0.160* -0.168** 
FPG (mg/dl)  -0.032 0.044 0.045 
HbA1c (%)  0.038 0.029 0.099 
ESR (mm/hr) -0.192* -0.156* -0.079 
Protein (Total) gm% -0.301** -0.070 -0.117 
Protein (Albumin) gm% -0.138 0.038 -0.132 
Protein (Globulin) gm% -0.145 -0.116 0.080 
SGOT (IU/L) 0.114 -0.035 0.074 
SGPT (IU/L) 0.660*** -0.001 0.139* 
SALP (IU/L) 0.028 -0.067 -0.091 
Cholesterol (mg/dl)  -0.048 -0.028 -0.040 
Triglycerides (mg/dl)  -0.228* 0.007 -0.015 
S-HDL Cholesterol (mg/dl)  0.029 -0.004 -0.017 
S-VLDL Cholesterol (mg/dl) -0.248** 0.004 0.064 
S-LDL Cholesterol (mg/dl)  -0.027 0.110 -0.065 
Blood Urea (mg/dl) 0.042 -0.077 0.188** 
S. Creatinine  0.087 -0.027 0.107 
FPG = fasting plasma glucose; HbA1C = glycated hemoglobin; SGOT = serum glutamic-
oxaloacetic transaminase; SGPT = serum glutamic pyruvic transaminase; SALP = serum 
alkaline phosphatase; S-HDL = serum high-density lipoprotein; S-VLDL = serum very 
low density lipoprotein; S-LDL = serum low density lipoprotein.  
***: p<0.001,   **: p<0.01,   *: p<0.05 
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Elevated levels of circulating AGEs results in up-regulation of RAGE 

expression and further enhancement of circulating sRAGE level hence became 

reliable vascular injury marker in diabetes (Geroldi et al., 2006). RAGE upregulation 

and consequent cellular pathways are supposed to contribute in diabetes pathogenesis 

and late diabetic complications (Hong et al., 2015). Enhanced levels of sRAGE 

implicated in different diabetic complications and have reported positive association 

between circulating RAGE isoforms levels and diabetic complications (Challier et al., 

2005). This evidence supports the present findings of higher levels of sRAGE and 

cRAGE in DM and DMC patients as well as their positive correlation with each other. 

However, excess sRAGE may competitively bind RAGE ligands, preventing their 

interaction with the cell-surface RAGE receptor and thus, hindering cellular signaling 

(Prasad et al., 2016). Indeed, a positive correlation of plasma sRAGE with urinary 

albumin excretion has been demonstrated in diabetic patients, suggesting that sRAGE 

levels may represent an early marker of micro-vascular dysfunction such as diabetes 

nephropathy (Thomas et al., 2015) which supports our results of higher level of 

sRAGE in DMC patients with nephropathy.  

Sakurai et al. (2006), reported significantly lower circulating esRAGE levels 

in T1DM patients than in controls and were inversely associated with the severity of 

some diabetic vascular complications. Similarly, we found a reduced level of 

esRAGE in DM patients and further lower values in DMC patients. According to 

previous report, esRAGE is a novel and potential protective factor for the metabolic 

syndrome and atherosclerosis (Berlanga et al., 2005) while other data demonstrated 

that sRAGE and not esRAGE is associated with albuminuria in T2DM patients 

(Humpert et al., 2007). It has been also shown that activation of RAGE by binding to 

AGEs ultimately inhibits esRAGE generation to self-amplify pathogenic response 

without any competition for the other ligand (Santilli et al., 2009).  RAGE expressed 

on monocytes and therefore causes AGEs accumulation leading to foam cell 

formation and infiltration of monocytes in CAD (Wang et al., 2011). Elevated 

expression of membrane-bound full-length RAGE in PBMNCs of diabetic patients 

and more enhanced in DMC was observed indicating involvement of RAGE in 

disease progression and inflammation. AGEs either prepared in-vitro or isolated from 

the serum of diabetes patient induces inflammatory response in endothelial cells by 

binding to membrane RAGE and the activation of downstream signaling (Miura et al., 
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2004). The increased RAGE expression leads to increased sRAGE by shedding of 

membrane-bound RAGE in diabetic patients (Zhang et al., 2008). However, other 

showed inverse correlation between membrane full-length RAGE and plasma sRAGE 

(Sterenczak et al, 2009). The negative association between esRAGE and renal 

alterations in children with type 1 diabetes implies its importance in early detection of 

diabetic nephropathy (Giannini et al., 2012). Looking into previous evidence and 

current findings prove hyperglycemia elevates glycation and AGEs formation hence 

further leads to enhancement of RAGE isoforms levels. As sRAGE showed a positive 

correlation with cRAGE and also maximum elevated in nephropathy proves its 

important role in the progression of an advanced stage of diabetes. 

 

Objective 3: To study the levels of different oxidative stress and inflammatory 

markers in diabetic condition. 

5.7 Plasma antioxidants and oxidative stress markers in control, DM and DMC 

groups 

As shown in Fig. 5.7 (a, b) in DM and DMC patients levels of GSH (1.7-fold, 1.8-

fold) and catalase (2.0-fold, 2.1-fold) were reduced significantly (p<0.001) as 

compared to controls respectively. Between DM and DMC diabetic groups, there was 

no difference in GSH levels while catalase was noticeably lower in DMC patients 

(1.3-fold, p<0.001) as compared to DM patients. Upon segregation of complications, 

GSH (p<0.001) and catalase (p<0.01) was markedly lesser in DM patients with 

neuropathy as compared to DM patients (Table 5.6). Levels of NO was lowered in 

DM and DMC patients (1.3-fold, 1.7-fold, p<0.001) as compared to control and 

significant difference found between the groups as DMC showed 1.2-fold reduction 

(p<0.001) as compared to DM patients. NO was reduced in nephropathy patients 

(p<0.001) followed by neuropathy (p<0.01) and similarly reduced to retinopathy 

(p<0.05) and CAD patients (p<0.001) as compared to DM patients without 

complications. Present findings showed reduced levels of SOD in DM (1.3-fold, 

p<0.01) and DMC patients (2.3-fold, p<0.001) as compared to controls. Significantly 

lowered SOD activity was found in DMC patients (1.7-fold, p<0.001) as compared to 

DM patients (Fig. 5.7 d). In complications, SOD levels were similarly reduced in DM 

patients with retinopathy and neuropathy (p<0.001) followed by nephropathy 

(p<0.001) and CAD (p<0.001) as compared to DM patients (Table 5.6). In the present 
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study, PON-1 was greatly reduced in both DM (1.7-fold) and DMC patients (2.0-fold) 

as compared to controls (p<0.001) while there was no difference found between the 

diabetic groups (Fig. 5.7 e). Among the complications, PON-1 was markedly reduced 

in DM patients with nephropathy (p<0.01) as compared to DM patients (Table 5.6). 

 

With the reduction of different antioxidant enzyme levels the TAC of the cell goes 

down or imbalanced and found declined in DM and significantly reduced in DMC 

patients (p<0.001) (Fig. 5.7 f) as compared controls. DM patients with nephropathy 

showed reduced TAC levels as compared to DM patients without complications 

(Table 5.6). Enhanced levels found AOPP in DM (1.3-fold) and DMC (1.5-fold) 

patients as compared to controls (p<0.001) (Fig. 5.7 g). In complications, DM patients 

with CAD (p<0.01) and nephropathy have similar highest level of AOPP followed by 

neuropathy as compared to DM patients (Table 5.6). Exceptionally, retinopathy 

Fig. 5.7 Levels of plasma antioxidants and oxidative stress markers in control, DM, 
DMC groups- a) GSH; b) catalase; c) NO; d) SOD; e) PON-1; f) TAC; g) AOPP; h) 
LPO. Data is represented as mean ± SD. * = as compared to controls. † = as 
compared to DM group of patients. ***, ††† = p<0.001; **, †† = p<0.01; *, † = 
p<0.05.  
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patients showed lowered levels of AOPP as compared to DM patients without 

complications. There was also higher levels of LPO found in DM (1.9-fold) and DMC 

patients (2.7-fold) as compared to controls (p<0.001) (Fig. 5.7 h). DM with 

neuropathy patients points up an increased level of LPO followed by CAD (p<0.001), 

nephropathy (p<0.001) and retinopathy (p<0.001) as compared to DM patients 

without complications. 
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Table 5.6 Levels of antioxidants and oxidative stress markers in DM and DMC patients  

Study groups  GSH  
(nM/mg protein)  

Catalase 
(U/min/mg 
protein)  

NO (OD at 
540 nm/mg 
protein)  

SOD (U/mg 
protein)  

PON-1 
(nM/mg 
protein)  

TAC 
(µM/mg 
protein)  

AOPP (µmol 
chloramin T 
equivalents)  

LPO (nM/mg 
protein)  

DM (n = 200) 185.3 ± 57.9 3.9 ± 1.5  2.3 ± 0.6 378.3± 173.3 466.0 ± 175.5 43.7 ± 20.4  126.9 ± 33.2 6.2 ± 2.1  
DM + Retinopathy  
(n = 33) 

135.1 ± 77.1 ** 2.6 ± 1.2 * 1.93 ± 0.39 *  143.8 ± 11.3 
*** 

458.3 ± 201.6  32.3 ± 9.5 **  106.1 ± 46.0  7.2 ± 1.9 *** 
DM + Nephropathy  
(n=80) 

121.9 ± 52.9 *** 3.1 ± 1.1  1.61 ± 0.30 
***  

148.9 ± 31.7 
***  

278.5 ± 107.3 
** 

29.3 ± 7.4 
***  

153.2 ± 44.7  8.3 ± 2.7 *** 

DM + Neuropathy  
(n = 37)  

73.4 ± 56.5 *** 2.3 ± 1.0 ** 1.79 ± 0.53 ** 144.2 ± 37.2 
***  

489.6 ± 64.3  37.4 ± 7.4  146.7 ± 47.0  9.6 ± 1.7  

DM + Coronary artery 
disease (CAD) (n = 50)  

122.5 ± 76.8 *** 2.8 ± 1.2 *** 1.92 ± 0.34 
***  

158.7 ± 24.8 
***  

514.4 ± 111.4  30.4 ± 10.7 
*** 

158.1 ± 29.9 
** 

8.5 ± 3.2 *** 
Data is presented as Mean ± SD. 
GSH = glutathione; NO = nitric oxide; SOD = superoxide dismutase; PON-1 = paraoxonase-1; TAC = total antioxidant capacity;  
AOPP = advanced oxidation protein products; LPO = lipid peroxidation.  
DM + complications patients (Retinopathy, Nephropathy, Neuropathy, Coronary artery disease) compared with DM patients. 
 *** = p<0.001; ** = p<0.01; * = p<0.05 
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In hyperglycemic environment, glucose can undergo auto-oxidation and 

generate free radicals (Davis et al., 2016). Free radical generation and oxidative stress 

are controlled by different antioxidants such as GSH and enzymes (e.g. catalase, 

SOD) produced internally in cells. Schiff-base and Amadori products generated in 

glycation reaction additionally cause ROS production (Patche et al., 2017). Overall, 

increased production of superoxides and reduced levels of antioxidants causes 

hyperglycemic damage by multiple pathways and turn out to be the major reason for 

the development of complications. Our previous study showed increased erythrocyte 

fragility due to depletion of plasma antioxidants and increased glycation in DM 

patients (Tupe et al., 2014). Diabetic patients are severely deficient with the synthesis 

of GSH which have an important role in methylglyoxal detoxification and that of 

catalase which is involved in detoxification of H2O2 (Colak et al., 2005). Similarly, 

other study showed reduced value of GSH in diabetic retinopathy (Ozdemir et al., 

2005).  We found reduced GSH and catalase levels in neuropathy patients possibly due 

to increased glycation and depleted antioxidants further augmenting oxidative stress. 

Supporting to our results the other reports showed similar decreased value of GSH 

and catalase in diabetic neuropathy rats (Bravenboer et al., 1992; Bansal et al., 2013). 

NO plays an important role in vascular tone regulation, blood pressure 

homeostasis and therefore its decreased level may lead endothelial dysfunction 

causing insulin resistance in diabetes (Rother et al., 2005). NO can also inhibit lipid 

oxidation and directly scavenge free radicals. Defective intracellular antioxidant 

enzyme expression of catalase, SOD, glutathione peroxidase, NO and increased serum 

malondialdehyde, AGE, protein carbonyl and 8-hydroxy-2′-deoxyguanosine were 

found in diabetic nephropathy patients (Aljwaid et al., 2015; Yamagishi S., 2009). 

SOD possesses major defense mechanism by combating oxygen toxicity in the brain 

and its reduced levels observed in diabetic patients with complications (Aljwaid et al., 

2015). Paraoxonases have been found to perform a number of biological functions 

such as anti-inflammatory, anti-oxidative, anti-atherogenic, anti-diabetic, anti-

microbial and organophosphate-hydrolyzing activities (Aggarwal et al., 2016). 

Paraoxonase 1 is synthesized in the liver and transported into the blood stream 

through HDL. Increased AGEs causes HDL dysfunction by hampering its 

antioxidants i.e. PON-1 activity and therefore their levels were reduced in diabetes. In 

DM patients with vascular complications, reduced PON-1 activity and positive 
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association with AGEs formation are reported (Bansal et al., 2013). Similarly, the 

present study suggests the reduced levels of NO, PON-1 and TAC in nephropathy 

patients while SOD activity was lowered nearly similar in all complications due to 

decreased antioxidant balance and increased lipid and protein oxidation due to 

glycation. 

AOPP concentrations rise in diabetes patients and have functions similar of 

AGEs. Patients with diabetic nephropathy as well as, retinopathy also have higher 

concentrations of AOPP (Kostolanska et al., 2009; Piwowar A., 2010). AGE - RAGE 

interaction is responsible for increased lipids peroxidation and accumulation of 

peroxidation product such as MDA contribute in to cellular toxicity (Chawla et al., 

2014). LPO generation is dependent on levels of HDL, as reduced HDL causes 

elevated levels of TG and LDL in serum which are easily oxidized by AGEs causing 

more lipid oxidation (Fatani et al., 2016). LPO and glucose concentration are also 

positively associated, which may play a role in the development of vascular 

complications (Mahboob et al., 2005). In the present study, AOPP level was increased 

in CAD and nephropathy patients while LPO in neuropathy patients which indicate a 

possible effect of glycation on protein and lipid oxidation resulting in declined 

antioxidant levels hence more oxidative stress. 

5.7.1 Intracellular ROS in PBMNCs of control, DM and DMC groups 

AGEs-RAGE interaction enhances intracellular free radicals production through 

NADPH oxidase pathway. The intracellular ROS in PBMNCs of various study groups 

was quantified by measuring a number of cells emitting DCF-DA fluorescence. 

Highest fluorescence was found in DM patients (98 %, p<0.001) as compared to 

controls (Fig.5.8 a,b) indicating elevated oxidative stress in diabetes. Among the 

complications, highest fluorescence was observed in DM patients with nephropathy 

(98 %, p<0.001) followed by CAD (67 %, p<0.001), retinopathy (56 %, p<0.001) and 

neuropathy patients (41 %, p<0.01) as compared to controls (Fig. 5.8 c-g). Increased 

glucose concentration and AGEs reduces cell viability over a period of time due to 

excess oxidative stress (Yamagishi et al., 2008). In hyperglycemia, abnormal 

excessive ROS originates from several mechanisms, including the degradation of 

intracellular glycation intermediates, by-production of dicarbonyl AGE precursors, 

depletion of antioxidant enzymes such as GSH, SOD, catalase, and oxidation of fats. 

There is more insulin resistance and glucose intolerance in diabetes complications 
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lead to disturbance of cellular metabolism and therefore results in more oxidative 

stress and cellular damage (Giacco et al., 2010).  

 

 

Increased plasma AGEs in nephropathy are capable of modulating NADPH oxidase 

activity hence increased the intracellular concentration of O2
− and H2O2 leading to 

more ROS production and cellular oxidative damage (Kashihara et al., 2010). 

Similarly, present data showed higher intracellular ROS in DMC patients with 

nephropathy followed by CAD, retinopathy and neuropathy. Overall the results 

demonstrated decreased levels of antioxidants (GSH, NO) and enzymes (catalase, 

Fig. 5.8 Intracellular ROS levels in 
PBMNCs of study groups- a) control; 
b) DM; c) retinopathy; d) neuropathy; 
e) nephropathy; f) CAD and g) 
Graphical representation showing 
fluorescent cells (%) in study groups. 
a1 to f1: respective bright-field 
images. Data is represented as mean ± 
SD. * = as compared to controls. *** 
= p<0.001; ** = p<0.01; * = p<0.05. 
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SOD, PON-1) with increased oxidative stress markers (LPO, AOPP) in DM patients 

and more prominently in diabetic patients with nephropathy and CAD. 

 

5.8 Levels of different inflammatory markers in control, DM and DMC groups 

 In the study population, the expression of NF-κB a major transcription factor 

that regulates genes involved in inflammation and levels of cytokines (IL-6, TNF-α, 

MCP- 1, VCAM-1 and adiponectin) were quantified. In both diabetic groups elevated 

expression of NF-κB protein in PBMNCs was found (Fig. 5.9 a) as compared to 

controls where it was higher by 0.6-fold in DM (p<0.05) and by 1.4-fold in DMC 

patients (Fig. 5.9 b). Further, the impact of activation of NF-κB on levels of different 

inflammatory markers was evaluated. Current findings suggest increased levels of IL-

6 in DM (1.7-fold, p<0.001) and DMC patients (2.3-fold p<0.001) as compared to the 

controls. Among diabetic groups, IL-6 level was higher in DMC patients (1.3-fold, 

p<0.001) as compared to DM patients (Fig. 5.10 a). As depicted in Table 5.7 among 

complications, retinopathy (p<0.001), nephropathy (p<0.001) and CAD patients 

(p<0.01) showed nearly similar increased IL-6 levels as compared to DM patients 

without complications. 

TNF-α was amplified by 1.7-fold (p<0.001) in DM patients and 2.8-fold in DMC 

patients (p<0.001) as compared to controls. Further, in DMC patients, higher levels of 

TNF-α (1.2-fold, p<0.001) found as compared to DM patients (Fig. 5.10 b). Among 

complications, nephropathy patients showed maximum elevated levels of TNF-α 

(p<0.01) as compared to DM patients without complications (Table 5.7). MCP-1 

levels were increased in DM (2.3-fold, p<0.001) and DMC patients (4.5-fold, 

Fig. 5.9 Expression of NF-κB and β-actin in control, DM and DMC groups. a) 
Expression of NF-κB and β-actin; b) Band densitometry of NF-κB an d β-actin 
where data is represented as mean ± SD of three independent experiments.* = as 
compared to controls. *** = p<0.001; ** = p<0.01; * = p<0.05.  
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p<0.001) as compared to controls (Fig. 5.10 c). DMC patients had marked increase 

level of MCP-1 (1.9-fold, p<0.001) as compared to DM patients. In complications, 

MCP-1 was greatly higher in nephropathy (p<0.001) and CAD patients (p<0.001) 

followed by neuropathy and retinopathy as compared to DM patients without 

complications (Table 5.7). Increase level of VCAM-1 was found in DM (1.5-fold, 

p<0.001) and DMC patients (1.9-fold, p<0.001) as compared to controls (Fig. 5.10 d) 

while DMC patients showed 1.3-fold (p<0.01) elevated VCAM-1 level as compared 

to DM patients. DM patients with nephropathy (p<0.01) and retinopathy patients 

showed a maximum level of VCAM-1 followed by CAD and neuropathy patients as 

compared to DM patients without complications (Table 5.7). Observed findings 

indicated lower adiponectin levels in DM (1.6-fold, p<0.001) and DMC (1.8-fold, 

p<0.001) patients as compared to controls however between the groups, there was no 

significant difference (Fig. 5.10 e). Among complications as seen in Table 5.7, it was 

greatly reduced in DM patients with CAD and nephropathy followed by neuropathy 

and retinopathy as compared to DM patients without complications. 

 

 

 

Fig. 5.10 Levels of inflammatory markers in control, DM, DMC groups- a) IL-6; b) 
TNF-α; c) MCP-1; d) VCAM-1; e) adiponectin. Box plot represented as whiskers 
(minimal and maximal values). * = as compared to controls. † = as compared to 
DM group of patients. ***, ††† = p<0.001; **, †† = p<0.01; *, † = p<0.05. 
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Table 5.7 Levels of inflammatory markers in DM and DMC patients  

Study 
groups 
 

IL-6  
(pg/ml)  

TNF-α  
(pg/ml)  

MCP-1  
(pg/ml)  

VCAM-1  
(ng/ml)  

Adiponectin 
(ng/ml)  

DM  
(n = 200) 

38.5 ± 7.7  142.3 ± 33.6 304.1 ± 
90.8 

1234 ± 
412.4 

2995 ± 
865.8 

DM + 
Retinopathy  
(n = 25)  

67.9 ± 26.3 
*** 

153.1 ± 37.9  313.8 ± 
30.8  

1652 ± 
287.7  

2603 ± 
541.2 

DM + 
Nephropathy 
(n = 65)  

63.8 ± 28.8 
***  

206.9 ± 82.0 
**  

562.9 ± 
133.0 *** 

1690 ± 
371.6 **  

2493 ± 
742.3 

DM + 
Neuropathy   
(n = 30)  

48.6 ± 6.8  197.9 ± 56.0 
*  

364.2 ± 
134.2  

1327 ± 
350.9  

2510 ± 
507.9 

DM + 
Coronary 
artery disease 
(CAD)  
(n = 35)  

61.9 ± 22.0 
** 

170.2 ± 48.6  591.7 ± 
97.5 ***  

1582 ± 
332.7  

2088 ± 
239.6 

Data are presented as Mean ± SD. IL-6 = interleukin 6; TNF-α = tumor necrosis factor-α; 
MCP-1 = monocyte chemo attractant protein-1; VCAM-1 = vascular cell adhesion 
molecule-1. DM + complications patients (Retinopathy, Nephropathy, Neuropathy, CAD) 
compared with DM patients. *** = p<0.001; ** = p<0.01; * = p<0.05  

 

Correlation analysis of plasma RAGE isoforms with glycation, other RAGE 

isoforms, oxidative stress and inflammatory markers in control, DM and DMC 

patients: As shown in Table 5.8, in DM patients, there was no evident positive 

correlation found between sRAGE, esRAGE and cRAGE with different glycation 

parameters. sRAGE showed weak correlation with esRAGE and significant positive 

correlation with cRAGE while esRAGE showed significant negative association with 

cRAGE. In case of antioxidants, sRAGE was positively correlated with TAC while 

negatively correlated with other antioxidants. esRAGE was positively correlated with 

SOD and PON-1 while negatively correlated with AOPP and LPO. cRAGE was also 

negatively correlated with different antioxidants while positively correlated with 

TAC, AOPP and LPO. sRAGE was positively correlated with VCAM-1 and MCP-1 

while negatively correlated with TNF-α and adiponectin. esRAGE was significantly 

correlated with TNF-α and adiponectin while weakly associated with VCAM-1, 

MCP-1 and negatively correlated with IL-6. cRAGE was positively correlated with 

IL-6, VCAM-1 and MCP-1 while negatively correlated with adiponectin. In DMC 
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condition, there was no evident correlation found between sRAGE and glycation 

markers while esRAGE showed positive correlation with AGEs and free thiol groups. 

cRAGE was positively correlated with AGEs and negatively associated with free 

amino groups.  

Table 5.8 Correlation analysis of plasma RAGE isoforms with glycation, other 
RAGE isoforms, oxidative stress and inflammatory markers in control, DM and 
DMC patients 

Biochemical 
parameters 

Correlation coefficient (r) 
Control  DM DMC  

sRAGE 
Fructosamine 0.128 0.049 -0.093 
Protein carbonyls -0.085 0.024 0.052 
AGEs 0.151 0.035 -0.114 
β-amyloid 0.133 -0.011 -0.052 
Free amino groups -0.141 0.117 0.112 
Free thiol groups 0.044 -0.007 -0.057 
esRAGE 0.145 0.034 -0.077 
cRAGE 0.096 0.292*** 0.055 
GSH 0.037 0.084 -0.123 
Catalase -0.017 0.148 0.005 
NO 0.078 -0.087 0.048 
SOD -0.248** -0.158 0.168 
PON-1 0.126 0.050 0.344*** 
TAC 0.124 0.318*** 0.489*** 
AOPP -0.124 -0.102 0.340*** 
LPO 0.135 0.035 0.034 
IL-6 -0.250** 0.049 -0.179* 
TNF-α 0.237 -0.123 0.062 
VCAM-1 -0.012 0.104 -0.035 
MCP-1 -0.033 0.203* -0.051 
Adiponectin 0.147 -0.016 -0.045 

esRAGE 
Fructosamine 0.165* -0.042 -0.037 
Protein carbonyls -0.168* -0.046 -0.013 
AGEs -0.087 -0.027 0.293*** 
β-amyloid 0.112 -0.080 -0.027 
Free amino groups 0.058 -0.099 -0.080 
Free thiol groups -0.017 0.001 0.169* 
cRAGE 0.376*** -0.182* 0.048 
GSH -0.087 0.030 -0.108 
Catalase -0.151 -0.110 0.079 
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NO -0.098 -0.054 -0.096 
SOD -0.030 0.215** -0.002 
PON-1 0.085 0.250** -0.350*** 
TAC 0.187* -0.048 0.013 
AOPP -0.208** -0.149 0.043 
LPO -0.070 -0.018 0.113 
IL-6 -0.389*** -0.049 0.071 
TNF-α -0.031 0.207** 0.0002 
VCAM-1 -0.022 0.116 -0.025 
MCP-1 0.090 0.148 0.031 
Adiponectin 0.157 0.292*** 0.416*** 

cRAGE 
Fructosamine 0.055 0.062 -0.006 
Protein carbonyls -0.050 -0.060 -0.004 
AGEs -0.131 -0.093 0.149 
β-amyloid 0.080 -0.055 0.043 
Free amino groups 0.159* 0.185 -0.239** 
Free thiol groups -0.066 -0.046 -0.042 
GSH -0.138 0.077 0.134 
Catalase -0.110 0.086 0.112 
NO -0.108 -0.137 0.091 
SOD -0.023 -0.009 -0.043 
PON-1 0.144 -0.078 -0.226** 
TAC 0.342*** 0.204* -0.035 
AOPP -0.099 0.042 -0.048 
LPO 0.038 0.032 -0.030 
IL-6 -0.021 0.204** -0.301*** 
TNF-α 0.071 0.032 0.016 
VCAM-1 -0.131 0.122 0.103 
MCP-1 -0.085 0.149 -0.133 
Adiponectin 0.046 -0.111 -0.217** 
AGEs: advanced glycation endproducts; sRAGE = soluble RAGE; esRAGE: endogenous 
secretory RAGE; cRAGE: cleaved RAGE; TAS = total antioxidant status; LPO: lipid 
peroxidation; IL-6 = interleukin-6; TNF-α = tumor necrosis factor-α; VCAM-1 = vascular 
cell adhesion molecule-1; MCP-1 = monocyte chemo attractant protein-1. 
***: p<0.001;   **: p<0.01;   *: p<0.05 

 

In case of isoforms, sRAGE was negatively correlated with esRAGE. Both sRAGE 

and esRAGE was weakly correlated with cRAGE. sRAGE showed evident positive 

correlation with SOD, PON-1, TAC and AOPP while esRAGE was negatively 

correlated. cRAGE showed significant negative correlation with PON-1 while weakly 
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correlated with other antioxidants and oxidative stress markers. All three RAGE 

isoforms showed negative or weak correlation with inflammatory markers while 

esRAGE was positively correlated with adiponectin. In controls, exceptionally 

sRAGE showed weak positive correlation with fructosamine, AGEs, β-amyloid, 

esRAGE and adiponectin while negatively correlated with different antioxidants and 

inflammatory markers. From the observations, it was found that sRAGE leads 

increased levels of cRAGE while declined esRAGE levels in both DM and DMC 

condition. Positive association of sRAGE and cRAGE with inflammatory cytokine 

indicates there involvement in development of vascular inflammation. 

 

Correlation analysis of different glycation markers with oxidative and 

inflammatory markers: Correlation of different glycation markers with oxidative 

and inflammatory markers were shown in Table 5.9. In DM patients, glycation 

markers were negatively correlated with antioxidants except protein carbonyls, AGEs 

and free amino groups were showed positive correlation with PON-1. Only 

fructosamine showed positive correlation with AOPP while others glycation markers 

were negatively correlated. In case on inflammatory markers, AGEs has shown 

positive correlation with TNF-α and free amino groups with MCP-1 while others 

glycation parameters were negatively correlated with inflammatory marker. There 

was negative correlation evident between glycation markers and adiponectin levels. In 

DMC patients, glycation markers were negatively correlated with different 

antioxidants while positive correlation found between fructosamine with GSH and 

SOD, protein carbonyls with SOD and β-amyloid with catalase. There was weak 

association found between glycation markers and oxidative stress markers (AOPP and 

LPO) except free amino group were significantly correlated with AOPP. AGEs have 

shown positive correlation with IL-6, VCAM-1 and adiponectin while negatively 

correlated with TNF-α and MCP-1. Fructosamine and protein carbonyls were not 

shown any promising association while β-amyloid was positively correlated with 

TNF-α and MCP-1. Free amino groups were weakly correlated with all inflammatory 

cytokine adiponectin while thiol groups were significantly correlated with VCAm-1 

and adiponectin. In controls, glycation markers were negatively correlated with 

antioxidants except positive correlation found between protein carbonyls vs. NO and 

free amino groups vs. GSH. Protein carbonyls and free amino groups showed positive 
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correlation with AOPP while β-amyloid was positively correlated with LPO. There 

was also no evident correlation found between glycation and inflammatory markers. 

Overall, negative correlation of glycation markers with antioxidants indicates that 

increased glycation interlinked with oxidative stress and depletes antioxidants levels 

in diabetes. However, positive association between glycation and inflammation 

markers proves that glycation is the important mechanism plays a key role in vascular 

inflammation. 

 

Table 5.9 Correlation analysis of different glycation markers with oxidative and 
inflammatory markers in control, DM and DMC patients 
  
Biochemical 
parameters 

Correlation coefficient (r) 
Control  

Fructosa
mine 

Protein 
carbonyls 

AGEs β-
amyloid 

Free 
amino 
groups 

Free thiol 
groups 

GSH -0.237** -0.006 0.006 -0.199* 0.294*** -0.032 
Catalase -0.058 0.069 -0.285*** 0.089 0.105 0.028 
NO -0.002 0.246** -0.009 -0.043 -0.139 0.046 
SOD -0.293*** 0.074 0.003 0.018 0.139 -0.020 
PON-1 -0.082 -0.069 -0.194* 0.098 -0.033 0.040 
TAC 0.030 -0.172* 0.103 0.015 -0.182* -0.108 
AOPP -0.119 0.230** 0.138 -0.178* 0.364*** 0.037 
LPO -0.027 0.099 -0.131 0.182* 0.060 -0.005 
IL-6 -0.001 0.103 0.115 -0.005 0.017 -0.019 
TNF-α -0.066 -0.144 0.084 0.071 0.146 0.074 
VCAM-1 0.030 -0.070 0.042 0.009 0.074 0.169* 
MCP-1 -0.033 0.014 -0.068 -0.123 -0.219** 0.050 
Adiponectin 0.055 0.011 0.147 -0.093 -0.147 0.042 

DM 
GSH -0.193* 0.074 -0.079 0.090 0.029 0.081 
Catalase -0.009 0.100 -0.185* -0.080 0.151 0.0000060 
NO 0.146 -0.113 -0.045 0.059 -0.065 -0.158 
SOD -0.157 -0.094 -0.029 -0.034 -0.280*** 0.118 
PON-1 0.046 0.171* 0.165* -0.060 0.228** 0.056 
TAC -0.175* -0.084 -0.101 0.090 -0.044 -0.064 
AOPP 0.235** 0.003 -0.086 0.003 -0.063 -0.084 
LPO -0.041 0.122 0.049 0.075 0.072 -0.045 
IL-6 0.026 0.012 -0.007 -0.092 -0.160 -0.064 
TNF-α -0.044 0.050 0.177* -0.018 -0.029 -0.040 
VCAM-1 -0.054 -0.056 -0.021 -0.048 -0.068 -0.095 
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MCP-1 0.037 -0.043 -0.176* 0.045 0.396*** -0.104 
Adiponectin -0.045 -0.089 0.112 0.003 -0.099 -0.074 

DMC 
GSH 0.277*** -0.016 -0.057 0.076 0.020 -0.107 
Catalase -0.102 -0.027 0.151 0.172* 0.122 0.017 
NO -0.004 -0.043 -0.065 -0.016 0.126 -0.002 
SOD 0.295*** 0.421*** -0.035 -0.042 -0.020 0.127 
PON-1 -0.114 -0.018 0.160 -0.138 0.141 0.182* 
TAC -0.098 0.067 -0.002 -0.206** 0.120 0.219** 
AOPP -0.029 0.038 -0.126 0.024 -0.077 0.229** 
LPO 0.055 0.050 0.095 0.052 0.076 -0.013 
IL-6 0.113 -0.003 0.167* -0.090 -0.078 0.054 
TNF-α 0.029 -0.019 -0.280*** 0.106 0.116 -0.085 
VCAM-1 -0.043 0.028 0.172* 0.030 0.134 0.238** 
MCP-1 -0.076 0.028 -0.228** 0.111 0.133 -0.044 
Adiponectin -0.094 0.046 0.168* 0.061 0.163 0.193* 

GSH: glutathione; NO: nitric oxide; SOD: superoxide dismutase; PON-1: paraoxonase; TAC: 
total antioxidant capacity; AOPP: advanced oxidation protein products; LPO: lipid 
peroxidation; IL-6 = interleukin 6; TNF-α = tumor necrosis factor-α; VCAM-1 = vascular 
cell adhesion molecule-1; MCP-1 = monocyte chemoattractant protein-1. ***: p<0.001,   **: 
p<0.01,   *: p<0.05 

 

High glucose induces upregulation of adhesive molecules which is dependent 

on the intracellular activity of NF-κB (Trinanes et al., 2012). Additionally, animal and 

human studies have demonstrated that AGE induces NF-κB activation strongly 

correlated with enhanced expression of IL-6, TNF-α, VCAM-1 and related to DM and 

DMC conditions (King G., 2008; Vlassara H., 1997). Enhanced NF-κB levels may 

change the ability of macrophages to degrade and excrete AGEs bound 

macromolecules, therefore causes their deposition in renal tissue and leads kidney 

dysfunction (Utsunomiya et al., 1995). Moreover, NF-κB controls adhesion molecules 

and its dysregulation leads more adhesion molecule generation which contributes to 

atherosclerosis formation in diabetes (Ji et al., 2016). This evidence proves present 

results of elevated expression of NF-κB in DMC patients which might be the reason 

behind the elevated different inflammation markers.  

Cytokines released from monocytes or macrophages such as IL-6, TNF-α and 

MCP-1 could have an initial role in β-cell damage ultimately contributing to the 

disruption of whole-body insulin sensitivity (Herder et al., 2016). In human and 

animal models, upregulation of TNF-α in adipose tissues during obesity linked with 
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insulin resistance through its action on IRS-1 and enhanced β-cell apoptosis in 

diabetes (Khodabandehloo et al., 2016). The correlation of TNF-α with HOMA-β and 

insulin indicates over the functioning of β-cells which may cause insulin resistance in 

peripheral tissues (Lumeng et al., 2007). Glycation induces VCAM-1 which causes 

macrophage induction and plays role in monocyte chemotaxis (Rempel et al., 2015). 

Other study showed elevated levels of VCAM-1 antigen in plasma of diabetes patients 

can prime different molecules in vasculature for enhanced interaction with circulating 

monocytes (Trinanes et al., 2012). Positive association between VCAM-1 with 

albuminuria and its increased level was found in kidney biopsy samples of 

nephropathy patients (Rubio-Guerra et al., 2013) supporting the present finding of 

increased VCAM-1 in nephropathy patients. NF-κB activation induces MCP-1 levels 

furthermore MCP-1 causes transformation of monocytes in macrophages provoking 

the generation of IL-6 and TNF-α (Moon et al., 2012). Glycated albumin up-regulated 

MCP-1 expression and its increased level were associated with albuminuria in 

diabetic nephropathy patients (Banba et al., 2000). Dysregulation of adiponectin was 

associated with atherosclerotic plaque formation and its reduced level was found in 

DM patients with cardiovascular diseases (Ouchi et al., 1999). Overall, results 

demonstrated increased expression of NF-κB and higher levels of inflammatory 

cytokines (IL-6, TNF-α, VCAM-1) in DM patients with nephropathy and MCP-1 in 

CAD and nephropathy patients while adiponectin was reduced in CAD patients. The 

positive association of glycation with inflammatory markers in DMC patients proves 

its crucial role in the development of vascular inflammation.  

 

Objective 4: To examine effect of anti-diabetic drugs on albumin glycation and 

cellular changes in-vitro and in-vivo. 

The frequently prescribed anti-diabetic drugs - MF, Gz and Pz drugs were examined 

in this objective to understand their role in glycation reaction. As the solubility of MF, 

Gz is in water and that of Pz in DMSO, the in-vitro methodology was different for 

them. This objective result is divided into three parts- 5.9) In-vitro action of MF and 

Gz on albumin glycation, 5.10) In-vitro action of Pz on albumin glycation, 5.11) In-

vivo action of MF therapy in DM patients. 
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5.9 In-vitro action of MF and Gz on albumin glycation  

In the present study the effect of MF and Gz on various glycation and antioxidant 

markers were investigated using albumin and different cell models such as THP-1 and 

erythrocytes. Previous studies have demonstrated that MF activates AMPK pathway 

in the dose-dependent manner (100-500 µM) in bovine aortic endothelial cells (Zou et 

al., 2004) and 500 µM Gz caused PPAR-γ activity and glucose uptake in transformed 

kidney fibroblast cell line (Lee et al., 2011). Therefore, these drugs at 50-500 µM 

concentration were used to evaluate their roles in in-vitro glycation of albumin. 

5.9.1 Glycation markers: Level of fructosamine was significantly higher in glycated 

albumin (1.6-fold, p<0.001) as compared to native albumin (Fig. 5.11 a). AG caused 

considerable reduction in fructosamine level (20 %, p<0.01). With increasing drug 

concentrations, fructosamine formation was found to be decreased. At lower 

concentrations, MF and Gz showed marginal fructosamine reduction, whereas both 

drugs at 400 µM and 500 µM concentration caused major inhibition by 25-40 %, 

respectively (p<0.001) (Fig. 5.11 a). Glycated albumin had 1.2-fold higher carbonyl 

level in comparison to native albumin (Fig. 5.11 b). Incubation with AG showed 

minor inhibition on carbonyl level, whereas at higher concentrations of drugs (400 

µM, 500 µM) up to 20 % reduction was observed as compared to glycated albumin. 

The glycated albumin samples showed 1.6-fold higher amyloid formation (p<0.001) 

than native albumin (Fig. 5.11 c). MF and Gz caused a significant reduction in 

amyloid formation in dose dependent manner (p<0.001). At 500 µM concentration, 

MF had greater impact (32 %) on amyloid reduction than Gz (27 %). Level of free 

thiol in glycated albumin was significantly lower by 1.8-fold (p<0.001) as compared 

to the native albumin (Fig. 5.11 d). AG showed significant protection (97 %, p<0.001) 

of thiol group during glycation. Presence of both drugs with increasing concentration 

during glycation exhibited prominent beneficial role on thiol levels in dose dependent 

manner. At 500 µM concentration both drugs showed significant preservation of thiol 

groups (80-90 %, p<0.001) as compared to the glycated albumin.  

Guanidine groups in MF structure react with physiological a-oxoaldehyde 

glyoxal, methylglyoxal and 3-deoxyglucosone to form 3-amino-1, 2, 4-triazine 

derivatives and prevent glycation by these agents in-vitro and in-vivo (Stoppa et al., 

2006). Ahmad et al. (2013), have also reported the early stage glycation inhibition by 

MF. Matsuda et al. (2012), indicated high binding affinity and multi-site interactions 
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of SU to human albumin at Sudlow site I and II with affinities of 3.2–3.9 9 10(5) and 

1.1–1.4 9 10(4) M(-1), respectively. Glycation affects the binding of sulfonylurea to 

albumin which increases at Sudlow site II (27 %) and decreases at Sudlow site I (18 

%). At higher concentrations more bound Gz to glycated albumin could possibly 

inhibit fructosamine formation (Anguizola et al., 2013). 

 

Previous reports suggested that AG reacts extensively with amadori groups to 

trap reactive dicarbonyl species of glycated proteins thereby blocking their further 

reactions and prevents the formation of AGEs (Stoppa et al., 2006). As MF contains 

two guanidine groups, inhibition could be by similar mechanism as AG. Sulfonylurea 

increased binding to glycated albumin (Matsuda et al., 2012) may interfere in MG-

albumin interactions thereby reducing carbonyl formation. There is no direct evidence 

Fig. 5.11 Action of MF and Gz on various glycation markers of albumin- a) 
fructosamine; b) protein carbonyls; c) β-amyloid; d) thiol groups level. Data is 
expressed as mean ± SD, n = 3. † = BSA was compared with glycated BSA.* = Drug 
treated samples compared with glycated albumin. ***, ††† p < 0.001; **, †† p < 0.01; 
*, † p < 0.05.  
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about the role of drugs in glycation induced albumin aggregation; however, there are 

report indicating an inhibitory effect of MF on the amyloid formation of other 

proteins (Hull et al., 2005). For instance, MF reduced aggregation formation of islet 

amyloid precursor protein (Salman et al., 2013). SU known reactive radical 

scavenging activity and increased binding to glycated albumin at the Sudlow site 

(Matsuda et al., 2012) might be responsible for amyloid inhibition. This free reduced 

thiol is a powerful nucleophile representing the antioxidant potential of albumin. The 

redox state of albumin is critically influenced by various physiological and 

pathological changes affecting its binding properties (Oettl et al., 2007). The present 

study first time indicating the protective role of MF on thiol groups modifications of 

albumin during glycation. SU may inhibit protein thiol group modification by free 

radical scavenging activity. 

5.9.2 Albumin structural modifications: To understand the impact of drugs on 

albumin structural modifications, absorption spectra and native-PAGE was 

performed. As compared to native albumin, glycated albumin showed more 

absorption at 340 nm (Fig. 5.12 a, b).  Increased absorption between 300 and 380 nm 

was observed in glycated albumin as compared to native albumin. This may be 

attributed to the maximal wavelength shift and exposure of aromatic amino acids- 

tyrosine/tryptophan to the solvents (Bouma et al., 2003). However, in presence of MF 

and Gz, glycated albumin showed low absorption at 340 nm suggesting their 

antiglycation potential. Both the drugs at 50-300 µM concentration showed moderate 

inhibition on albumin modification in the range of 15-35 %. At higher concentrations 

(400 and 500 µM) of drugs prominent inhibitory effect (40-50 %) on structural 

modifications was observed (Fig. 5.12 a, b).  

As seen in Fig. 5.13 a, b- increased mobility of glycated albumin towards 

anode was observed as compared to native albumin. The presence of MF and Gz 

slightly inhibited albumin migration as compared to glycated albumin. The native-

PAGE electrophoresis profile reveals high molecular weight (HMW) aggregates 

formation and altered migration of glycated albumin samples towards the anode 

(Rondeau et al., 2007). Increased binding of SU to glycated albumin (Matsuda et al., 

2011) might influence the migration of glycated albumin in electric field. 

Electrophoretic migration of glycated albumin band towards anode in nondenaturing 

conditions indicates the alteration of charge and confirmation of proteins (Ahmad et 
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al., 2013). These studies gave more insight of drugs role in glycation induced 

structural modifications of albumin. 

 

 

 

 

Fig. 5.12 Role of MF and Gz on structural modifications of albumin. a, b) 
Normalized absorption spectra of albumin, glycated BSA, glycated BSA + AG, 
glycated albumin + MF/Gz (50, 100, 200, 300, 400, 500 µM). 
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5.9.3 Action of MF and Gz on glycated albumin induced cellular toxicity in THP-1 

cells: Toxicity of glycated albumin samples on THP-1 cells was examined by 

measuring cell viability using MTT assay. Glycated albumin showed higher 

cytotoxicity with 2.4-fold decreased cell viability as compared to native albumin (Fig. 

5.14 a). Drugs co-incubated glycated albumin samples effectively suppressed 

cytotoxicity both drugs at 50, 100 and 200 µM showed partial protection (by 50–60 

%) against toxicity of glycated albumin. As seen in Fig. 5.14 a, higher concentrations 

of MF and Gz (300 - 500 µM) exhibited noteworthy cell protection (70-85 %) 

comparable to AG (85 %, p<0.001). Additionally, when THP-1 cells were exposed to 

glycated albumin there was significant decrease in GSH and CAT levels (reduced by 

1.5 and 2.0-fold, respectively) with glycated albumin treatment (Fig. 5.14 b, c).  

Fig. 5.13 Native-PAGE of various albumin samples treated with MF and Gz. 
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In treated cells, presence of drugs during glycation showed marginal improvement in 

GSH and CAT levels (statistically non-significant). Other cellular antioxidant 

parameter, intracellular NO level was reduced (2.0-fold, p<0.001). This was increased 

in presence of drugs co-incubated albumin samples in dose-dependent manner. Both 

drugs at 400 and 500 µM showed 82-85 % improvement in NO levels (p<0.01) as 

compared to glycated albumin (Fig. 5.14 d).  

 

 

Fig. 5.14 Role of MF and Gz incubated glycated samples on cell viability and 
antioxidants levels in THP-1 cells. a) cell viability; b) levels of GSH; c) catalase; 
and d) NO. Data is expressed as mean ± SD, n = 3. † = BSA was compared with 
glycated BSA. * = Drug treated samples compared with glycated BSA ***, ††† p 
< 0.001; **, †† p < 0.01; *, † p < 0.05.  
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5.9.4 Action of MF and Gz on glycated albumin induced toxicity on erythrocytes: 

As depicted in Fig. 5.15 a, glycated albumin treatment exhibited higher erythrocyte 

hemolysis (2.0-fold). Dose-dependent decrease in hemolysis was observed in 

presence of MF (13-40 %) and Gz (15-37 %) comparable to AG (40 %). In glycated 

albumin treated erythrocytes, there was a 2.0-fold elevated level of lipid peroxidation 

as compared to native albumin (Fig. 5.15 b), while presence of MF and Gz 

significantly reduced MDA levels in glycated albumin co-incubated erythrocytes. 

Overall both MF (20-45 %) and Gz (20-41 %) inhibited lipid peroxidation nearly 

comparable to AG. SOD level was significantly decreased (2.5-fold) in glycated 

albumin exposed erythrocytes, while with drugs treatment; dose-dependent 

improvement was observed (Fig. 5.15 c).  

Fig. 5.15 Action of MF and Gz incubated glycated samples on various parameters in 
erythrocytes- a) hemolysis; b) lipid peroxidation (LPO); c) activity of superoxide 
dismutase (SOD). Data is expressed as mean ± SD, n = 3. † = BSA compared with 
glycated BSA. * = Drug treated samples compared with glycated BSA ***, ††† p < 
0.001; **, †† p < 0.01; *, † p < 0.05.  
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When erythrocytes were exposed to glycated albumin there was significant decreased 

in GSH (1.5-fold) and CAT levels (2.6-fold) however improved dose dependently by 

treatment of MF and Gz (Table 5.10).  ROS are also able to change the mitochondrial 

permeability, increases release of Ca++ in cytosol which may contribute to cell death 

however, SU binds to the sulphonylureas receptor (SUR1) and decreases the 

intracellular Ca++ levels in cells and thereby decreases cell death (Sliwinska et al., 

2012). Therefore, Gz might have protected the monocytes and erythrocytes from 

glycated albumin induced oxidative damage possibly by- (1) decreasing the 

intracellular Ca++ levels, (2) restoring cellular antioxidant defense. MDA is a highly 

reactive dialdehyde produced by lipid peroxidation (Renier et al., 2000), is a crucial 

indicator of cellular damage. MF exerts anti-hyperglycemic effect on the lipid 

domains of the cell membrane and increases the fluidity of the erythrocytes (Muller et 

al., 1997). When fructose-fed rats were treated with MF, an imbalance between 

peroxidation and antioxidants defense system was mitigated (Srividhya et al., 2002). 

It was observed that MF modifies cardiac lipid/glucose oxidation ratio by normalizing 

Table 5.10 Erythrocytes catalase activity and GSH levels in the presence of MF 
and Gz during albumin glycation 
Samples Catalase activity 

(U/min/mg protein) 
GSH levels 

(nM/mg protein) 
BSA 61 ± 3.7 924 ± 99.6 
Glycated BSA 23 ± 2.1 526 ± 34.8 
Glycated BSA+AG      58 ± 4.05***      911 ± 87.04*** 
Glycated BSA+50 µM MF 26 ± 1.4 565 ± 56.6 
Glycated BSA+100 µM MF 33 ± 3.5 712 ± 19.3 
Glycated BSA+200 µM MF 40 ± 3.8      838 ± 24.05*** 
Glycated BSA+300 µM MF 45 ± 2.3     877 ± 35.08*** 
Glycated BSA+400 µM MF     52 ± 2.07***   906 ± 97.8*** 
Glycated BSA+500 µM MF    55 ± 5.4***    938 ± 30.1*** 
Glycated BSA+50 µM Gz 24 ± 1.4 564 ± 43.2 
Glycated BSA+100 µM Gz 30 ± 2.0 653 ± 33.8 
Glycated BSA+200 µM Gz 39 ± 2.6 697 ± 14.2 
Glycated BSA+300 µM Gz 42 ± 3.8 807 ± 15.1 
Glycated BSA+400 µM Gz 48 ± 2.1    883 ± 83.7*** 
Glycated BSA+500 µM Gz    51 ± 5.8***    930 ± 18.8*** 
Results are expressed as mean ± SD, n = 3. Drug treated samples and AG were compared 
with glycated albumin.* p< 0.05,** p < 0.01, *** p < 0.001.  
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serum non-esterified fatty acids (Viollet et al., 2012). Tessier et al. (1999), reported 

comparable levels of efficacy and complementary effects on lipid peroxidation 

markers in T2DM patients by gliclazide and MF. From the observations, marked 

decline in albumin glycation, structural modifications, preserved cell viability and 

cellular anti-oxidants by reducing LPO and hemolysis was found in presence of MF 

and Gz. Between drugs comparison, MF showed maximum protective effect by 

declining glycation and oxidative stress markers as compared to Gz. 

 

5.10 In-vitro action of Pz on albumin glycation  

5.10.1 Glycation markers: Present findings showed higher level of fructosamine in 

glycated albumin (1.7-fold) as compared to native albumin (Fig. 5.16 a). Standard AG 

has shown 1.1-fold reduction while Pz concentration from 125 µM to 1000 µM has 

shown 1.1 to 1.2-fold reduction in fructosamine formation as compared to glycated 

albumin. Protein carbonyl groups were increased by 2.1-fold in glycated albumin 

(p<0.05) as compared with native albumin (Fig. 5.16 b). AG has reduced protein 

carbonyls by 1.5-fold as compared to glycated albumin. In presence of drug with 

different concentrations, there was decrease in protein carbonyl levels as 125-250 µM 

showed 1.1-fold reduction, 500-750 µM showed 1.3-fold reduction while 1000 µM 

showed 1.9-fold declined (p<0.05) as compared to glycated albumin. Another protein 

structural modification parameter, β-amyloid groups were increased by 2.7-fold in 

glycated albumin (p<0.01) sample as compared to native albumin. Presence of AG 

during incubation decreased amyloid formation by 1.6-fold (p<0.05) as compared to 

glycated albumin (Fig. 5.16 c). Upon drug treatment 125 µM Pz reduced amyloid 

content by 1.4-fold and with increasing concentration decreasing trend of β-amyloid 

formation was found - 250 µM (1.8-fold, p<0.01), 500 µM (1.7-fold, p<0.05), 750 

µM (1.6-fold, p<0.05), 1000 µM (1.9-fold, p<0.01). Free thiol group was lowered by 

1.3-fold in glycated albumin as compared to native albumin (Fig. 5.16 d). AG treated 

sample had increased level (1.0-fold) in free thiol groups as compared to glycated 

albumin. Presence of drug showed same protection (1.0-fold) at different 

concentration except for 500 µM where thiol groups were increased by 1.3-fold as 

compared to glycated albumin. 
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Present study findings revealed decrease bilirubin binding constant by 1.3-fold in 

glycated albumin as compared to native albumin (Fig. 5.16 e). AG has shown 1.25-

fold protection as compared to glycated albumin. Presence of lower concentration of 

drug- 125 and 250 µM showed marginal increase (1.0, 1.2-fold) while, 250 µM, 500 

µM, 750 µM and 1000 µM showed 1.3-fold increased bilirubin binding constant as 

Fig. 5.16 Effect of Pz on different glycation markers of albumin- a) fructosamine; 
b) protein carbonyls; c) β-amyloid; d) free thiol groups; e) formation constant of 
bilirubin binding; f) AOPP formation. The data is expressed as mean ± SD, n = 3.  
† = BSA compared with glycated BSA. * = Drug treated samples compared with 
glycated BSA ***, ††† p < 0.001; **, †† p < 0.01; *, † p < 0.05. 
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compared to glycated albumin. Protein oxidation marker, AOPP was measured and 

found elevated levels in glycated albumin (4.7-fold, p<0.05) as compared to native 

albumin (Fig. 5.16 f). AG has shown partial reduction in AOPP (1.6-fold) as 

compared to glycated albumin. Presence of drug at 125 µM, 750 µM and 1000 µM 

has shown similar reduction (1.6-fold) whereas 250 µM and 500 µM showed 

markedly reduced levels of AOPP (2.1-fold) as compared to glycated albumin. 

Bilirubin binding to albumin decreases in diabetes and therefore free bilirubin causes 

protein aggregation or neurotoxicity by crossing brain barrier (Amin et al., 2011).  

5.10.2 Albumin structural modification: native-PAGE and HPLC were performed to 

know the action of Pz on albumin structural modifications. As showed in Fig. 5.17, 

glycated albumin showed noticeable migration in an electric field towards anode as 

compared to native albumin indicating charge and conformational changes in the 

protein.  

 

Increasing Pz concentrations during albumin glycation might influence its 

migration towards anode in an electric field which was comparable to standard 

inhibitor AG. The disappearance of the band relative to trimeric aggregates (MW 

~205KD) with increasing drug concentration confirmed inhibition of aggregate 

formation (indicated in box). Among the different concentration of drugs, 500 and 

Fig. 5.17 Native-PAGE of various albumin samples treated with Pz.  
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1000 µM showed slight prominent action on protein electrophoretic migration and 

timeric aggregates formation in non-denaturing conditions indicates their potential to 

inhibit glycation mediated alteration in protein charge and confirmation.  

HPLC elution profile of native BSA, glycated BSA and glycated BSA with Pz 

mixtures demonstrated in Fig. 5.18 (A-D). The elution profile of native albumin 

showed a single peak at retention time 27.7 min (Fig. 5.18 A) wherein glycated 

albumin (Fig. 5.18 B) yielded three different peaks at 23.7, 26.3, and 28 min 

indicating the formation of AGEs adducts in mixtures of BSA-MGO. The incubation 

mixtures of BSA+MGO with (Pz 1000 µM), showed two small peaks at 23 and 26 

min and one prominent peak at 28 min (Fig. 5.18 C). Additionally, standard AG 1000 

µM also showed two small peaks and one prominent peak at 23.9, 26.1 and one 

prominent peak at 28 min (Fig. 5.18 D). Therefore, the decrease in peak intensity 

indicates inhibition of AGEs formation as compared to glycated albumin. 

 

Furthermore, the concentration of unmodified albumin was evaluated by 

comparing the native BSA peak, eluted at ~ 28 min and results are summarized in 

Table 5.11. A minimum of 33.2 % BSA remains unmodified in the mixture of BSA-

MGO showing extensive alteration in glycated albumin as compared to native 

albumin. In presence of 1000 µM Pz, maximum inhibition of BSA-MGO interaction 

was observed, leaving 57.5 % BSA unmodified as compared to glycated BSA as well 

Fig. 5.18 HPLC profile of glycated samples in presence of Pz- A) Native BSA; 
B) Glycated BSA; C) Glycated BSA + Pz (1000 µM); D) Glycated BSA + AG 
(1000 µM). 
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as standard AG which showed 52.7 % unmodified BSA. This indicates that Pz can 

inhibit protein modifications even more prominently than AG. 

Table 5.11 Concentration of unmodified albumin in various glycated samples 

Samples Retention 
time (min) 

Concentration of 
unmodified albumin (%) 

(A) Native BSA  27.7  100  

(B) Glycated BSA  28.0  33.2  

(C) Glycated BSA + Pz (1000 µM) 28.0 57.5 

(D) Glycated BSA + AG (1000 µM) 28.0 52.8 

Pz = pioglitazone; BSA= bovine serum albumin; AG = aminoguanidine 
 

Anti-diabetic drugs from TZDs class such as Pz and rosiglitazone are potent 

activators of PPAR-γ and they are known to have anti-inflammatory, anti-oxidative 

and anti-proliferative effects (Gumieniczek A., 2005; Kaplan et al., 2014). The other 

compound from TZDs i.e. OPB 9195 [(±)-2-isopropylidenehydrazono-4-oxo-

thiazolidin-5-ylacetanilide] has shown strong inhibitory effect on AGEs cross linking 

and reduced pentosidine formation (Gumieniczek A., 2005). Rahbar et al. (1999), 

demonstrated that Pz might have a similar effect like OPB 9195, as hydrazine 

nitrogen group of Pz has the ability to interact with carbonyl groups directly and 

therefore may inhibit glycation induced protein damage. Similarly, in the present 

study, reduction was found to some extent in fructosamine and protein carbonyls and 

β-amyloids in presence of Pz at different concentrations may be because of the above 

prescribed mechanism. Pz has 99 % protein binding capacity, therefore, inhibits 

protein structural changes (Ma et al., 2015) which may protect the thiol groups from 

oxidation, additionally shielding Lys and Arg  groups (the common glycation sites) 

and thereby alleviating their availability for the reaction with sugars (Barnaby et al., 

2010). Increased free thiol groups of albumin and bilirubin binding capacity of 

albumin in the present study which is not reported earlier by researchers. Pz treatment 

reduced AOPP formation by 50 - 60 % in the present study as compared to glycated 

albumin. Gumieniczek A., (2003) reported 84 % reduction AOPP formation in 

hyperglycemic rabbits by Pz treatment. However, the exact mechanism of Pz on 

AOPP inhibition is not postulated while possible reason could be its inhibitory action 

on myeloperoxidase formation which is involved in AOPP production (Gumieniczek 
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A., 2005). 500 µM Pz showed 66.4 % protection against albumin modification in 

HPLC profile as well as inhibition of higher aggregates formation and protein 

migration. This evidence explains the possible mechanisms of reduction of different 

glycation markers in presence of Pz due to hydrazine group and higher protein 

binding capacity. 

 

5.10.3 Action of Pz on glycated albumin induced cellular toxicity: Different cellular 

antioxidants were studied in the present study and among them PON-1 activity was 

significantly reduced (3.8-fold, p<0.05) in glycated albumin as compared to native 

albumin (Fig. 5.19 a).  Standard AG treatment showed 3.2-fold higher PON-1 activity 

(p<0.05) as compared to glycated albumin. When cells exposed to glycated albumin 

in presence of Pz the activity of PON-1 was dose-dependently increased as 125 µM 

showed 0.4-fold, 250 µM showed 1.0-fold, 500 µM showed 1.5-fold, 750 µM showed 

1.8-fold, and 1000 µM (p<0.05) showed 3.2-fold increased PON-1 activity as 

compared to glycated albumin. TAC was also measured and found 2.8-fold reduced 

Fig. 5.19 Effect of Pz on cellular antioxidants and lipid peroxidation in HEK-293 
cells incubated with glycated albumin- a) PON-1 activity; b) TAC; c) SOD; and d) 
LPO. Data is expressed as mean ± SD, n = 3. † = BSA compared with glycated 
BSA. * = Drug treated samples compared with glycated BSA ***, ††† p < 0.001; 
**, †† p < 0.01; *, † p < 0.05.  
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(p<0.01) in glycated albumin as compared to native albumin (Fig. 5.19 b). While AG 

has shown 1.8-fold protection as compare to glycated albumin. In presence of drug at 

different concentrations, 750 µM (2.29-fold, p<0.05) has shown maximum protection 

on TAC followed by 500 µM (1.75-fold) and 1000 µM (1.77-fold) however 125 µM 

and 250 µM has not shown any protective action on TAC as compared to glycated 

albumin. Another antioxidant enzyme SOD was analyzed and found to be reduced 

1.7-fold in glycated albumin as compared to native albumin (Fig. 5.19 c). In presence 

of AG, 1.5-fold increased activity of SOD was found as compared to glycated 

albumin. Different drug concentration has diverse impact on the activity of SOD- 500 

µM and 1000 µM showed maximum protection (1.7-fold), 250 µM and 750 µM 

showed marginal protection (1.5-fold) on SOD activity as compared to glycated 

albumin. Lipid peroxidation was found 2.75-fold higher (p<0.01) in glycated albumin 

as compared to native albumin (Fig. 5.19 d). AG showed a 2.7-fold reduction 

(p<0.01), while Pz at 250 µM (7.3-fold), 500 µM and 1000 µM showed 2.2-fold 

(p<0.05) reduction in LPO as compared to glycated albumin. While 125 µM and 750 

µM showed 1.3-fold reduction as compared to glycated albumin.  

In present study intracellular oxidative stress was measured by DCF-

fluorescence and in glycated albumin treated cells it was increased by 97 % (p<0.001) 

(Fig. 5.20 c) as compared to control cells and only BSA treated cells (Fig. 5.20 a,b). 

AG has shown 70 % (p<0.001) protection on ROS generation as compared to glycated 

albumin treated cells (Fig. 5.20 d). The presence of Pz has shown the dose- dependent 

reduction in intracellular ROS generation from 43 % to 56 % as compared to glycated 

albumin treated cells (Fig. 5.20 e-j). It has been shown that anti-oxidative effect of 

TZDs by activating PPAR-γ which enhances glutathione peroxidase 3 gene 

expression and blocks xanthine oxidase pathway and thereby inhibits oxidative stress 

generation (Guzik et al., 2000). El Midaoui et al. (2006) demonstrated that Pz 

treatment of aortic smooth muscle cells in presence of high glucose declined O2
− 

production, while another study showed similar decreased oxidative stress in obese 

rats and diabetic rabbits (Dobrian et al., 2004). ApoA1 protein mass in HDL is 

associated with the PON-1 activity, and Pz increases the levels of ApoA1 ultimately 

enhances PON-1 activity (Dormandy et al., 2005). 
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Fig. 5.20 Intracellular ROS in HEK-293 cells treated with glycated samples and 
Pz- a) control cells; cells treated with b) BSA; c) glycated albumin; d) glycated 
albumin + AG (1000 µM); e) glycated BSA + 125 µM Pz; f) glycated BSA + 250 
µM Pz; g) glycated BSA + 500 µM Pz; h) glycated BSA + 750 µM Pz; i) glycated 
BSA + 1000 µM Pz. a1 to i1- respective bright field images. j) Graphical 
representation of relative levels of ROS in treated cells. Data is represented as 
mean ± SD. † = BSA compared with glycated BSA. * = Drug treated samples 
compared with glycated BSA ***, ††† p < 0.001; **, †† p < 0.01; *, † p < 0.05.  
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In the present study, Pz with increasing concentration raised PON-1 activity in 

HEK-293 cells exposed to glycated albumin thereby reducing oxidative stress. Pz 

therapy to diabetic rabbits and rat with mild forebrain ischemia/reperfusion injury 

increased SOD and reduced LPO levels (Collino et al., 2006; Gumieniczek A., 2003). 

PPAR-γ target genes play an important role in lipid uptake and storage in the liver 

ultimately decreases lipid peroxidation and maintains anti-oxidants regulation 

(Memon et al., 2000). Hence, Pz because of the unique properties like higher binding 

to proteins, hydrazine group and PPAR-γ modulatory action may be helping in 

elevation of cellular TAC, SOD levels and declining levels of LPO overall reducing 

oxidative stress as observed in the present study.  

5.10.4 Action of Pz on expression of RAGE, NF-κB and cellular inflammatory 

markers: HEK-293 cells were treated with various glycated albumin samples and 

expression of RAGE and NF-κB was analyzed as shown in Fig. 5.21.  

 

Fig. 5.21 Expression of RAGE, NF-κB and β-actin in HEK-293 cells treated with 
glycated samples- a) Expression of RAGE, NF-κB and β-actin; b, c) Band 
densitometry of membrane RAGE, NF-κB and β-actin where data is represented 
as mean ± SD of three independent experiments.  
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In cells treated with glycated albumin, higher expression of RAGE (0.7-fold) and NF-

κB (7.0-fold) was observed as compared to native albumin treated cells (Fig. 5.21 a). 

The presence of AG in glycated sample decreased cellular RAGE and NF-κB 

expression by 0.5-fold and 2.0-fold respectively as compared to glycated albumin 

treated cells. In the case of drug treatment, Pz at 125 µM has not shown any 

protective action on the expression of RAGE and NF-κB while from 250 to 1000 µM 

concentration, reduced RAGE and NF-κB expression was observed as compared to 

glycated albumin treated cells (Fig. 5.21 b, c).  

  

The HEK-293 cells lysate after the treatment with various glycated samples 

were used for analysis of different inflammatory markers (IL-6 and TNF-α). In 

glycated albumin treated cells, IL-6 levels were elevated by 2.2-fold (p<0.05) as 

compared to native albumin treated cells (Fig. 5.22 a). AG and 125 µM showed 

negligible protection while 250 µM to 1000 µM showed similar action (2.0-fold) on 

IL-6 inhibition as compared to glycated albumin treated cells. The TNF-α level was 

higher (3.2-fold, p<0.01) in glycated albumin treated cells as compared to native 

albumin treated cells (Fig. 5.22 b). AG showed a reduction by 1.4-fold, while 500 µM 

and 1000 µM showed maximum reduction (1.8-fold, p<0.05) in TNF-α levels as 

compared to glycated albumin treated cells. 750 µM showed 1.4-fold reduction as 125 

µM and 250 µM showed 1.2-fold reduction in TNF-α level as compared to glycated 

albumin treated cells.  

 

Fig. 5.22 Effect of Pz incubated glycated samples on inflammatory markers in 
HEK-293 cells - a) IL-6 and b) TNF-α. The data is expressed as mean ± SD, n = 3. 
† = BSA compared with glycated BSA. * = Drug treated samples compared with 
glycated BSA ***,††† p < 0.001; **, †† p < 0.01; *, † p < 0.05. 
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According to Oz et al. (2010), Pz alleviates cellular AGEs toxicity and down-

regulates RAGE expression causing inhibited proliferation of smooth muscle cells.  

PPAR-γ also suppresses NF-κB expression and inhibits inflammation (Sundararajan 

et al., 2004). It was reported that PPAR-γ modulates leukocytes recruitment to 

endothelial cells and activation of macrophages, therefore, regulates production on 

inflammatory cytokines (IL-6, TNF-α) in muscle cells (Biscetti et al., 2009). Pz 

administration in Zucker diabetic fatty rats reduced renal levels of TGF-β, TNF-α and 

IL-6 and exerts a vasculoprotective effect by retarding endothelial dysfunction (Yu et 

al., 2013). Ashoff et al. (2012), demonstrated that Pz treatment prevents diabetic 

capillary rarefaction independently of its anti-hyperglycemic activity while Derosa et 

al. (2010), reported reduced inflammatory response in T2DM patients treated with Pz 

as compared to MF and SU. This evidence confirms our findings of reduced NF-κB, 

RAGE protein expression as well as decreased levels of IL-6 and TNF-α in the 

presence of Pz in glycated albumin incubated HEK-293 cells and possible mechanism 

could be through the modulatory action on PPAR-γ and consequential reduction of 

cellular inflammation. 

 

5.11 In-vivo action of MF therapy in DM patients 

To confirm the in-vitro results of antiglycation potential of MF, further a study on 

diabetic patients taking MF treatment was planned. To evaluate the in-vivo action of 

MF on glycation induced modifications three groups were chosen such as control, 

DM (diet controlled) and DM with MF therapy. 

5.11.1 Clinical parameters: The clinical characteristics of control, DM (diet 

controlled), and DM with MF therapy is shown in Table 5.12. There was no 

significant difference found between the groups in clinical parameters such as age, 

hemoglobin, BMI, cholesterol and creatinine. FPG (p<0.001) and HbA1c levels were 

higher (p<0.001) in DM patients as compared to controls, whereas in MF treatment 

group they found to be significantly reduced (p<0.001, p<0.01 respectively) as 

compared to DM patients. Among the protein profile, not much difference was found 

between the study groups. Liver enzymes- SGOT (p<0.001), SGPT (p<0.05) and 

SALP (p<0.001) were significantly increased in DM patients as compared to controls. 

Further SGOT and SALP levels were reduced in the presence of MF treated patients 

as compared to DM patients. 
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Table 5.12 Clinical characteristics of control, DM and DM patients treated with MF 
Parameters Control DM  DM with MF 

Subjects (n) 35 45 50 
Age (years) 52.03 ± 9.78 54.79 ± 7.31 53.75 ± 12.81 
Sex (male/female) 20/15 23/22 35/15 
Diabetic duration 
(years) 

- 5.55 ± 1.75 6.54 ± 1.47 

BMI (kg/m2) 25.43 ± 2.38 24.39 ± 4.35 25.05 ± 3.05 
FPG (mg/dl) 78.58 ± 9.18 159.34 ± 16.57 a1 110.62 ± 7.96 a1 b1 
Hemoglobin (g/dl) 11.75 ± 2.23 11.74 ± 2.20 13.02 ± 1.37 
HbA1c (%) 5.79 ± 0.59 7.19 ± 0.41 a1 6.88 ± 0.56 a2 
Protein (Total) gm% 6.61± 0.79 6.27 ± 0.55 6.46 ± 0.25 
Protein (Albumin) 
gm% 

3.92 ± 0.53 3.42 ± 0.26 a1 3.88 ± 0.37 

Protein (Globulin) 
gm% 

2.80 ± 0.63 2.79 ± 0.57 2.83 ± 0.42 

A/G ratio 1.41 ± 0.31 1.37 ± 0.34 1.44 ± 0.25 
SGOT (IU/L) 23.45 ± 4.22 37.72 ± 18.23 a1 30.62 ± 7.63 
SGPT (IU/L) 21.73 ± 9.51 34.03 ± 17.32 a3 35.25 ± 8.73 
SALP (IU/L) 31.38 ± 11.78 77.41 ± 10.82 a1 72.14 ± 30.08 a1 
Cholesterol (mg/dl) 137.45 ± 16.29 148.0 ± 33.89 139.80 ± 15.62 
Triglycerides (mg/dl) 120.41 ± 45.83 142.37 ± 33.90 a3 131.50 ± 39.28 
S-HDL Cholesterol 
(mg/dl) 

50.21 ± 7.61 36.50 ± 9.75 a1 48.86 ± 21.56 b3 

S-VLDL Cholesterol 
(mg/dl) 

22.94 ± 9.93 41.22 ± 13.20 a1 37.37 ± 5.01 a2 

S-LDL Cholesterol 
(mg/dl) 

75.35 ± 17.18 107.04 ± 15.31 a1 71.35 ± 14.05 b1 

Blood Urea (mg/dl) 31.42 ± 16.00 44.36 ± 14.36 35.00 ± 5.45 
S. Creatinine (mg/dl) 1.03 ± 0.34 1.13 ± 0.35 1.19 ± 0.36 
Data is represented as mean ± SD.  
Comparison between the groups was performed with one-way ANOVA followed by post 
hoc Tukey's analysis. a: as compared to control,  b: as compared to DM.  
a1 b1: p<0.001,   a2 b2: p<0.01,   a3 b3: p<0.05. 
BMI = body mass index; FPG = fasting plasma glucose; HbA1C = glycated hemoglobin; 
SGOT = serum glutamic-oxaloacetic transaminase; SGPT = serum glutamic pyruvic 
transaminase; SALP = serum alkaline phosphatase; S-HDL = serum high-density 
lipoprotein; S-VLDL = serum very low density lipoprotein; S-LDL = serum low density 
lipoprotein 

 

Triglyceride (p<0.05) and VLDL (p<0.001) and LDL (p<0.001) was significantly 

increased in DM patients as compared to controls and marginally reduced in the 

presence of MF. HDL-cholesterol was elevated (p<0.05) in DM patients having MF 

therapy in comparison with diet controlled DM patients. The level of blood urea was 

found to be high in diet controlled DM patients which reduced in MF therapy patients. 

The previous report showed MF therapy for DM patients reduced overall baseline 
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insulin dose requirement, HbA1c level, serum fructosamine level and total cholesterol 

level (Pradhan et al., 2009). MF improves glycemic index by various ways: increased 

muscular uptake of glucose, decreased hepatic gluconeogenesis and intestinal 

absorption of glucose ultimately reduces a level of FPG and protect disturbance of 

other clinical parameters (Ponssen et al., 2000). Better glycemic control has shown in 

HbA1c levels after adding MF therapy (Szmurlo et al., 2014). Another study showed 

protective action of MF on BMI, FPG, fasting insulin and HOMO-IR within the four- 

month addition MF treatment to DM patients (Hanefeld et al., 2011). 

5.11.2 Glycation, oxidative stress and inflammatory markers: 

Glycation markers: In DM patients, fructosamine (p<0.001), protein carbonyls 

(p<0.05) and β-amyloid  (p<0.001) was significantly higher in DM patients as 

compared to controls and further significantly reduced with MF (p<0.001) as 

compared to diet controlled DM patients (Table 5.13). This decrease may be due to 

binding of MF with glycating agents in metabolism, such as MGO hence reducing 

protein glycation modifications (Beisswenger et al., 2003). During glycoxidation of 

protein reactive dicarbonyls rapidly interact with free amino group and free thiol 

group of proteins leading to protein structural modification. Free amino groups and 

free thiol groups were low (p<0.001) in DM patients as compared to controls. While 

the concentrations of both the groups were significantly increased (p<0.001) with MF 

therapy as compared to diet controlled DM patients. MF has the ability to scavenge 

hydroxyl free radicals and this could be a possible reason for protection of free amino 

groups and thiol groups in MF treated patients. Plasma level of fluorescent AGEs was 

higher (p<0.001) in DM patients as compared to control while the MF group of 

patients showed significant reduction (p<0.05) in AGEs as compared to DM patients. 

There is no document on the effect of MF therapy on sRAGE levels in patients with 

diabetes. Therefore, in present study sRAGE level was analyzed and found 

significantly elevated (p<0.001) in DM patients as compared to controls. The 

remarkable reduction (p<0.001) was found in DM patients having MF therapy as 

compared to DM patients. In osteoblast culture, AGE- induced upregulation of RAGE 

expression was attenuated by MF (Jaleel et al., 2005). Likewise, a reduced level of 

glycation adducts was discovered in lens, sciatic nerve, renal cortex and plasma of 

streptozotocin-induced diabetic rats which were treated with MF for 10 weeks 

(Tanaka et al., 1999). Additionally, after 2 hr MF administration (50 mg/kg) leads 
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triazepinone  formation by interaction with MGO and inhibits further action of MGO 

in kidneys, liver, pancreas, intestinal tract, heart, eye, plasma and urine of non-

diabetic Sprague-Dawley rats (Esteghamati et al., 2013). There was a reduced plasma 

level of MGO in DM patients with MF treatment as compared to DM patients without 

MF treatment (Mirmiranpour et al., 2013). The results suggest the inhibitory activity 

of MF on reduction of glycation parameters in DM patients, perhaps by decreasing the 

glycating agents such as MGO levels. 

Antioxidants and oxidative stress markers: ROS generation is controlled by GSH and 

total antioxidants milieu of the cell. Colak et al. (2005), has reported that levels of 

TAC tend to be lower in T2DM patients as compared to healthy subjects. Patients 

with T2DM are severely deficient with a synthesis of GSH which contributes to the 

oxidation of fatty acids leading to decrease insulin resistance. As seen in Table 5.13, a 

similar outcome was observed in present study with significantly decreased (p<0.001) 

level of GSH, NO and TAC in DM patients as compared to controls. MF therapy 

showed considerable improvement (p<0.001) in GSH, NO levels nearly similar to 

control and TAC (p<0.01) value as compared to only diet controlled DM patients. 

While LPO was increased in DM patients (p<0.001) as compared to controls and in 

MF therapy patients found to be reduced (p<0.001). MF decreases NADPH or 

respiratory chain reactions in mitochondria, ultimately reduces ROS and improves 

total antioxidant status of cells (Esteghamati et al., 2013). Beisswenger et al. (2003), 

has shown that MF treatment reduces oxidative stress and increases detoxification of 

MGO by improving GSH levels. It has been shown that MF increases eNOS 

upregulation and NO production by activation of AMPK and therefore alleviates 

endothelial dysfunction in diabetes (Heintz et al., 2008). Khouri et al. (2004), showed 

positive correlation between MDA and fasting glucose levels in patients with 

diabetes. MF acts on lipid domain and modifies lipid/glucose oxidation ratio by 

normalizing serum non-esterified fatty acids, which explains the observed lower level 

of MDA (p<0.001) among MF treated diabetic patient samples in the present study. 

Inflammatory markers: Table 5.13 illustrates significantly higher (p<0.001) levels of 

plasma inflammatory markers (IL-6, TNF-α, MCP-1, and VCAM-1) in DM patients 

as compared to control. 
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Table 5.13 Levels of glycation, oxidative stress and inflammatory markers in 
control, DM and DM patients treated with MF 
Test parameters  Control DM  DM with MF 

Glycation markers 

Fructosamine (nM/ml) 1913 ± 674 5929 ± 1210 a1 3743 ± 831 a1, b1 

Carbonyls (nM/mg 
protein) 

109.9 ± 31.80 125.9 ± 28.57 a3 94.54 ± 16.10 a3, b1 

β-amyloid  
(OD at 540 nm/mg 
protein) 

0.24 ± 0.08 0.62 ± 0.15 a1 0.42 ± 0.24 a2, b1 

Free amino groups 
(nM/mg protein) 

4.95 ± 2.05 2.40 ± 0.56 a1 4.00 ± 1.37 a3, b1 

Free thiol groups 
(nM/mg protein) 

3.25 ± 1.05 1.12 ± 0.18 a1 2.08 ± 1.21 a1, b1 

AGEs (AU/mg 
protein) 

152.5 ± 25.4 242.7 ± 32.3 a1 199.3 ± 38.6 a2, b3 

sRAGE (pg/ml) 469.3 ± 117.8 1498 ± 472.6 a1 672.3 ± 140.4 b1 
Antioxidants and oxidative stress markers 

GSH (nM/mg protein) 390.6 ± 89.3  123.8 ± 54.02 a1 226.0 ±  93.96 a1, b1 
NO (OD at 540 nm) 3.46 ±  0.80  1.60 ±  0.41 a1 2.65 ±  0.87 a1, b1 
TAC (µM/mg protein) 55.64 ±  18.64  38.91 ±  10.97 a1  51.68 ± 16.47 b2 
LPO (nM MDA/mg 
protein) 

0.197 ±  0.04  0.567 ±  0.16 a1 0.359 ± 0.15 a1, b1 

Inflammatory markers 

IL-6 (pg/ml) 30.16 ± 12.54 51.10 ± 6.48 a1 23.08 ± 7.63 b1 
TNF-α (pg/ml) 60.66 ± 15.89 199.7 ± 87.12 a1 103.6 ± 52.00 b1 
MCP-1 (pg/ml) 128.9 ± 55.30 379.2 ± 35.76  a1 157.8 ± 74.25 a1, b1 
VCAM-1 (ng/ml) 524.4 ± 130.7 1470 ± 393.7 a1 564.3 ± 96.63 b1 
Data is represented as mean ± SD.  a: as compared to control,  b: as compared to DM.  
a1 b1: p<0.001,   a2 b2: p<0.01,   a3 b3: p<0.05. AGEs = advanced glycation endproducts; 
RAGE = receptor for advanced glycation endproducts; GSH = glutathione; TAS = total 
antioxidant status; LPO = lipid peroxidation; IL-6 = interleukin-6; TNF-α = tumor 
necrosis factor-α; MCP-1 = monocyte chemoattractant protein-1; VCAM-1 = vascular cell 
adhesion molecule-1. 

 

As compared to DM patients, the MF treatment has shown a promising reduction 

(p<0.001) in inflammatory parameters: IL-6; TNF-α; MCP-1; VCAM-1, which were 

nearly comparable with control. MF showed the favorable effect on levels of IL-6 and 

TNF-α which is supported by UKPDS study indicating the cardiovascular benefits of 

MF in DM beyond its effect on glycemia (UKPDS 34., 1998). It has been suggested 

that MF is more effective in reducing cardiovascular risk factors in T2DM patients as 

compared to SU. MF activates AMPK and inhibits over expression of sICAM-1 and 
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sE-selectin in predominantly obese DM patients (Hermann L., 1998; Pradhan et al., 

2001). There was significant reduction found in CVD related factors such as body 

weight, insulinaemia and cholesterolemia during MF treatment than repaglinide in 

DM patients (Hattori et al., 2006). Another study showed a favorable effect of MF on 

inflammation and endothelial dysfunction by reducing TNF-a, PAI-1-ag, t-PA-ag and 

sICAM-1 (Lund et al., 2008).  

 Overall these in-vivo results validated the protective effect of MF treatment on 

glycation, oxidative stress and inflammatory parameters in DM patients. 

 

Objective 5: To determine the levels of glycation, oxidative stress and inflammatory 

markers in anti-diabetic drug treated follow-up diabetic patients. 

5.12 Follow-up study for anti-diabetic drug treatment in diabetic patients 

5.12.1 Clinical characteristics of the study population:  

Table 5.14 Baseline clinical characteristics of the follow-up participants 
Clinical parameters MF treatment patients (n = 31) 

Age (years) 52.53 ± 9.75 
BMI ((kg/m

2
) 24.07 ± 2.79 

FPG (mg/dl) 164.6 ± 39.24 
Hemoglobin (g/dl) 11.52 ± 2.32 
HbA1c (%) 7.17 ± 1.30 
Protein (Total) gm% 5.84 ± 0.89 
Protein (Albumin) gm% 3.89 ± 0.20 
Protein (Globulin) gm% 2.83 ± 0.56 
A/G ratio 1.48 ± 0.42 
SGOT (IU/L) 25.93 ± 6.28 
SGPT (IU/L) 39.84 ± 25.24 
SALP (IU/L) 178.4 ± 88.3 
Cholesterol (mg/dl) 277.9 ± 82.2 
Triglycerides (mg/dl) 153.1 ± 42.4 
S-HDL Cholesterol (mg/dl) 45.24 ± 12.44 
S-VLDL Cholesterol (mg/dl) 23.76 ± 10.80 
S-LDL Cholesterol (mg/dl) 72.31 ± 13.52 
Blood Urea (mg/dl) 70.6 ± 16.2 
S. Creatinine (mg/dl) 1.53 ± 0.52 
Data is represented as mean ± SD. BMI = body mass index; FPG = fasting plasma glucose; 
HbA1C = glycated hemoglobin; SGOT = serum glutamic-oxaloacetic transaminase; SGPT 
= serum glutamic pyruvic transaminase; SALP = serum alkaline phosphatase; S-HDL = 
serum high-density lipoprotein; S-VLDL = serum very low density lipoprotein; S-LDL = 
serum low density lipoprotein 
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Total 40 patients were initially assessed of whom 31 received MF treatment. 

The final analysis was performed on 31 patients and their baseline characteristics are 

summarized in Table 5.14. Patients were having higher levels of FPG, HbA1c, SALP, 

total cholesterol, blood urea and creatinine. 

 

Table 5.15 Mean changes of participants’ clinical characteristics after 3 months MF 
therapy 

Clinical Parameters  MF treatment patients (n = 31) 
3 months  Change from 

baseline  
(95 % CI) *  

Percent 
change 

(%)  

p 
value  

BMI ((kg/m
2
)  23.63 ± 2.73  0.43 (-1.58, 2.46)  1.8  ns  

FPG (mg/dl)  90.84 ± 12.53  73.74 (48.28, 99.19) 44.8  0.001  
Hemoglobin (g/dl)  12.44 ± 5.85  -0.92 (-2.79, 0.94)  7.98  ns  
HbA1c (%)  6.57 ± 0.75  -7.39 (-13.13,1.66)  8.36  ns  
Protein (Total) gm%  6.50 ± 0.88  -0.65 (-1.49, 0.18)  11.3  ns  
Protein (Albumin) gm%  4.17 ± 0.23  -0.28 (-0.95, 0.38)  7.2  ns  
Protein (Globulin) gm%  2.86 ± 0.57  -0.03 (-0.36,  0.29)  1.06  ns  
A/G ratio  1.39 ± 0.36  -0.14 (-0.53,0.25)  9.4  ns  
SGOT (IU/L)  26.23 ± 7.83  -8.01 (-26.57, 10.53)  1.5 ns  
SGPT (IU/L)  38.47 ± 11.10 -14.14 (-38.70, 10.41)  3.5  ns  
SALP (IU/L)  65.5 ± 19.6  -51.30 (-121.4, 18.79)  63.4  0.001  
Cholesterol (mg/dl)  161.2 ± 50.8 -2.56 (-15.94, 10.81)  41.8  0.001  
Triglycerides (mg/dl)  117.5 ± 63.9    179.1 (109.0, 249.1)  23.5  0.001  
S-HDL Cholesterol (mg/dl)  59.3 ± 11.2  -14.12 (-22.79, 5.450) 31.1  0.001  
S-VLDL Cholesterol (mg/dl)  28.23 ± 3.91  -4.47 (-11.50, 2.56)  21.7  ns  
S-LDL Cholesterol (mg/dl)  70.59 ± 9.83  1.71 (-12.60, 16.02)  2.7 ns  
Data is represented as mean ± SD. A negative sign (-) denotes decrease. * Difference 
between baseline and 3 months measurements.  
BMI = body mass index; FPG = fasting plasma glucose; HbA1C = glycated hemoglobin; 
SGOT = serum glutamic-oxaloacetic transaminase; SGPT = serum glutamic pyruvic 
transaminase; SALP = serum alkaline phosphatase; S-HDL = serum high-density 
lipoprotein; S-VLDL = serum very low density lipoprotein; S-LDL = serum low density 
lipoprotein 

 

Table 5.15 describes effects of three months MF treatment on patient’s 

glycemic control parameters and clinical profile. There was not much change found in 

BMI and hemoglobin levels while FPG and HbA1c were significantly declined by MF 

treatment. MF three-month treatment has shown 44.8 % percent reduction in FPG 

(p<0.001) and 8.36 % percent change in HbA1c as compared to before drug therapy. 

In the case of protein profile, there was not much difference found from the baseline 
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mean value. However, upon percent calculation, MF increased total protein by 11.3 

%, albumin by 7.2 % however not much difference found in globulin levels (1.06 %) 

as compared to before drug therapy. In liver enzymes, SALP was noticeably reduced 

by MF (63.4 %, p<0.001) as compared to the baseline levels while no promising 

action found on SGOT and SGPT levels. In lipid profile, cholesterol and triglyceride 

were significantly reduced by MF treatment while HDL levels were increased as 

compared to baseline mean levels. MF showed 41.8 % (p<0.001) decline in 

cholesterol and 23.5 % (p<0.001) decline in triglyceride levels while 31.1 % increased 

in HDL levels in DM patients after three months as compared to baseline value. 

Exceptionally, VLDL level was marginally increased while not much difference 

found in LDL level after three months drug therapy 

Reported studies have shown the protective effect of MF on FPG, HbA1c, 

mean tolerance and glycated proteins in diabetic patients while other showed 1.5 % to 

2.2 % reduction in HbA1c in presence of MF (Cefalu et al., 2002; Goldberg, 2000). 

MF has potential actions against high blood glucose levels as it lowers glucose levels 

in both obese and non-obese DM patients hence recommended as first-line oral 

therapy for the T2DM patient (Kahn et al., 2006). The similar result was found in 

present study, where MF maximally reduced levels of both FPG and HbA1c. It has 

been shown that MF declines increased level of ALP and AST in diabetes patients 

(Swislocki et al., 1998). In our study, we found the protective effect of MF on 

reduction of ALP levels and the possible mechanism could be the overall improved 

liver functions in DM patients. The previous study showed improvement in heart rate 

recovery due to improved parasympathetic tone, BMI, insulin levels and insulin 

sensitivity in DM patients with the MF therapy (Burgert et al., 2008). UKPDS showed 

that Gz or exogenous insulin-induced weight gain which was not a case in MF 

treatment (UKPDS, 1998). In the present study, MF has shown reduced levels of total 

cholesterol and triglyceride while improved levels of HDL which neutralizes the 

oxidation of LDL and mitigates oxidative damage. MF has the renoprotective action 

as MF interacts with MGO in many organs including kidney and hence minimizing it 

toxicity on cells (Christensen et al., 2016; Blonde et al., 2003).  
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5.12.2 Biochemical investigations of glycation, oxidative stress and inflammatory 

markers: 

Baseline levels of biochemical parameters of trial participants are summarized in 

Table 5.16.  

Table 5.16 Baseline levels of glycation, oxidative stress and inflammatory markers 
in the follow-up participants 

Biochemical Parameters  MF Treatment group (n = 31) 
Glycation markers 

Fructosamine (nM/mg protein) 1305 ± 123.0 
Carbonyls (nM/mg protein) 138.5 ± 35.12 
β-amyloid (OD at 540 nm/mg protein) 0.19 ± 0.06 

Antioxidants and oxidative stress markers 
GSH (nM/mg protein) 358.9 ± 120 
Catalase (U/min/mg protein) 8.1 ± 1.1 
NO (OD at 540 nm) 4.63 ± 1.39 
PON-1 (nM/mg protein) 379.5 ± 129.9 
AOPP (µM chloramine T equivalents) 32.09 ± 11.84 
LPO (nM MDA/mg protein) 3.19 ± 1.03 

RAGE isoforms 
sRAGE(pg/ml) 1211 ± 563.5 
esRAGE (pg/ml) 327.6 ± 139.6 

Inflammatory markers 
IL-6 (pg/ml) 74.24 ± 24.10 
TNF-α (pg/ml) 271.9 ± 56.58 
Data is represented as mean ± SD 
GSH = glutathione; PON-1 = paraoxonase-1; AOPP = advanced oxidation protein products; 
LPO: lipid peroxidation; sRAGE = soluble receptor for advanced glycation endproducts; 
esRAGE: endogenous secretory RAGE; IL-6 = interleukin 6; TNF-α = tumor necrosis 
factor-α. 

 
Table 5.17 describes the effect of MF on biochemical parameters of diabetic 

patients. There was significant reduction found in fructosamine (p<0.001), protein 

carbonyls (p<0.001) and β-amyloid (p<0.001) levels in MF treated patients as 

compared to before drug therapy. Comparing the percent change from baseline to 

three-month therapy, MF showed a considerable decrease in fructosamine (39.2 %), 

protein carbonyls (34.0 %) and β-amyloid (33.3 %) as compared to before MF 

treatment to DM patients. In the case of antioxidants, GSH was marginally increased 

(29 %, p<0.001) after three months therapy as compared to baseline levels. While 

catalase, NO and PON-1 was noticeably increased upon MF three month therapy as 

compared to baseline levels. In percent change, MF showed 29.6 %, 28.2 %, 66.2 % 

higher levels of catalase, NO and PON-1 respectively as compared to before drug 
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treatment. Additionally, AOPP and LPO was maximally reduced by MF (p<0.001) as 

compared to baseline levels. MF showed 38.4 % and 32.5 % reduction in AOPP and 

LPO respectively after three- month’s treatment.  

Table 5.17 Mean changes in markers of glycation, oxidative stress and inflammation 
in participants after 3 months MF therapy 
Biochemical Parameters  MF Treatment group (n = 31) 

3 months  Change from 
baseline (95 % CI) *  

Percent 
change 

(%)  

p value  

Glycation markers 
Fructosamine (nM/ml) 793.2 ± 390.3  442.8 (233.7, 651.8)  39.2  0.001  

Carbonyls (nM/mg protein) 91.42 ± 16.65  45.62 (23.01, 68.23)  34.0  0.001  

β-amyloid  
(OD at 540 nm/mg protein) 

0.12 ± 0.01  0.05 (0.02, 0.09)  33.3  0.001  

Antioxidants and oxidative stress markers 
GSH (nM/mg protein) 
 

463.3 ± 109.3  -104.5 (-178.6, 30.39)  29.0  0.001  

Catalase (U/min/mg 
protein) 

10.55 ± 1.93  -2.45 (-3.57, 1.33)  29.6 0.001  

NO  
(OD at 540 nm) 

5.93 ± 1.21  -1.13 (-1.99, 0.28)  28.2  0.001  

PON-1 (nM/mg protein) 630.1 ± 157.1  -250.5 (-360.9, -140.1)  66.2 0.001  

AOPP (µM chloramine T 
equivalents) 

19.76 ± 2.52  12.33 (4.31, 20.34)  38.4  0.001  

LPO 
(nM MDA/mg protein) 

2.14 ± 0.64  0.77 (0.06, 1.49)  32.5  0.001  

RAGE isoforms 
sRAGE(pg/ml) 
 

709 ± 243 91.87 (-359.2, 543.0)  41.4 0.001 

esRAGE (pg/ml) 
 

449.2 ± 167.3  -145.1 (-285.6, 4.545)  37.3  0.01  

Inflammatory markers 
IL-6 (pg/ml) 
 

35.8 ± 12.4  29.73 (10.98, 48.48)  52.7 0.001  

TNF-α (pg/ml) 
 

218.0 ± 45.8  53.82 (5.017, 102.6)  19.5  0.05  

Data is represented as mean ± SD. A negative sign (-) denotes decrease.  
* Difference between baseline and 3 months measurements. 
GSH = glutathione; PON-1 = paraoxonase-1; AOPP = advanced oxidation protein products; 
LPO: lipid peroxidation; sRAGE = soluble receptor for advanced glycation endproducts; 
esRAGE: endogenous secretory RAGE; IL-6 = interleukin 6; TNF-α = tumor necrosis factor-
α. 
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There was remarkable percent change found in sRAGE (41.4 %, p<0.001) mean from 

baseline to three month MF therapy while esRAGE was maximally increased (37.3 %, 

p<0.01) as compared to baseline levels. MF showed significant percent change 

reduction in IL-6 (52.7 %, p<0.001) and TNF-α (19.5 %, p<0.05) after three months 

as compared to before drug therapy.  

MF has guanidine group which can rapidly interact with the early glycation 

adducts and therefore might able to reduced levels of fructosamine and protein 

carbonyls in the present study. The β-amyloid level was also significantly reduced by 

MF treatment and the possible mechanism could be the guanidine group of MF may 

react with physiological glycating intermediates such as α-oxoaldehyde glyoxal, 

methylglyoxal and 3-deoxyglucosone to form 3-amino-1, 2, 4-triazine derivatives and 

prevent glycation induced protein modifications in-vivo. Comparing to our previous 

in-vitro results, similar observations were found in the follow-up of diabetic patients 

as MF showed the protective impact on protein modifications by declining all three 

glycation parameters as compared to before treatment levels. The present study 

explored the role of MF on different anti-oxidants and oxidative stress markers. 

Higher levels of GSH, catalase and NO were found to upon MF therapy as compared 

to baseline levels. MF treatment has shown maximal elevation in antioxidants and 

reduced levels of AOPP and LPO. Previously, beneficial action of MF on alleviation 

of oxidative stress has been shown in diabetic patients as compared to lifestyle 

modifications (Esteghamati et al., 2013). Esteghamati et al. (2013), reported the 

beneficial role of MF on the alleviation of oxidative stress in DM patients by showing 

the significant reduction in AGEs, AOPP formation and increased levels of PON-1 

activity. MF activates AMP kinase in hepatocytes which further affects diverse 

metabolic pathways such as gluconeogenesis, fatty acid metabolism and might further 

reduce oxidative stress (Loomba R., 2014). An animal study showed increased levels 

of GSH and catalase activity upon therapy of MF in diabetic rats (Onyeka et al., 

2013). MF is not able to scavenge O-2 radicals, however, it can react with the OH 

radicals and thereby inhibits oxidative stress and increases antioxidant enzyme 

activities (Khouri et al., 2004). Alper et al. (2005), showed the favorable action of MF 

on levels of lipid peroxidation in DM group of patients as compared to the diet control 

group and study from Loomba R., (2014), indicated MF effectiveness in alleviation of 

oxidative stress and lipid profile in alloxan-induced diabetic rats. Linking to our 
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previous study, where MF protected the cellular viability, increased antioxidants 

precisely the similar results were found in the in-vivo study where again MF treated 

patients had increased levels of plasma antioxidants and declined levels of different 

glycation adducts. 

5.12.3 Expression of membrane RAGE, NF-κB, GLUT-1 and CML: As shown in 

Fig. 5.23, RAGE protein expression was elevated in PBMNCs of DM patients before 

MF therapy. However, upon treatment of MF, there was great reduction 0.7-fold 

(p<0.05) found as compared to before drug therapy in RAGE protein expression 

levels (Fig. 5.23 b). NF-κB is the main mediator of activation of downstream 

signaling cascade which was analyzed in the present study. NF-κB protein expression 

was higher in DM patients before drug treatment (Fig. 5.23 a). Densitometry analysis 

showed a 0.9-fold reduction (p<0.05) in NF-κB protein expression as compared to the 

DM patients before drug therapy (Fig. 5.23 c). 

Fig. 5.23 Expression levels of membrane-bound RAGE, NF-κB, GLUT-1 and 
CML in DM patients before and after treatment with MF- a) Expression levels of 
membrane-bound RAGE, NF-κB, GLUT-1 and CML. Band densitometry of b) 
membrane RAGE, c) NF-κB, d) GLUT-1 , e) CML where data is represented as 
mean ± SD of three independent experiments. * = comparison between before 
and after MF therapy. *** p < 0.001; ** p < 0.01; * p < 0.05. 
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As in our study higher level of GLUT-1 expression was found in erythrocytes of DM 

as well as DMC patients, it was further confirmed by analyzing expression levels of 

GLUT-1 protein in DM patients before and after MF therapy. Elevated expression of 

GLUT-1 in DM patients was seen without drug treatment which was reduced in 

presence of MF. Densitometry analysis showed the marginal reduction in GLUT-1 

protein expression (0.2-fold, p<0.05) upon MF therapy in DM patients (Fig. 5.23 d). 

CML protein expression was studied and found elevated in DM patients without drug 

therapy. However, when DM patient is given MF therapy, CML was greatly reduced 

as densitometry analysis revealed the reduction of 0.9-fold CML expression after 

three months MF therapy (Fig. 5.23 e). Looking into expression profile of different 

protein, MF notably reduced expression of membrane RAGE, NF-κB and CML while 

marginally reduced GLUT-1 in DM patients after three- month drug therapy. 

There are reports showing the beneficial effect of MF against vascular 

inflammation and complications, independently from its anti-hyperglycemic activity 

(Wiernsperger et al., 2007). Similarly, other study showed that MF blocks AMPK 

activation through NF-κB and reduces the release of IL-6 contributing to 

inflammation suppression (Loomba R., 2014). Inflammatory cytokines such as IL-6, 

TNF-α has been implicated in inflammation and leads systemic insulin resistance 

(Abdin et al., 2010).  AGEs can enhance slight upregulation of IL-10 expression and 

MF pre-treatment significantly strengthened IL-6 mRNA expression which is the 

powerful anti-inflammatory molecule (Chen et al., 2016). Recently, few studies 

showed anti-inflammatory properties of MF in lipopolysaccharide-induced 

macrophage and down-regulation of RAGE and NF-κB expression in various cells 

(Ishibashi et al., 2012; Gu et al., 2006). Zhou et al. (2016), showed that AGEs induced 

an inflammatory response in macrophages while upon MF treatment there was a 

significant reduction of IL-1β, IL-6 and TNF-α in macrophages. These indications 

prove that MF might have an influence on RAGE and NF-κB mediated vascular 

inflammation through either AMPK dependant manner or upregulation of IL-10 

mRNA expression. These evidenced supports the present findings, where, MF showed 

the reduction in sRAGE, NF-κB, IL-6 and TNF-α level. The possible mechanism 

could be the reduction of membrane RAGE and NF-κB expression through AMPK-

blockage and hence reduced levels of IL-6 and TNF-α in three- month follow-up drug 

treated DM patients. 
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Summary and conclusion 

 

The prevalence of diabetes is rapidly rising all over the world and largest numbers of 

diabetic patients are in India. There are multiple potential mechanisms by which 

hyperglycemia results in the sustained cellular perturbation that underlie the chronic 

complications contributing to morbidity and mortality in diabetes. However, the most 

important pathway is an increase in non-enzymatic glycation of proteins, with the 

irreversible formation and deposition of reactive AGEs. These AGEs further interact 

with their cellular receptors- RAGE a member of the immunoglobulin super family. 

More available AGEs in hyperglycemia increases RAGE level and their different 

isoform activation, this could be closely associated with progression of disease 

pathology. Interaction of AGEs with RAGE leads to activation of NF-κB, which 

stimulates the generation of pro- inflammatory, adhesion molecules and finally 

oxidative stress that underlies the pathology of diabetes and secondary vascular 

complications. Additionally, from last decade, oral anti-diabetic drug therapy for 

glucose control in diabetic patients has shown dramatic improvement in patient 

health. Study of these interventions against the underlying mechanism for the 

pathogenesis of diabetes is now an emerging approach for long-term outcome with 

different modes of action.  

 There is great need to study these modifications for effective management of 

diabetes. Though the prevalence of diabetes is high in India, there is paucity of work 

in the area of glycation narrated to AGEs and RAGE. Neither their levels nor 

association in Indian diabetic patients has been well documented. The present study is 

focused to address these key issues. It was envisaged that exploring these molecular 

mechanisms of AGE and RAGE in diabetes would play an important part in (1) 

deciphering the glycation linked mechanisms that underlie the pathology of diabetes 

and its complications in Indian diabetic patients, (2) explaining their potential pitfalls 

and (3) defining antiglycation mode of action of known oral anti-diabetic drugs.  

 The research work was initiated with an aim to study evaluation of RAGE 

mediated cellular signaling mechanisms on glycation, inflammatory, oxidative stress 

markers in human diabetic patients along with in-vitro studies. 
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The specific objectives of the study were: 

1. To study the glycation induced protein modifications in diabetes and diabetes 

complications. 

2. To evaluate the level of different RAGE isoforms in diabetic condition. 

3. To study the levels of different oxidative stress and inflammatory markers in 

diabetic condition. 

4. To examine effect of anti-diabetic drugs on albumin glycation and cellular 

changes in-vitro and in-vivo. 

5. To determine the levels of glycation, oxidative stress and inflammatory markers 

in anti-diabetic drug treated follow-up diabetic patients. 

For first, second and third objectives samples from 106 controls, 200 DM and 200 

DMC participants were collected. Clinical parameters like FPG, HbA1c, SALP, 

cholesterol, triglyceride, LDL cholesterol and creatinine was significantly higher in 

DM patients and found more prominent elevation in DMC patients. Compared with 

controls, DM patients showed elevated levels of different plasma glycation adducts 

(fructosamine, protein carbonyls, β-amyloid and AGEs). Among the complications, 

glycation adducts were higher in DM patients with nephropathy as compared to DM 

patients without complications except for β-amyloid which was elevated only in DM 

patients with nephropathy while decreased in other complications. Similarly, 

erythrocytes membrane showed elevated levels of protein carbonyls, β-amyloid, lipid 

peroxidation and enhanced GLUT-1 expression indicating cell exposure to plasma 

glycated protein leads more cell membrane alteration and fragility. Positive 

association of between glycation markers indicates dependency of their levels on each 

other. Hence, increased level of glycation adducts formation in diabetes with 

nephropathy and subsequently increased cellular damage through membrane 

alteration connected to diabetic pathogenesis. 

The present work for the first time demonstrates level of four different RAGE 

isoforms in diabetes as well as in different complications. sRAGE and cRAGE levels 

were elevated in DMC patients while esRAGE was declined. DM patients with 

nephropathy showed maximum higher levels of sRAGE and cRAGE while 

retinopathy patients showed a marked decline in esRAGE levels as compared to DM 

patients without complications. sRAGE showed positive correlation with FPG, 

HbA1c, protein carbonyls, AGEs and inflammatory parameters in DMC condition. 



126 

 

Together, suggests potential role of RAGE behind the mechanisms causing diabetes 

pathogenesis through AGEs interaction. 

Among oxidative stress and inflammation markers significant depletion of 

antioxidants (GSH, catalase, NO, SOD, PON-1 and TAC) and increased AOPP, LPO 

and intracellular ROS was found in DM patients with complications as compared to 

DM patients without complications. There was an evident increment in NF-κB 

expression in DMC condition as compared to DM and control. Inflammatory 

cytokines such as TNF-α and VCAM-1 were significantly elevated in DM patients 

with nephropathy while IL-6 and MCP-1 were elevated in retinopathy and CAD 

patients respectively where adiponectin was declined.  

The in-vitro and in-vivo study of anti-diabetic drugs suggested marked decline in 

albumin structural modification during glycation with preserved cellular antioxidants 

in presence of MF, Gz and Pz. Specifically, among three drugs MF exhibits prominent 

inhibition by reducing in-vitro albumin modification, cellular ROS generation and 

restoration of cellular antioxidants in THP-1 cells while Gz showed moderate action 

against albumin glycation. Additionally, Pz preferentially binds to the protein and 

alleviates protein structural changes by maintaining its integrity. Pz has potentially, 

restored cellular antioxidants and reduced IL-6 and TNF-α by declining expression of 

membrane RAGE and NF-κB. The in-vivo investigations of MF treatment on 

glycation modifications were studied. Among 130 volunteers, DM patients having MF 

therapy showed reduction of sRAGE and inflammatory cytokines in comparison with 

diet controlled DM patients. The antiglycation action of MF was confirmed by 

follow-up study in 31 patients, where MF showed maximum percent declined from 

baseline to three months drug therapy in levels of fructosamine, β-amyloid, sRAGE, 

inflammatory cytokines and percent increment in esRAGE and antioxidants as 

compared to before MF therapy. These findings prove the prominent action of MF 

against in-vitro as well as in-vivo protein changes through glycation. 

 

The salient findings of the thesis can be summarized as follows: 

• Plasma and cellular multiple protein glycation markers have increased in Indian 

diabetic patients and more elevated in DMC patients with nephropathy. 
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• First time demonstrated levels of different RAGE isoforms in different diabetes 

complications and found elevated levels of sRAGE and cRAGE in nephropathy 

while reduced esRAGE in retinopathy.  

• Increased AGEs leads more membrane RAGE expression further causes oxidative 

stress, NF-κB activation and cellular inflammation. 

• The comparative in-vitro antiglycation action of anti-diabetic drugs MF, Gz and 

Pz was identified; among which MF is having prominent action against albumin 

modifications and cellular changes. 

• Follow-up study validates antiglycative action of MF against clinical profile, 

glycation, oxidative and inflammatory parameters in diabetes condition. 

 In the light of the above facts, the present work is the modest attempt for the 

advancement in knowledge of diabetes with special reference to glycation mediated 

modifications. 

 

Contribution made to the body of knowledge on the subject treated: The study 

facilitated better understanding of the glycation modifications in DM and various 

DMC conditions. In compliance with the previous studies, it was found that plasma 

glycation induces significant oxidative stress and inflammation which is dependent on 

RAGE. This thesis work provides the first evidence of four different RAGE isoforms 

in diabetes and in four different complications. In addition, new antiglycation 

potential of known anti-diabetic drugs MF, Gz and Pz was identified; among which 

MF is having prominent action. Overall, it can be concluded that glycation via the 

activation of RAGE, oxidative stress and resultant inflammation plays an important 

role in DM complications develpoment. Therefore, glycation along with RAGE and 

oxidative stress should be considered as a potential target in the treatment of DM and 

especially nephropathy along with conventional therapy. 

 

Societal Relevance: Knowledge about the glycation modifications responsible for 

oxidative stress and inflammation in DM and DMC patients is of clinical and societal 

relevance to identify targets for the development of novel therapeutics to treat DM. It 

is known that DM patients are at an increased risk of developing complications in the 

later stage of life. In India, this study is of a special relevance due to increasing 

prevalence of diabetes mellitus and complications. 
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Appendix 
Appendix I 

 
PATIENT INFORMATION SHEET 
 

Dear Sir or Madam,  

You  are  being  requested  to  volunteer  to  take  part  in  the  following research 

study: Evaluation of RAGE mediated cellular signaling mechanisms on glycation, 

inflammatory, oxidative stress markers in human diabetic patients with along in-

vitro studies.  

 Mrs. Krishna Adeshara is the Ph. D. student working on this project under 

the guidance of Dr. Rashmi Tupe will perform the analysis. This document will 

provide you with the information needed to help you to decide whether or not you 

wish to take part in this study. 

Aim of this study 

Evaluation of RAGE mediated cellular signaling mechanisms on glycation, 

inflammatory, oxidative stress markers in human diabetic patients along with in-vitro 

studies. 

Objectives of this study 

1. To study the glycation induced protein modifications in diabetes and diabetes 

complications. 

2. To evaluate the level of different RAGE isoforms in diabetic condition. 

3. To study the levels of different oxidative stress and inflammatory markers in 

diabetic condition. 

4. To examine effect of anti-diabetic drugs on albumin glycation and cellular 

changes in-vitro and in-vivo.  

5. To determine the levels of glycation, oxidative stress and inflammatory markers in 

anti-diabetic drug treated follow-up diabetic patients. 

How will this study be done? 

Total 500 patients will be recruited for this study under the guidance of Dr. 

Arundhati Diwan. Male (200) and female (200) diabetic patients with and without 

complications will be incorporated in the study design. 100 control volunteers age & 

gender matched will be included in the study. The samples will be collected from 

Medicine OPD, Bharati Hospital. 
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If you agree to participate and you meet all the criteria required for the study, you will 

be included in the study. You will be explained the study and asked to sign the 

attached consent form. A physical examination and detailed history taking will be 

performed to make sure that you may participate in the study.  

Advantage of this study 

This study will give values of additional parameters such as fructosamine, protein 

carbonyls, inflammatory markers and RAGE to the patients. 

What happens if you refuse to take part or change your mind after you agree? 

Your participation in this study is entirely voluntary. If you agree to take part but 

change your mind, you have the right to do so. You can withdraw from the study at 

any time. Whatever your decision, you will continue to qualify for full medical care 

without any penalty or loss of benefits to which you are otherwise entitled. 

What else do you need to be known before agreeing to take part in this study? 

Taking part in this research is entirely voluntary. You will receive a signed copy of 

this informed consent form. Do not sign this informed consent form or participate in 

this study unless you are comfortable and you have had an opportunity to ask 

questions and feel you have received satisfactory answers. 

 
 
Contact Person 
Mrs. Krishna Adeshara      
Tel. Number:    020-243 657 13  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



162 

 

Appendix II 
 
INFORMED CONSENT 
 
 
Name of the patient:       Age: 

Name of Relative &Relation:     

Reg. no. : 

Ward No/OPD: 

 

I/ My relatives have been explained in details about the study / research 

entitled “Evaluation of RAGE mediated cellular signaling mechanisms on 

glycation, inflammatory, oxidative stress markers in human diabetic patients 

along with in-vitro studies”. The Doctor has fully explained to me /relatives about 

the bodily examination investigation, collection of samples for tests and medicines, 

treatment in the study / research which will be used on me / - my relative. In case of 

any hazards, complications occur I will not hold the Doctor or Hospital Staff 

responsible for the same. I am also told that I / my relative’s inclusion in the 

study will be kept confidential and I / my relative can withdraw from study / 

research any time as per mine / my relative's wish. 

In view of the above I / my relative give consent for inclusion in the study / 

research mentioned above. 

 

 

 

Patient’s name and signature           Relative’s name and signature 
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Appendix III 

 

PROFORMA FOR HISTORY AND CLINICAL EXAMINATION 

 

Code No: 

Name: 

Sex: 

Age:  Date of first visit: 

Regd. No.:      Education: 

Address:       Husband: 

Wife: 

Family income: 

Total: 

Husband: 

Wife: 

 

Occupation of husband: 

Occupation of wife: 

 

 

 

 

Present complaints 

1) History of diabetes: 

 

2) Any other (specify): 
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Drug history  

Type of drug and dose: 

 

Past history 

Renal disease, chronic hypertension, heart disease, any other  

 

 

Family history 

    Hypertension  Renal disease  heart disease 

1) Mother 

 

2) Father 

 

3) Relatives 

 

Any other history (specify): 

 

Personal history: (Current habitual use or not) 

Smoking 

Alcohol 

Tobacco chewing  

Any other habit, specify 

 

Clinical examination 

Ht:       Wt: 

Pulse:       Obesity: 

 

BP:       BMI: 

 

Provisional diagnosis: 
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Clinical Information 
 

Parameters Result 
values 

Units Normal values 

Hemoglobin Hb   g/dl Male  13.5 - 18.0 
Female  11.5 - 16.0 

Blood sugar random (BSR)  mg/dl  70 - 150 
Fasting plasma glucose (FPG)  mg/dl  < 100  
HbA1c  %  4.0 - 5.7 
Total Leucocytic Count  cumm  4000 - 11000 
ESR  mm/hr  Male  0 - 9 

Female  0 - 20 
Blood urea  mg/dl 10 - 45 
Serum Creatinine  mg/dl Male : 0.6 - 1.2 

Female: 0.5-1.1 
LPT – Lipid Profile Testing 
Cholesterol  mg/dl Normal  : <200 

Borderline :200 - 230 
High : >240 

Triglycerides   mg/dl Normal  : <150 
Borderline: 150 -199 

High : 200 - 499 
Very high : >500 

S – HDL Cholesterol   mg/dl Low (Risk) : <40 
High (Desirable) >60 

S – VLDL Cholesterol  mg/dl Up to  34.0 
S – LDL Cholesterol   mg/dl Optimal : <100 

High : 130 - 159 
Very High : >190 

Cholesterol – LDL/HDL   <3.2 
Liver Function Test – LFT 
Protein (Total)   gm% 6.2 - 8.0 
Protein (Albumin)  gm% 3.5 - 4.6 
Protein (Globulin)  gm% 1.3- 3.2 
A/G ratio   1.0 - 2.1 
S. Bilirubin   mg/dl Adult: 0.2 - 1.2 
   1 day:  6 - 8 
   1 - 2 days: 8 - 12 
S. Bilirubin (Direct)  mg/dl 0.1 - 0.3 
S. Bilirubin (Indirect)   mg/dl  
SGOT   IU/L 5 - 40 
SGPT  IU/L 5 - 40 
SALP  IU/L 25 - 90 
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	2.9.3 Pz and its clinical use: Pz contains hydrazine nitrogen (Fig. 2.5), which has ability to interact with dicarbonyl species and further inhibits AGEs-protein cross-linking (Rahbar et al., 2000). Binding of AGEs to RAGE activates MAPK, JNK/ p38 and...
	Nevertheless, the exact mechanism of action of these drugs on glycation induced albumin structural and functional modifications and further effect on vascular cells remains to be determined. Therefore, an analysis of glycated proteins in blood samples...
	Aim and Objectives
	Materials and Methods
	4.1 Materials
	The materials and chemicals used in the studies were purchased from suppliers as shown in Table 4.1. All other chemicals used were of analytical grade.
	4.2 Study design and participants
	Ethical Clearance: The ethical approval for the human study was obtained from Bharati Vidyapeeth Medical College Institutional Human Ethical Committee        (Ref No. BVDU/MC/11, Dt. 20.9.13, Ref No. BVDU/MC/48, Dt. 15.9.2015).
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	5.9 In-vitro action of MF and Gz on albumin glycation
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	Total 40 patients were initially assessed of whom 31 received MF treatment. The final analysis was performed on 31 patients and their baseline characteristics are summarized in Table 5.14. Patients were having higher levels of FPG, HbA1c, SALP, total ...
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