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Chapter 1 : Introduction 

1.1 Diabetes  

Diabetes mellitus, commonly known as diabetes, is a set of diverse metabolic diseases in 

which patients have chronic high blood sugar levels. Diabetes is manifested when the body 

cannot produce adequate insulin or efficiently respond to insulin. The β-cells in the pancreatic 

islets of Langerhans synthesize and secrete insulin, a major anabolic hormone. Insulin 

promotes the internalization of blood glucose by various insulin-sensitive cells for energy 

generation and storage. When there is reduced insulin secretion or resistance to insulin action, 

blood glucose is not sufficiently utilized, and the accumulation of blood glucose results in 

hyperglycemia.1 Increased appetite, increased thirst, frequent urination, and weight loss are 

the prominent symptoms of diabetes.2 Diabetes is a global health concern as diabetes-

associated morbidity and mortality burden the health infrastructure and economy.  

1.1.1 Epidemiology 

Diabetes and its complications are a leading cause of death in non-communicable diseases. 

Diabetes and diabetic complications accounted for 6.7 million, corresponding to 12.2% of 

adult deaths in 2021 globally.1, 3 The American Diabetes Association (ADA) reports that the 

prevalence of diabetes has been rising rapidly. The number of diabetes cases climbed from 

151 million in 2000 to 537 million in 2021 and is expected to increase further at a rapid pace 

(Figure 1.1). China and India have the maximum number of diabetic adults. 74.2 million or 

9.6% adult population of India was diabetic in 2021 and is estimated to increase to about 125 

million in 2045. Diabetes and its complications claimed 0.6 million lives in India in 2021. 

More than half of the diabetic cases (39.4 million) in India remained undiagnosed.1 

Therefore, there is an urgent need to control the menace of diabetes by creating awareness 

that will enable early detection and prevention of diabetes. Also, cheap and improved 

healthcare access will help mitigate the implications of diabetes and its complications. 
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Figure 1.1 Past and predicted future prevalence of diabetes worldwide 

The prevalence of diabetes has increased rapidly worldwide and will continue to increase in the 

future.1  

1.1.2 Classification of diabetes 

According to ADA, diabetes is categorized into four types: type 1 diabetes, type 2 diabetes, 

gestational diabetes mellitus (GDM), and other specific types of diabetes.4 

1.1.2.1 Type 1 diabetes 

Type 1 diabetes, or insulin-dependent diabetes, comprises about 5-10 % of all diabetes cases.5 

It results from insufficient or no insulin secretion, which causes high blood sugar levels. In 

type 1 diabetes, the autoimmune system destroys the β-cells in the pancreatic islets of 

Langerhans, resulting in decreased insulin secretion. The autoimmune markers for type 1 

diabetes are autoantibodies to islet cells, insulin, glutamic acid decarboxylase (GAD), 

tyrosine phosphatases IA-2 and IA-2β, and zinc transporter 8 (ZnT8).6 Due to the fact that 

type 1 diabetes typically occurs in childhood and adolescence, it is also referred to as 

juvenile-onset diabetes. However, it can also happen at any age.5 Environmental factors and 

genetic predisposition significantly contribute to developing type 1 diabetes.2 Type 1 diabetes 

cannot be prevented, and individuals with type 1 diabetes require exogenous insulin 

administration to compensate for the low insulin level in the blood.1  

1.1.2.2 Type 2 diabetes 

Most cases of diabetes are type 2, and it comprises about 90-95 % of all diabetes cases. It is 

also referred to as adult-onset or insulin-independent diabetes. Insulin resistance is the 

primary causal factor that results in a decreased response of body cells to insulin. Notably, 

most type 2 diabetic people also have insulin deficiency.5 Insulin insufficiency in type 2 

diabetes is attributed to a reduction in β-cell mass and β-cell function.7 The development of 

hyperglycemia is slow, and it takes years to develop noticeable symptoms. Hence, type 2 

diabetes often remains undetected for years.5 Therefore, the condition may keep worsening 
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and heighten the risk of diabetic complications development. Environmental factors 

immensely contribute to the development of type 2 diabetes. Diabetes is a lifestyle-associated 

disease, and a poor lifestyle is mainly attributed to the development of diabetes, which 

includes an unhealthy diet and lack of physical exercise. Old age, prediabetes, hypertension, 

dyslipidemia, history of GDM, familial diabetes history, obesity, smoking, and drinking 

alcohol are the major risk factors for developing type 2 diabetes.1, 5, 8 Though it is well known 

that genetic predisposition plays a significant role in type 2 diabetes development, the 

complex causal genetic factors are yet to be fully understood.5 The development of type 2 

diabetes is preventable, or it can be delayed, unlike type 1 diabetes.1 It is typically treated by 

weight reduction, exercise, and hypoglycemic agents, lowering blood glucose levels.5   

1.1.2.3 Gestational diabetes mellitus 

Gestational diabetes mellitus (GDM) is characterized by hyperglycemia developed during 

pregnancy and complicates about 16.7% of all pregnancies.1 GDM poses serious health risks 

to both mother and child. Macrosomia is one of the most typical adverse consequences of 

GDM. Gestational diabetes is also associated with congenital malformation, birth injuries, 

preterm birth, shoulder dystocia, cesarean delivery, preeclampsia, and neonatal 

hypoglycemia.9-11 Though GDM generally gets resolved after delivery, it can still have 

adverse consequences in the future; for example, both the mother and the child become more 

susceptible to developing type 2 diabetes and cardiovascular diseases.1 Older maternal age, 

obesity, history of GDM, familial diabetes history, polycystic ovary syndrome, and sedentary 

lifestyle are risk factors for GDM.2 Insulin resistance induced by hormonal changes during 

pregnancy is the primary cause of GDM.12 GDM is diagnosed at the 24-28th week of 

gestation by oral glucose tolerance test.2  

1.1.2.4 Other specific types of diabetes  

Other specific diabetes types include diabetes developed due to genetic defects of β-cell 

(maturity-onset diabetes of the young characterized by the onset of hyperglycemia before 25 

years of age), genetic defects in insulin action, exocrine pancreas disease (any condition that 

damages the pancreas), endocrinopathies (caused by an overproduction of hormones 

counteracting insulin activity) and infections (viral infections that cause β-cell damage such 

as congenital rubella, coxsackievirus B, cytomegalovirus, adenovirus, and mumps), drug or 

chemical-induced diabetes (that affect insulin secretion), rare types of immune-mediated 

diabetes and other genetic syndromes occasionally associated with diabetes.4, 6 
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1.1.3 Diagnosis of diabetes  

The diagnosis of diabetes is clinically made by measuring plasma glucose (fasting plasma 

glucose or postprandial plasma glucose) or HbA1c (glycated hemoglobin), as shown in Table 

1.1. In order to diagnose diabetes, plasma glucose has long served as the gold standard. 

Fasting plasma glucose (FPG) is measured after at least an 8 h overnight fast. Measurement 

of FPG is not expensive and is widely used for diabetes diagnosis. However, there is a lack of 

reproducibility in this test. Also, FPG can change in an individual from day to day and can be 

altered due to diet, prolonged fasting, exercise, and stress.13 

Postprandial plasma glucose (PPG) is measured by measuring plasma glucose concentration 

2 h after meals. The other test is the oral glucose tolerance test (OGTT), in which an 

overnight fast of 10 to 16 h is necessary, and the glucose concentration is measured in the 

plasma sample collected 2 h after the consumption of 75 g glucose. It is a sensitive indicator 

of the risk of diabetes as 2 h plasma glucose increases before the increase in FPG. However, 

similar to FPG, 2 h plasma glucose has poor reproducibility, and there is a high 

intraindividual variability which is more than FPG. Therefore, due to inconvenience, cost, 

and lack of reproducibility, FPG is preferred to OGTT for diagnosis of diabetes.5, 13 

HbA1c is formed when glucose is non-enzymatically attached to the valine at the N-terminus 

of the hemoglobin β-chain. While plasma glucose reflects instantaneous glycemic status, 

HbA1c shows the average glycemic status of the past 2-3 months because erythrocytes have a 

life span of 120 days. HbA1c strongly correlates with microvascular complications and 

predicts the risk of their development. HbA1c is regarded as the current gold standard for 

evaluating glycemic control. Unlike plasma glucose, HbA1c is not affected by recent diet, 

exercise, or stress. It has better reproducibility than plasma glucose, and subjects need not be 

fasting. However, HbA1c has a few limitations as well. It is affected by conditions that change 

erythrocyte lifespan, such as hemolytic disease, recent blood loss or transfusion, and iron 

deficiency anemia. Pregnancy, HIV infection, and some hemoglobin variants also affect 

HbA1c. Also, HbA1c measurement is costlier than plasma glucose measurements.6, 13, 14 
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Table 1.1 ADA criteria for the diagnosis of diabetes 

Diagnostic criterion Healthy Prediabetes Diabetes 

Fasting plasma glucose 

(mg/dL) 

≤ 99 100-125 ≥ 126 

Postprandial plasma 

glucose (mg/dL) 

≤ 139 140-199 ≥ 200 

OGTT (mg/dL) ≤ 139 140-199 ≥ 200 

HbA1c (%) ≤ 5.6 5.7-6.4 ≥ 6.5 

[Table adapted from5] 

1.2 Glycation reaction, advanced glycation end product (AGE) 

formation, and interaction with ligand 

1.2.1 Glycation and advanced glycation end product formation 

AGEs are a group of heterogeneous compounds produced by the non-enzymatic reaction 

between reducing sugars and amino groups of proteins. Louis Camille Maillard was the first 

to describe this non-enzymatic reaction, wherein the heating of amino acids in the presence of 

reducing sugars resulted in the formation of brown-colored compounds. Hence this reaction 

is also known as the Maillard reaction or non-enzymatic browning.15, 16 The Maillard reaction 

is vital in the food industry as it produces several compounds that contribute to odors and 

flavors but reduce nutritional value. Later in the 1960s, a Maillard reaction-like process was 

discovered under physiological conditions when an increased level of glycated hemoglobin 

was observed in diabetic patients, and this reaction is commonly known as glycation. Since 

then, a number of AGEs and their harmful physiological effects have been described.16  

A schematic illustration of the glycation reaction is depicted in Figure 1.2. The non-

enzymatic reaction between the free amino group of proteins (particularly lysine and arginine 

residues and free amino terminal of proteins) and the carbonyl group of reducing sugars form 

an unstable Schiff's base, which goes through structural rearrangement to generate relatively 

stable early glycation product, chemically known as deoxyfructosyl-lysine (DFL). DFL is 

widely known as an Amadori product that reacts with proteins to cross-link them. The protein 

cross-links then undergo numerous reactions, including oxidation, dehydration, cyclization, 

and breakdown, to form stable advanced glycation end products, known as AGEs.15-17 The 

physiological presence of several AGEs, such as carboxymethyl-lysine (CML), carboxyethyl-

lysine (CEL), methylglyoxal-lysine dimer (MOLD), glyoxal-lysine dimer (GOLD), 
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pentosidine and pyrraline has been described.18, 19 Amadori products can also undergo 

dehydration and rearrangement to form dicarbonyl compounds, e.g., glyoxal (GO), 

methylglyoxal (MGO), and 3-deoxyglucosone (3-DG), which are highly reactive. GO and 

MGO are also formed as a by-product of glycolysis. These dicarbonyl compounds are AGE 

precursors, which react with proteins to form various AGEs. The reactive dicarbonyl 

compounds can also be formed by other pathways, e.g., the oxidative fragmentation of 

Schiff's base (Namiki pathway) and auto-oxidation of glucose (Wolff pathway). Since 

diabetic patients have persistent hyperglycemia, glycation occurs at a faster pace in diabetic 

patients. Thus, glycated proteins and AGEs increasingly form and accumulate in 

hyperglycemic conditions.16 AGEs' accumulation on various plasma proteins has been 

reported,20 especially long-lived proteins such as hemoglobin, tissue collagen, and lens 

crystalline.15, 17 On the other hand, glycated albumin has the largest share of glycated plasma 

proteins due to the highest plasma concentration and a large number of glycation-sensitive 

lysine and arginine residues.20, 21 AGEs also cross-link the proteins, adversely affecting their 

functions or rendering them functionally inactive.16 Also, AGEs can interact with their 

receptors present on the cell surface, i.e., receptor for advanced glycation end products 

(RAGE), and this interaction initiates a downstream signaling pathway that results in various 

deleterious outcomes (described later in section 1.2.3).  

 
Figure 1.2 Formation of AGEs through glycation 

The reaction of reducing sugars with free amino groups of proteins leads to the formation of early and 

several advanced glycation end products through a series of non-enzymatic reactions. Several reactive 

dicarbonyl compounds can be formed from reducing sugars or early glycation products by different 
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pathways which serve as AGE precursors. 

1.2.2 RAGE  

RAGE is a transmembrane receptor found on the membrane of nearly all cells at low levels. 

However, it has a high expression level in the lung. RAGE belongs to the immunoglobulin 

superfamily and can bind to several ligands. RAGE was first described as a receptor for 

AGEs.22 Besides AGEs, RAGE can also bind to several ligands, e.g., S-100/cangrulins, high 

mobility group protein B1 (HMGB1), β-amyloid peptides, Mac-1, lysophosphatidic acid, 

complement protein C1q, phosphatidylserine and mitochondrial transcription factor A.19, 23-25  

The RAGE gene, coding for the RAGE protein, is highly polymorphic and is located within 

the major histocompatibility complex III locus on chromosome 6. Twelve alternatively 

spliced transcripts coding for different RAGE isoforms and one non-coding variant have been 

reported (ncbi.nlm.nih.gov/genbank, Oct 2022). The longest isoform of RAGE is composed 

of 420 amino acids. In contrast, the most predominant isoform of RAGE comprises 404 

amino acids. RAGE contains an extracellular variable domain, two extracellular constant 

domains, one transmembrane domain, and one intracellular domain. The extracellular 

variable domain of RAGE interacts with its ligands.23  

Figure 1.3 shows the schematic representation of full-length RAGE and the generation of 

soluble RAGE isoforms. Three major RAGE isoforms are also expressed in addition to full-

length RAGE. The N-RAGE (N-truncated RAGE) is membrane-bound, like full-length 

RAGE; however, it lacks the extracellular variable domain and cannot bind to ligands. The 

other two isoforms are C-truncated RAGE, lacking the transmembrane and cytoplasmic 

domains. One of the C-truncated RAGE, sRAGE (soluble RAGE), is produced when the 

proteolytic enzymes, such as matrix metalloproteinases, cleave the full-length RAGE, 

whereas esRAGE (endogenous secretory RAGE) is encoded by alternatively spliced full-

length RAGE transcript. sRAGE and esRAGE freely circulate in the blood and can bind to 

AGEs but cannot induce intracellular signaling as they lack transmembrane and intracellular 

domains. Thus sRAGE and esRAGE act as decoy receptors of AGEs and competitively 

inhibit the binding of AGEs with RAGE.26  
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Figure 1.3 Structure of full-length RAGE and its isoforms 

A full-length RAGE receptor consists of one V-type extracellular, two C-type extracellular, one 

transmembrane, and one cytoplasmic domain. N-truncated RAGE isoform is devoid of a V-type 

domain, whereas C-truncated RAGE isoforms, esRAGE (formed by alternative splicing of RAGE 

transcript) and sRAGE (formed by proteolytic cleavage of the extracellular domains), are devoid of 

transmembrane and cytoplasmic domains. C-truncated RAGE isoforms are not membrane-bound. 

[Figure modified and adapted from26] 

RAGE expression is increased in many inflammatory diseases.25, 27 Similarly, RAGE gene 

polymorphisms have been reported to be linked with the risk of developing various diseases 

such as autoimmune disease, diabetes, cancer, chronic obstructive pulmonary disease, and 

Crohn's disease.23 

1.2.3 AGE-RAGE interaction and signaling pathways 

Interaction of RAGE with its different ligands triggers different downstream signaling 

pathways depending on the ligand type and the cell type. Therefore, the RAGE network is 

very complex. RAGE-ligand interaction induces diverse cellular signaling cascades, e.g., 

janus kinase/signal transducer and activator of transcription (JAK/STAT), PI3K/AKT, 

NADPH oxidase, mitogen-activated protein kinase (MAPK)/P38, Ras/mitogen-activated 

protein kinase/ERK1/2 (Ras/MEK/ERK1/2), stress-activated protein kinase/c-Jun amino-

terminal kinase (SAPK/JNK), small GTPase Cdc42/Rac1 and glycogen synthase kinase 3β 

(GSK-3β). After that, these pathways activate many transcription factors, including nuclear 

factor kappa B (NF-κB), STAT3, activator protein 1 (AP-1), and early growth response-1 
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(Egr-1), which in turn, increase the expression of many genes.25 

Figure 1.4 depicts the AGE-RAGE interaction and the activated downstream signaling 

pathways. The downstream signaling activated by AGE-RAGE interaction is mediated via 

four pathways, namely, JAK2/STAT1, PI3K/AKT, MAPK/ERK, and NADPH 

oxidase/ROS.15 All of these signaling pathways activate transcription factor NF-κB. In the 

inactivated state, NF-κB is located in the cytosol through binding to its inhibitory protein 

called inhibitor of κB (IκB). RAGE-mediated signaling activates the enzyme IκB kinase, 

which phosphorylates IκB, leading to ubiquitin-mediated degradation of the inhibitor. Once 

activated, NF-κB gets translocated into the nucleus, where it induces the expression of target 

genes of oxidative stress and proinflammatory cytokines, e.g., interleukin-1β (IL-1β), 

interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α).28 This downstream signaling also 

increases the expression of RAGE, creating a positive feedback loop.29 The adverse 

consequences of AGE-RAGE signaling play a significant role in developing diverse diseases 

such as diabetes and its complications, cardiovascular disease, neurodegenerative diseases,  

inflammation, and cancer.15  
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Figure 1.4 Schematic representation of AGE-RAGE interaction and signaling pathways 

Interaction of AGEs with RAGE induces several downstream signaling pathways that activate 

transcription factor NF-κB and ROS production. Activated NF-κB translocates to the nucleus, where 

it activates the transcription of its target genes that increase inflammation, oxidative stress, and RAGE 

expression resulting in the pathogenesis of several diseases, especially diabetes and its complications. 

[Figure modified and adapted and modified from15] 
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Given that RAGE is crucial to the pathogenesis of several diseases, targeting RAGE to block 

the AGE-RAGE axis, e.g., by using soluble forms of RAGE or anti-RAGE antibodies, could 

be one of the preventive and therapeutic strategies to prevent the development and 

progression of these diseases.19, 30-32 

1.3 Diabetic complications 

Chronic hyperglycemia in diabetes increases the generation and buildup of AGEs, which 

plays a significant role in the development and progression of several diabetic 

complications.33 AGEs are known to induce insulin insensitivity and impaired β-cell function, 

thus further worsening diabetic conditions. AGE modification of cellular proteins and cross-

linking adversely affects their structures and functions, thereby damaging the cells directly.34 

Also, AGE-RAGE interaction-induced inflammation and oxidative stress are principal 

pathogenic factors that damage tissues and thereby promote the onset of several diabetic 

complications.16  

The prevalence of diabetic complications is rising concurrently with the prevalence of 

diabetes. These complications are broadly divided into microvascular and macrovascular 

complications. 

1.3.1 Microvascular complications 

Microvascular complications arise due to damage to small blood vessels.35 There are three 

prominent microvascular complications, namely, diabetic retinopathy, diabetic neuropathy, 

and diabetic nephropathy, which damage the eyes, nervous system, and renal system, 

respectively. 

1.3.2.1 Diabetic retinopathy 

Diabetic retinopathy is the principal causal factor for impaired vision and blindness in people 

aged 20-74 years.36 Diabetic retinopathy develops in over half of diabetic patients in their 

lifetime.37, 38 Chronic hyperglycemia leads to oxidative stress, protein kinase C activation, 

inflammation, accumulation of AGEs and sorbitol, and elevated renin-angiotensin system. 

These biochemical and physiological changes are primarily responsible for microvascular 

damage that causes diabetic retinopathy. A longer diabetes duration, hyperglycemia, and 

hypertension increase the risk of developing diabetic retinopathy. Controlling blood pressure 

and glucose levels lowers the risk and severity of diabetic retinopathy.39 Additional factors 
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increasing the risk of developing diabetic retinopathy are dyslipidemia, smoking, higher body 

mass index (BMI), ethnicity, pregnancy, sex (female), and puberty.8, 36, 40 Diabetic 

retinopathy also increases the likelihood of macrovascular complication development.36 Non-

proliferative and proliferative diabetic retinopathy are the two main types of diabetic 

retinopathy. The first clinical sign of non-proliferative diabetic retinopathy is the formation of 

small bulges in the retinal capillary walls, or microaneurysms.40 Non-proliferative diabetic 

retinopathy can gradually progress from mild to severe with characteristic changes in the eye, 

including ischemia. New blood vessels are formed (neovascularization) in the retina to 

compensate for ischemia-induced hypoxia, and this stage is known as proliferative diabetic 

retinopathy. Neovascularization is followed by hemorrhage and other pathological changes 

that cause retinal detachment, resulting in blindness.39, 40 Fundus photography and optical 

coherence tomography are commonly used for the diagnosis of diabetic retinopathy.36, 41 

Most blindness cases due to diabetic retinopathy can be prevented if detected and treated 

early.8 ADA recommends annual screening for diabetic retinopathy in individuals with type 2 

diabetes.41  

1.3.2.2 Diabetic neuropathy 

Diabetic neuropathy is characterized by the loss of sensory functions in the extremities of the 

limbs due to damage to the peripheral and autonomic nervous systems. Loss of senses begins 

distally in the lower limbs. Diabetic neuropathy develops in over half of diabetic patients in 

their lifetime, and about 30-50 % of diabetic neuropathy patients experience neuropathic pain 

in the feet.42 Diabetic neuropathy can cause foot ulceration, followed by gangrene and limb 

amputation.43, 44 Diabetic neuropathy is responsible for 50-75 % of non-traumatic 

amputations,42 most of which are preventable.44 Diabetic neuropathy is associated with 

erectile dysfunction, impaired wound healing, and cardiovascular diseases observed in 

diabetic patients.43, 45 Duration of diabetes and glycemic level are the main risk factors for 

diabetic neuropathy. Other risk factors include hypertension, dyslipidemia, obesity, smoking, 

alcohol consumption, and advanced age. Diabetic neuropathy symptoms include numbness, 

tingling, burning, pain, weakness, and unsteadiness, starting in the digits of the lower and 

upper limbs and progressing proximally over the years.42, 45 Diabetic neuropathy may remain 

asymptomatic for years after the onset of diabetes.44, 46 Diabetic neuropathy is diagnosed by 

testing for a decreased sensation of the pinprick, temperature, and vibration. ADA 

recommends to screen for diabetic neuropathy at diagnosis and annually in type 2 diabetic 

patients.41 Glycemic control and exercise help in the prevention and halting of the 
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progression of diabetic neuropathy.42, 45 

1.3.2.3 Diabetic nephropathy 

Diabetic nephropathy is a major diabetic complication, and it affects about 20-40 % of 

diabetic people globally.47 Glomerular capillaries in the nephron (a filtration unit of the 

kidney) are responsible for the filtration of blood.48 In diabetic nephropathy, the glomerular 

filtration rate is gradually decreased, and therefore urinary blood proteins are excreted at a 

higher rate, called proteinuria.49, 50 Microalbuminuria is the earliest sign of diabetic 

nephropathy, in which a slight increase in urinary protein excretion (urinary albumin 

excretion of 30-299 mg/24 h) is observed. It is diagnosed in three ways, as shown in Table 

1.2. 24 h urine collection is considered the gold standard for urinary albumin assessment. 

However, the albumin to creatinine ratio in random spot urine samples is commonly used for 

diagnosing diabetic nephropathy as it is cost-effective, easy to measure, and has similar 

diagnostic accuracy as the 24 h urine collection.51, 52 Further progress in diabetic nephropathy 

leads to an advanced stage called macroalbuminuria, characterized by an abnormal increase 

in urinary protein excretion (≥ 300 mg/24 h) and is also known as overt nephropathy.53 If the 

renal function further worsens, the kidneys can no longer support adequate blood filtration. 

This stage is known as end-stage renal disease (ESRD), and the patient needs renal dialysis or 

a transplant to survive at this stage.54  

Table 1.2 Diagnosis of diabetic nephropathy 

Category 
Spot collection 

(µg/mg creatinine) 

24 h collection 

(mg/24 h) 

Timed collection 

(µg/min) 

Normal < 30 < 30 < 20 

Microalbuminuria 30-299 30-299 20-199 

Macroalbuminuria ≥ 300 ≥ 300 ≥ 200 

[Table adapted from50] 

The pathogenesis of diabetic nephropathy involves several pathological changes in the 

kidneys. Nearly all cell types of the kidney are affected by hyperglycemia.43, 55 There is 

mesangial cell proliferation and hypertrophy, an increase in extracellular mesangial matrix 

produced by the mesangial cells, thickening of glomerular basement membrane, 

inflammatory cell recruitment in glomerulus and tubulointerstitium, tubular hypertrophy, and 

tubulointerstitial fibrosis.55, 56 Loss of podocytes, a component of the filtration slit, and 
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abnormal changes in the shape of podocytes adversely affect glomerular filtration.57  

In part, hyperglycemia and the resultant elevation in the level of AGEs cause an increase in 

the extracellular matrix.55 Various pathways, including oxidative stress, the rennin-

angiotensin-aldosterone system, and inflammation, are involved in developing and 

progressing diabetic nephropathy.58 Additional factors that increase diabetic nephropathy risk 

are hypertension, obesity, advanced age, race, dyslipidemia, insulin resistance, and 

smoking.56, 58, 59 Genetic predisposition also contributes to developing diabetic 

nephropathy.56, 59 Maintaining blood pressure below 130/80 mmHg, HbA1c below 7 %, 

treating dyslipidemia (LDL < 100 mg/dL), and renin-angiotensin-aldosterone system 

blockage using drugs can prevent the onset of diabetic nephropathy or delay the progression 

to advanced stages.56, 58, 59  ADA recommends annual screening for urinary albumin and 

estimated glomerular filtration rate (eGFR) in type 2 diabetic patients and twice annually for 

macroalbuminuria patients.41 

1.3.2 Macrovascular complications 

In diabetic macrovascular complications, large blood vessels are affected.35 Diabetic people 

are at four-times likelihood of developing cardiovascular disease. Atherosclerosis, 

myocardial infarction, and stroke are the major disorders associated with cardiovascular 

disease.60 Cardiovascular disease accounts for up to 65 % of deaths of diabetic patients.8 

Diabetic patients are at a greater risk of heart attack, which is a major reason for death due to 

cardiovascular events in people with diabetes. Diabetes also increases the risk of stroke, 

another significant reason for mortality in diabetic people.35 Though it is unclear how 

hyperglycemia is associated with cardiovascular disease in diabetic people,8 atherosclerosis is 

quite common in diabetic patients.61 The pathophysiology of diabetic macrovascular 

complications is largely driven by atherosclerosis which causes constriction of the artery 

walls.60 The significant risk factors for cardiovascular disease are hyperglycemia, 

hypertension, obesity, dyslipidemia, and smoking.35, 62 

1.4 Importance of early detection of diabetes and its 

complications 

Just like diabetes, diabetic complications develop slowly, often taking years to manifest 

clinically .1 Without preventive measures and treatment, diabetic complications can progress 

and lead to advanced stages that can result in severe consequences, such as the loss of vision, 
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limbs, kidneys, or even death. However, if diabetes and its complications are appropriately 

managed, their adverse outcomes can be prevented or delayed.1 Therefore, detecting diabetes 

and diabetic complications at an early stage is very important. 

1.5 Risk prediction of type 2 diabetes and diabetic nephropathy 

Besides early detection, risk prediction of type 2 diabetes and its complications would help 

resort to early preventive measures. Diabetic nephropathy causes the progressive loss of 

kidney functions over the years. Even though microalbuminuria is the earliest sign of diabetic 

nephropathy development, the complication is already established, causing kidney damage 

during the asymptomatic initial stages.53 Similarly, type 2 diabetes often remains undetected 

for several years due to a lack of symptoms.5 Hence there is a need for markers that can 

predict the risk of type 2 diabetes and diabetic nephropathy. Since hyperglycemia is the root 

cause of the development of several diabetic complications, including diabetic nephropathy, 

early measurement of glycemic change may help in predicting their development. Plasma is a 

rich source of disease markers. Hence, the glycation level on different plasma proteins, 

mainly albumin, may be helpful in measuring glycemic status20 and further evaluating them 

for diabetic nephropathy risk prediction. Recently, glycated albumin has been increasingly 

evaluated for predicting the risk of diabetic nephropathy due to the advantages it has over 

other glycated proteins.63, 64 Albumin is the most prevalent plasma protein having a half-life 

of 19 days; hence glycated albumin reflects the glycemic status of the past 2-3 weeks.65 Thus, 

glycated albumin can be a good marker to assess type 2 diabetes risk and diabetic 

nephropathy.  

There is ample evidence that some individuals are genetically prone to the onset of type 2 

diabetes and its complications. This genetic predisposition can be due to expression level 

changes of certain genes, epigenetic changes, or polymorphisms in specific genes.66, 67 

Polymorphisms can affect the translated protein's structure or gene expression in various 

ways.68, 69 Therefore certain gene polymorphisms may alter the disease susceptibility in the 

mutant population for developing type 2 diabetes and diabetic nephropathy. If the genetic 

cause of the differential vulnerability to type 2 diabetes and diabetic nephropathy is 

established precisely, it can be used as a risk prediction marker. Such risk prediction markers 

can be highly useful in identifying individuals at high risk of developing type 2 diabetes and 

diabetic nephropathy, which can, in turn, help to resort to early preventive measures by 

susceptible individuals to prevent or slow the development of type 2 diabetes and diabetic 
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nephropathy. 

1.6 Mass spectrometry for the quantification of PTMs and 

glycated peptides 

Mass spectrometry (MS) is an analytical technique to detect and identify molecules by 

measuring their mass-to-charge ratio with high sensitivity and specificity. Typically, mass 

spectrometers have three major components, i.e., ion source, mass analyzer, and detector. The 

ion source converts the analyte molecules into ionic form, followed by separation according 

to their mass-to-charge ratio by the mass analyzer and detection by the detector. Most mass 

spectrometers used nowadays are tandem mass spectrometers which have an additional mass 

analyzer. The first mass analyzer in tandem MS allows for the selection of specific precursor 

ions. The selected precursor ions get fragmented in the collision cell upon collision with an 

inert gas. The fragment ions generated are then analyzed by the second mass analyzer. This 

approach leads to the accurate identification of analytes. Mass spectrometers are widely used 

in the research milieu for the detection, identification, and quantification of proteins and 

metabolites in diverse sample types. In fact, in recent years, MS has found applications in 

clinical diagnosis.70  

Post-translational modification (PTM) of proteins refers to any modifications of the protein 

after its biosynthesis. Post-translational modifications on proteins orchestrate a diverse 

biological function. Phosphorylation, acetylation, methylation, glycosylation, and 

ubiquitination are among the most common PTMs in an organism. PTMs are involved in 

regulating numerous cellular processes such as aging, cell signaling, and modulation of 

protein-protein interaction.71-73 The modification states of proteins and the site of PTM 

modification determine the specific tasks, e.g., gene expression can be either activated or 

repressed depending upon the methylation state and the site of lysine methylation in H3 

histone.74 Thus, overall modification states of proteins and PTM cross-talk determine the fate 

of cellular processes in the cell. Therefore, any perturbation in PTM can affect normal 

functioning and even result in the manifestation of the disease. Several diseases are 

associated with a perturbation in the PTMs in terms of the type of PTM, the site of PTM 

occupancy, or the level of PTM modification. Changes in PTM pattern or extent of 

modification, including phosphorylation, glycosylation, acetylation, methylation, and 

ubiquitination, are associated with numerous diseases, e.g., cancer, cardiovascular diseases, 

and neurodegenerative diseases.75-78 Similarly, the hyperglycemic condition in diabetes leads 
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to increased glycation reaction, which causes increased accumulation of advanced glycation 

end product (AGE)-modified proteins in cells as well as in plasma proteins, and this 

accumulation of AGEs is one of the major causes for the development of diabetic 

complications.79 Since the changes in PTM pattern or level may lead to the manifestation of 

specific clinical conditions, PTMs can be potential biomarkers for that particular disease 

diagnosis, monitoring, or risk prediction. 

PTMs can be detected and quantified by several approaches. Antibody-based techniques such 

as immunofluorescence, Western blot, and ELISA can be used for detecting and quantifying 

specific proteins and PTMs.80-82 In fact, ELISA is one of the most sensitive and high-

throughput techniques.78, 82 However, antibody-based approaches have limitations in that only 

one specific analyte can be quantified at a time. Also, antibodies must be available for the 

quantification of particular proteins or PTMs. In several cases, commercial antibodies against 

the target analytes may not be available or may not be possible to generate. Antibody-based 

methods are also limited by non-specific antibody binding, especially in complex samples.83  

PTMs can also be detected by mass spectrometry. Mass spectrometry is a powerful tool that 

has revolutionized the field of proteomics, and it is one of the most widely used techniques 

for the accurate detection and quantification of PTMs. With the advancement in mass 

spectrometry instrumentation, workflows, and sample preparation methods, especially in the 

last two decades, it has become one of the most preferred techniques for the characterization 

and quantification of PTMs. Its current sensitivity, resolution, accuracy, and scan speed allow 

the quantification of hundreds of analytes in a single run. This high multiplexity is not 

possible in antibody-based techniques. Unlike antibody-based approaches, mass spectrometry 

does not depend upon the availability of target-specific antibodies, and virtually any PTM can 

be detected and quantified.84 The identification of the PTMs by mass spectrometry is done by 

detecting the change in the mass of the precursor ions compared to their unmodified 

counterpart. In tandem mass spectrometry, fragmentation of the PTM-modified precursors 

ions generates a series of fragment ions. The modification site in a protein can be detected by 

comparing the fragment ions bearing the mass of PTM to the fragment ions from 

corresponding unmodified precursors.85 Mass spectrometers can detect the presence and 

localization of PTMs on proteins by untargeted MS approaches86 whereas targeted MS 

approaches are particularly useful for quantifying the PTMs.78 

A few targeted MS approaches have been developed that can precisely and sensitively 



Chapter 1 

18 
 

quantify the target analytes. Multiple Reaction Monitoring (MRM) using stable isotope-

labeled standard peptides is considered a gold standard approach for the quantification by MS 

using triple quadrupole mass spectrometers.87 Parallel Reaction Monitoring (PRM) is a 

quantification approach that quantifies analytes with high resolution using a hybrid 

Quadrupole-Orbitrap mass spectrometer.88 High-resolution multiple reaction monitoring 

(MRM-HR) refers to PRM experiments performed on a Quadrupole time-of-flight (Q-TOF) 

mass spectrometer.89 In the MRM approach, prior information on precursor and fragment ion 

masses is required. Also, the optimum collision energy for each of the fragments needs to be 

determined beforehand.87 Unlike the MRM approach, no fragment ions are selected by the 

second mass analyzer, i.e., Orbitrap or TOF, in the PRM approach, and all fragment ions 

generated are analyzed with high resolution. In PRM experiments, the selection of fragment 

ions for analytes’ quantification is made after sample acquisition. Optimization of collision 

energy for each fragment ion is not required in the PRM approach. Instead, a normalized 

collision energy is used for the fragmentation of all precursor ions in the PRM approach. 

Therefore, PRM experiments are much easier to set up. Also, PRM experiments have 

sensitivity and dynamic range similar to that of SRM experiments. Therefore, PRM methods 

are extensively used for the quantification of target analytes.88 

Glycation is associated with diabetes and its complications. Glycation occurs at the lysine, 

arginine, and N-terminus of protein. Different glycating moieties, e.g., carboxymethyl, 

carboxyethyl, and deoxyfructosyl, have been detected and very well characterized by MS.61, 

90 Thus, targeted MS approaches, such as PRM (or MRM-HR) can be used to detect the site 

and extent of glycation on a protein as a marker in diabetes and its complications.  

1.7 Genetic polymorphisms 

Genetic polymorphism refers to two or more variant forms of a specific DNA sequence 

among different individuals. The most frequent type of genetic polymorphism is single 

nucleotide polymorphism (SNP), a single nucleotide difference in a DNA sequence.91 The 

other types of DNA polymorphism are insertion or deletion (indels) of a specific stretch of 

DNA.92 Polymorphism differs from mutation in that it is present at a population frequency of 

≥ 1%.93 Most of the genetic polymorphisms are silent as they cannot change the gene 

expression level.94 However, some genetic polymorphisms may increase disease 

susceptibility in various ways. Non-synonymous SNPs in a gene's exonic region result in the 

replacement of one amino acid by a different amino acid. This non-synonymous replacement 
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may alter the structure and function of the protein.94 The SNPs present in the intronic region 

of the gene may affect the pre-mRNA alternative splicing and thereby affect the protein 

structure. SNPs present in the gene's promoter region may alter gene expression.69 Several 

SNPs have been found to be linked with a number of diseases. Therefore, SNPs are being 

widely investigated for their association with various diseases. SNPs have been found to 

increase the risk of various diseases, including cancer, diabetes, coronary heart disease, and 

neurological disorders.23, 93, 95-97  

1.8 Conventional tools for detecting gene polymorphisms 

Several tools such as TaqMan fluorescent probe,98 pyrosequencing,99 cycle sequencing with 

dye-labeled terminators,100 and restriction fragment length polymorphism (RFLP)91 can be 

used to detect polymorphisms in DNA. PCR, followed by RFLP, is the most extensively used 

SNP detection method as it is highly specific, fast, cost-effective, easy to perform, and 

requires simple instruments.91, 101 Figure 1.5 illustrates SNP detection by PCR-RFLP. In 

PCR-RFLP, the region of DNA spanning the polymorphic site is amplified by PCR, and a 

specific restriction enzyme is used that cuts the DNA at or near its restriction site. Because of 

the polymorphism, a new restriction site may be created, or the existing restriction site may 

be abolished. Thus, the presence or absence of restriction sites results in DNA fragments of 

varying lengths upon restriction digestion of wild-type and mutated allele.102 The restriction 

fragments are separated in a gel by electrophoresis and visualized to determine their size. 

Thus the polymorphisms are detected.101 However, there are limitations to the use of PCR-

RFLP for SNP detection. It is a laborious and time-consuming method.102 It is not a high-

throughput method. Since the PCR-RFLP method is based on the detection of restriction 

sites, a specific restriction enzyme is required to detect a particular SNP. Detection of more 

than one SNP, therefore, requires many restriction enzymes and the separate digestion of the 

PCR-amplified products. Thus it won't be cost-effective.101 The absence of a suitable 

restriction enzyme for many polymorphic sites restricts the use of PCR-RFLP for detecting 

such SNPs. Also, the disadvantage of PCR-RFLP is that it cannot detect unknown 

polymorphisms.103 
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Figure 1.5 Schematic representation of PCR-RFLP 

A short stretch of DNA harboring the polymorphic site is PCR amplified and digested using a 

restriction enzyme. In the illustration, AGTT in the wild-type allele is converted to AGCT (restriction 

site for AluI) in the mutant allele because of T>C polymorphism. AluI cannot cut the wild-type allele, 

but it cuts the mutated allele resulting in two short DNA fragments. Upon electrophoresis of the 

restriction digested products, wild-type, homozygous mutant, and heterozygous  mutant can be 

identified. 

1.9 DNA sequencing-based tools for detecting gene 

polymorphisms 

1.9.1 First-generation sequencing 

DNA sequencing-based approaches are typically based on the amplification of a stretch of the 

DNA using PCR and then sequencing the nucleotides of the amplified PCR products. Thus 

the exact determination of the nucleotide sequence empowers the detection of polymorphisms 

in the sequenced region of DNA. Two DNA sequencing methods were developed in 1977 

and widely adopted, namely, the 'chain termination method' of Sanger and the 'chemical 

degradation' method of Maxam and Gilbert.104, 105  
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1.9.1.1 Maxam and Gilbert method 

Maxam and Gilbert sequencing was the first widely used DNA sequencing method. In this 

method, a particular type of nucleotide in the 32P-end-labeled DNA is modified by a specific 

chemical agent and cleaved by piperidine at the modified sites.106 Four different reaction 

mixtures for four different nucleotides are set up that generates a series of 32P-end-labeled 

DNA fragments. The length of the DNA fragments can be deduced by electrophoresis of the 

fragments of the four reactions in separate lanes on a polyacrylamide gel, and this allows the 

nucleotide sequence to be determined. However, due to the complexity and the use of 

hazardous chemicals in the Maxam and Gilbert method, Sanger sequencing was increasingly 

adopted.104 

1.9.1.2 Sanger's method 

Sanger's chain termination method is a sequencing-by-synthesis method in which 

radiolabeled dideoxyribunucleotides (ddNTPs) are mixed at low concentrations with the 

normal deoxynucleotides (dNTPs) in a small fraction for DNA synthesis. Because ddNTPs 

lack the 3'OH group, they cannot make the phosphodiester bond with the 5' phosphate of the 

next nucleotide during DNA synthesis. Thus, upon random incorporation of ddNTPs, the 

DNA synthesis terminates at the incorporated radiolabeled ddNTP, and DNA fragments of 

varying lengths are produced. By setting up four separate reaction mixtures with different 

ddNTPs and separating products on four separate lanes of polyacrylamide gel by 

electrophoresis, the nucleotide sequence of DNA can be determined. There have been a 

number of improvements in the Sanger sequencing method, such as the replacement of the 

radiolabeled ddNTPs with four different fluorescently labeled ddNTPs and nucleotide 

detection by capillary electrophoresis. The use of hazard-free chemicals, very high accuracy, 

and automation have made Sanger sequencing a widespread method of DNA sequencing for 

DNA fragments less than 1 kb.105, 107 

1.9.2 Second-generation sequencing 

Second-generation sequencing is also referred to as next-generation sequencing (NGS). The 

massively parallel sequencing of the DNA by all of the second-generation DNA sequencing 

technologies made sequencing of DNA high-throughput and overall cost-effective than 

Sanger sequencing.104  
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1.9.2.1 Roche 454 sequencing 

Roche 454 sequencing is based on pyrosequencing. This method involves the attachment of 

single fragments of DNA to the surface of capture beads via adapter sequences, and beads are 

emulsified in a water-in-oil emulsion containing reagents for PCR. The template DNA is 

PCR amplified in the emulsion droplet to generate millions of copies of amplified DNA 

attached to the capture beads, and then DNA-coated beads are transferred to the picotiter 

plate, where each well can accommodate only a single bead. As the pyrosequencing reagents 

are washed over the plate, the addition of dNTP causes the release of pyrophosphate. 

Pyrophosphate is used by the enzyme to generate luminescence, and a charge-coupled device 

(CCD) camera detects it. Sequentially flowing the four nucleotide bases, the sequencing is 

done in over one million wells for a read length of 400-500 bp.104, 105 

1.9.2.2 Illumina sequencing 

In the Illumina sequencing method, adapters are ligated to both ends of the DNA fragments 

and flown over the flow cell having adapter-complementary oligonucleotides bound to it. 

Subsequent solid phase PCR cycles result in 'bridge amplification,' and copies of template 

DNA are created around the original DNA strand. The clusters of single-strand DNA 

fragments are then sequenced. All four fluorescently labeled 'reversible terminator' dNTPs 

and reagents for polymerization are added. The blocking moiety at the 3'OH of the 

incorporated dNTP prevents further binding of the nucleotides. Laser excitement emits the 

light characteristic to the fluorescent nucleotide and is detected by the CCD camera. The next 

polymerization cycle is performed after the cleavage of the fluorescent label and enzymatic 

removal of the blocking moiety at the 3'OH.104, 105 The read length in Illumina sequencing is 

approximately 100 bp. 

1.9.2.3 SOLiD sequencing 

SOLiD sequencing approach uses emulsion PCR to prepare the library, similar to Roche 454 

sequencing. However, in this method, the beads coated with amplified DNA are enriched, 

and the DNA templates on the beads are attached to the solid phase of the flow cell. A 

fluorescently labeled dinucleotide probe is passed over the flow cell, and the correct 

complementary dinucleotide is ligated to the primer on the solid phase. After washing, the 

fluorescence is recorded, which is characteristic of the dinucleotide probe. After that, the 

fluorescent dye is removed, and the next cycle of ligation is started. This method generates 

over 1 billion reads of approximately 50 bp. 104, 108 



Chapter 1 

23 
 

1.9.3 Third-generation sequencing 

Unlike NGS, single molecules of DNA can be sequenced by third-generation sequencing 

(TGS) methods, i.e., without requiring PCR amplification of the DNA strand to be 

sequenced. Third-generation sequencing methods can generate longer reads with lower cost 

and high throughput.104 The two most commonly used TGS methods are single molecule real-

time (SMRT) sequencing from Pacific Biosciences and nanopore sequencing from Oxford 

Nanopore Technologies. 

1.9.3.1 SMRT sequencing 

In SMRT sequencing, single DNA polymerase molecules are immobilized in nano chambers 

(zero-mode waveguide chambers). Single-strand DNA library and four different fluorescently 

labeled dNTPs are flown over the nano chambers. As the fluorescent nucleotide is 

incorporated, the fluorescence of only the incorporated nucleotide is detected, and the 

fluorescent tag is then cleaved. It can generate read lengths up to 10 kb. Since the error rate of 

SMRT sequencing is high (approximately 85 % accuracy), it has a very limited application in 

SNP discovery.104, 105  

1.9.3.2 Nanopore sequencing 

Nanopore sequencing is a widely used third-generation sequencing tool to sequence DNA. 

Nanopore sequencing was conceptualized in the 1980s, and through multiple improvements, 

it was released commercially for the first time in 2014 by Oxford Nanopore Technologies.109, 

110 Nanopore sequencing can sequence extremely long read lengths. A read length of 

approximately 2.3 Mb has been reported recently.111 In fact, the read length for nanopore 

sequencing is not restricted by the technology but by getting extremely long read lengths of 

sufficient quality. The nanopore sequencing tool is high-throughput, cost-effective, and 

provides real-time data.109, 110  

Figure 1.6 shows the schematic representation of nanopore sequencing. Nanopore sequencing 

uses protein nanopores embedded in an electro-resistant synthetic membrane. An electrolyte 

solution is present on both sides of the membrane, and a voltage application across the 

membrane causes the ions to pass through the nanopore across the membrane, generating a 

stable current. When the prepared DNA library is loaded onto the flow cell for sequencing, 

motor protein docks onto the pore, unwinds the double-stranded DNA, and the negatively 

charged single-stranded DNA is driven through the nanopore under an electric field. While 
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the single-stranded DNA molecule moves through the nanopore, it blocks the passage of a 

certain amount of ions which causes a disruption in the current. Each different nucleotide of 

DNA gives a characteristic fluctuation in the current that is measured and decoded to 

determine the DNA sequence.109, 110 The steps involved in nanopore sequencing are 

schematically represented in Figure 1.6 

 

Figure 1.6 Schematic representation of the nanopore sequencing 

The prepared DNA library is loaded onto the flow cell and sequenced by the sequencer. As the 

nucleotides of the single-strand DNA pass through the nanopore, the characteristic current 

fluctuations are recorded and decoded into nucleotides by base calling. 

Nanopore sequencing had an error rate of approximately 15 % which has been brought down 

to 3 % by using an adapter that promotes entry of the second DNA strand after the first DNA 

strand has passed through.112 Further, a read coverage of 40X is sufficient to make the 

sequencing virtually error-free.30 Nanopore sequencing has diverse applications, including 

whole genome sequencing, detection of epigenetic modification, infectious disease detection, 

metagenomics analysis, direct RNA sequencing, and SNP detection.107, 109, 110, 112  

MinION, the first sequencer launched in 2014, is a tiny-sized portable nanopore sequencer 

suitable for field applications. GridION sequencer can perform sequencing in up to five flow 

cells in parallel. PromethION sequencer allows for very high-throughput sequencing as it can 

hold up to 48 flow cells. The sequencing cost using PromethION is the lowest among all 

sequencing tools.112 

1.10 Scope of the work and research problem 

Diabetes is a metabolic disorder with a very high prevalence. The prevalence of diabetes has 

been rapidly increasing and is projected to continue to increase rapidly as a consequence of, 

at least partly, changing socio-economic status and lifestyle. A poor lifestyle is closely 

associated with type 2 diabetes. Type 2 diabetes has a prevalence of approximately 90 % in 

the Indian population. Over half of the diabetes cases in India are undiagnosed. Poor diabetes 

management facilitates the development of diverse vascular complications. Diabetic 



Chapter 1 

25 
 

nephropathy is a diabetic complication that progressively damages the kidneys. It may 

ultimately lead to renal failure, which can be life-threatening. Thus it becomes crucial to 

detect type 2 diabetes and diabetic nephropathy early to facilitate early preventive and 

therapeutic measures. On the other hand, asymptomatic initial phases of type 2 diabetes and 

diabetic nephropathy make early detection even more challenging. Therefore, it's important 

not only to detect them early but also to predict the risk of their development.  

In this context, glycated albumin can be a good marker for predicting diabetic nephropathy 

risk, as it shows a short-term glycemic status of 19 days. Moreover, glycation measurement 

may be even more sensitive if measured at the glycation-sensitive lysine residues of human 

serum albumin (HSA). Type 2 diabetes and diabetic nephropathy are strongly correlated with 

genetic makeup. In particular, considering the involvement of RAGE in the etiology of type 2 

diabetes and diabetic nephropathy, SNPs of the RAGE gene may be associated with the risk 

of developing type 2 diabetes and diabetic nephropathy. Although numerous studies have 

evaluated RAGE SNPs association with diabetes and its complications, the results have been 

contradictory. Racial differences in the subject cohorts could be one of the reasons for the 

discrepancies reported. Also, barely any such studies have been performed on Indian 

subjects. Hence, there is a need to have a comprehensive picture of all RAGE SNPs present in 

the Indian population and their association with type 2 diabetes and diabetic nephropathy. 

The RAGE SNPs that increase the risk of type 2 diabetes and diabetic nephropathy can help 

screen individuals vulnerable to these diseases. 

With this background, the following objectives were designed for the thesis. 

1. To evaluate glycated HSA peptides for the risk prediction of diabetic nephropathy. 

2. To detect RAGE gene polymorphisms and their association with type 2 diabetes and 

diabetic nephropathy. 
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Chapter 2 : Evaluation of glycated HSA peptides for the 

risk prediction of diabetic nephropathy 

2.1 Background 

Diabetic nephropathy is a major diabetic complication that affects about 20-40 % of patients 

with diabetes. Due to glomerular damage, diabetic nephropathy patients have a progressive 

decrease in renal function.47 In diabetic nephropathy, there is an accumulation of nitrogenous 

waste in the blood, such as urea nitrogen and creatinine,47, 113 and increased excretion of 

blood proteins in the urine.114 Diabetic nephropathy is typically diagnosed by measuring 

albumin concentration in the urine. Microalbuminuria is the earliest clinical sign of diabetic 

nephropathy.50 Diabetic nephropathy develops and progresses through different stages.53, 115 

The initial stages of diabetic nephropathy, before the development of microalbuminuria, are 

subclinical. Therefore, there remains a risk of diabetic nephropathy onset even when the 

urinary albumin concentration is within the normal range. Thus, early detection of diabetic 

nephropathy is crucial for starting timely preventive measures. However, the currently used 

diagnostic markers may not be sensitive enough for early-stage detection of diabetic 

nephropathy. Therefore, there is an urgent need of a marker for predicting diabetic 

nephropathy development risk. 

Increased glycation is known for promoting the onset of several complications in diabetes 

patients, including diabetic nephropathy. Due to the causal link of glycation with diabetic 

complications,47 glycated proteins could be useful markers for risk prediction of diabetic 

nephropathy. Numerous studies have evaluated the ability of well-established glycemic 

markers like glycated hemoglobin (HbA1c) and other markers, such as glycated albumin, to 

predict diabetic nephropathy.47, 63, 116-118 In a longitudinal study involving 449 type 2 diabetes 

subjects, glycated albumin levels were found to predict diabetic nephropathy development 

better than HbA1c levels.63 In another longitudinal study conducted on 154 participants, 

glycated albumin could predict the progression of diabetic nephropathy, but HbA1c could 

not.64 Similarly, another study reported superior performance of glycated albumin over HbA1c 

for the prediction of diabetic nephropathy. Therefore, it is worth evaluating the diabetic 

nephropathy risk prediction performance of glycated albumin. 

The half-life of HSA is about 19 days;65 hence it represents a short-term glycemic status. 

HSA is directly exposed to reducing sugars in plasma, and it is the most abundant plasma 
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protein containing 59 lysine and 24 arginine residues, many of which can be glycated119. 

Therefore, glycated albumin represents a large share of glycated plasma proteins, and 

measuring glycated albumin could be more sensitive than other glycated plasma proteins. 

Glycated albumin has been increasingly investigated in recent years for its involvement in 

diabetic complications onset and for its prediction.47, 120, 121 Several reports have found an 

association between glycated albumin and diabetic nephropathy.47, 64, 117, 120 However, most of 

the reports on the association of albumin glycation and diabetic nephropathy have focused on 

the quantification of total glycated albumin, but it has been reported previously that the lysine 

residues of albumin vary in their glycation sensitivity.20, 122, 123 Therefore, quantifying 

glycation-sensitive peptides rather than overall glycated HSA can make the analysis more 

sensitive. Mass spectrometry (MS) is being increasingly used for the discovery and 

quantification of disease biomarkers.124 MS is the best tool to characterize and quantify 

glycated peptides by bottom-up proteomics. It offers great sensitivity and resolution to 

measure protein and peptides level accurately. In this context, targeted mass spectrometry-

based approaches, such as MRM-HR, offer accurate and sensitive quantification of target 

peptides with the ease of the mass spectrometry acquisition method setup. Herein, we 

selected three glycation-sensitive HSA peptides, namely FKDLGEENFK, KQTALVELVK, 

and KVPQVSTPTLVEVSR, corresponding to sites K36, K549, and K438, respectively, 

based on previous literature;20, 21, 90, 123, 125, 126 quantified these peptides in unmodified and 

DFL-modified (Amadori-modified) form by MRM-HR approach in a study group comprising 

healthy and type 2 diabetes subjects with and without nephropathy; and evaluated if these 

glycated peptides can be good predictors for diabetic nephropathy. 

2.2 Materials and methods 

2.2.1 Materials 

All chemicals, including ammonium bicarbonate, dithiothreitol (DTT), iodoacetamide (IAA), 

formic acid (FA), and proteomics grade trypsin, were procured from Sigma-Aldrich (St. 

Louis, MO, USA). Bradford reagent was obtained from Bio-Rad Laboratories Inc. (Hercules, 

CA, USA). LC-MS grade water and acetonitrile (ACN) were purchased from JT Baker (PA, 

USA). Sep-Pak C18 cartridges were procured from Waters (Waters Corporation, MA, USA). 

Eksigent micro-LC column (ChromXP C18, 100 X 0.3 mm, 3 µM, 120 Å) was procured from 

SCIEX (Framingham, MA, USA). 
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2.2.2 Study design 

This cross-sectional study was designed to assess three glycated HSA peptides as a marker 

for the risk prediction of diabetic nephropathy. Peripheral blood samples from healthy, type 2 

diabetes subjects without nephropathy (DM) and type 2 diabetes subjects with nephropathy 

(DN) were collected, and the plasma was separated. Plasma samples were digested by 

trypsin, and the tryptic peptides were analyzed by targeted mass spectrometry for the 

quantification of deoxyfructosyl-lysine (DFL)-modified HSA peptides, namely 

FKDLGEENFK, KQTALVELVK, and KVPQVSTPTLVEVSR. Statistical analysis was 

performed to check if these glycated peptides were significantly elevated in DM and DN 

groups. The accuracy of these glycated peptides in differentiating between healthy, DM, and 

DN groups was evaluated using receiver operating characteristic (ROC) curve analysis. 

2.2.3 Subjects  

Five ml of blood samples were collected from 25 healthy, 25 DM, and 25 DN subjects in 

EDTA-coated vacutainers. Subjects without a history of known diabetes having HbA1c < 

5.7% were categorized as healthy, while those having HbA1c ≥ 6.5% and spot urine 

microalbumin < 2mg/dL were categorized as type 2 diabetes subjects without nephropathy. 

Subjects with HbA1c ≥ 6.5 % and spot urine microalbumin ≥ 2 mg/dL were grouped as 

subjects with diabetic nephropathy. Subjects with chronic disease, inflammation, thyroid 

disorder, cardiovascular disease, and pregnancy were excluded from the study. All 

participants in the study provided their written informed consent before blood sample 

collection, and the study was performed adhering to the guidelines of the Declaration of 

Helsinki. The institute ethics committee of Chellaram Diabetes Institute, Pune, approved the 

study. Clinical characteristics of the subjects, including fasting blood glucose (FBG) level, 2 

h postprandial blood glucose (PPBG) level, HbA1c, total cholesterol, triglycerides, HDL, 

LDL, VLDL, serum creatinine, serum albumin, and urine microalbumin were measured. 

Plasma was separated from erythrocytes by centrifuging the blood samples at 1000 rpm at 4 

°C for 15 min. Plasma in the supernatant was collected in a fresh collection tube, and cellular 

contaminants and debris were separated by centrifugation at 14000 rpm at 4 °C for 20 min. 

The clear plasma was collected and stored at minus 80 °C until further analysis. 

2.2.4 Sample preparation for MS analysis  

Plasma protein concentration was estimated by Bradford's method. 50 mM ammonium 

bicarbonate buffer of pH 8.0 was used for diluting 50 µg of the protein from each sample to 
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get the final protein concentration of 1 mg/mL in 50 µL reaction volume. It was heated for 15 

min at 80 °C to denature proteins. 2.5 µL of 100 mM DTT was added to the solution and 

heated at 60 °C for 15 min for disulphide bond reduction. Alkylation of the sulfhydryl group 

was performed by the addition of 2.5 µL of 200 mM IAA and incubating the solution at RT 

in dark condition for 30 min. Trypsin at 1:25 (w/w) trypsin to protein ratio was added, and 

the digestion was performed at 37 °C for 16 h. Trypsin was inactivated by the addition of 1 

µL FA and incubating at 37° C for 20 min. The tryptic peptides were desalted using Sep-Pak 

C18 cartridges. The desalted tryptic peptide solution was dried by vacuum concentrator and 

stored at minus 80 °C until MS analysis. 

2.2.5 Liquid chromatography-mass spectrometry (LC-MS) analysis 

HSA peptides were resuspended in 2% ACN with 0.1 % FA. NanoDrop 2000 

spectrophotometer (Thermo Scientific) at 205 nm was used for estimating the peptide 

concentration, and 0.6 µg of peptides were loaded onto Eksigent C18-RP HPLC column 

using an Eksigent Ekspert MicroLC 200 system (SCIEX, Framingham, MA, USA) coupled 

to Triple TOF 5600 mass spectrometer (SCIEX). The column temperature was maintained at 

40 °C. Peptides were separated using a mixture of mobile phase A (water with 0.1 % FA) and 

mobile phase B (ACN with 0.1 % FA) at a flow rate of 7 µL/min and two linear LC gradient 

segments, i.e., 2 to 20 % mobile phase B for 20 min followed by 20 to 40 % mobile phase B 

for 14 min, were used. MRM-HR approach was used for the data acquisition. The m/z values 

of the unmodified and DFL-modified HSA peptides FKDLGEENFK, KQTALVELVK, and 

KVPQVSTPTLVEVSR and their corresponding collision energies were specified in the 

acquisition method (Appendix 1) with a collision energy spread as 10 eV. The temperature of 

the ESI source was kept at 200 °C and voltage at 5500 V. Nebulizer gas, heater gas, and 

curtain gas were set at 25 psi each. Declustering potential was set to 80 V. Accumulation time 

was set to 0.25 s for the TOF MS scan over the mass range 350-1250 Da and 0.6 s for the 

fragment ion scan over the mass range 100-1200 Da. 

2.2.6 Data analysis 

The MS data generated were analyzed using Skyline version 22.2.0.255 (MacCoss Lab, 

University of Washington, WA, USA). The proteolytic enzyme was specified as trypsin, and 

the missed cleavage was set to 1. The fixed modification was set as carbamidomethylation at 

cysteine (57.021464 Da), whereas DFL modification at lysine (162.052795 Da) was specified 

as variable modification. Target HSA peptides for quantification were specified as 
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FKDLGEENFK, KQTALVELVK, and KVPQVSTPTVEVSR. The resolution was specified 

as 30000. Skyline-generated theoretical precursor and fragment ion masses based on the 

specified parameters served as the spectral library for precursor quantification. The retention 

times of the peptides were manually corrected wherever necessary. High-intensity b and y 

fragment ions of each precursor detected in all samples were selected, and their areas under 

curve (AUC) were integrated to calculate the AUC of the respective precursor. The AUC of 

DFL-modified peptides was normalized with the AUC of corresponding unmodified peptides 

to quantify the respective glycated peptides in each sample. 

2.2.7 Statistical analysis  

One-way analysis of variance (ANOVA) followed by a post hoc Tukey's test was used for the 

comparison of the glycated HSA peptide level among different subject groups. Correlation 

analysis of DFL-modified peptides with all the recorded clinical parameters was performed 

using Pearson's correlation method. The ROC curve analysis was done using MedCalc 

version 20.0.1 (MedCalc Software Ltd., Ostend, Belgium) to assess and compare the 

accuracy of glycated HSA peptides as a marker to detect diabetic nephropathy. p-values < 

0.05 were considered as significant. 

2.3 Results 

2.3.1 Quantification of glycated HSA peptides by MRM-HR approach 

The site of glycation-sensitive lysine residues in HSA focused in this study, m/z values of 

glycated HSA peptides, and their corresponding unmodified peptides are shown in Table 2.1. 

The DFL-modified peptides are characterized by a mass increase of 162 Da. The MS output 

data were analyzed using Skyline. Representative chromatograms depicting coeluting 

fragment ions of DFL-modified HSA peptides are shown in Figure 1. Fragment ions present 

in all samples with good intensity were used for precursor quantification (Table 2.1). The b 

ions bearing DFL modification were considered as qualifier ions for glycation. The precursor 

AUC was derived by integrating the AUC of selected fragment ions, and the DFL-modified 

precursor AUC was normalized with the respective unglycated precursor AUC. The 

normalized AUC of DFL-modified HSA peptides and HbA1c were compared by one-way 

ANOVA between healthy, DM, and DN groups (Figure 2.1).  
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Table 2.1 Details of precursor ions and their corresponding fragment ions used for quantification 

Modification 

site 
Peptide Precursor m/z 

Precursor  

Charge 

state 

Fragment ions used for precursor quantification (m/z) 

K36 FKDLGEENFK 613.8062 2 
y6+ (723.3308), y7+ (836.4149), y8+ (951.4418), y9++ (540.272) , b2+ 

(276.1707), b3+ (391.1976), b8+ (933.4312) 

K36 FK(DFL)DLGEENFK 694.8326 2 
y2+ (294.1812), y6+ (723.3308), y7+ (836.4149), y8+ (951.4418), b3+ 

(553.2504), b4+ (666.3345), b5+ (723.3559) 

K549 KQTALVELVK 564.853 2 
y4+ (488.3079), y7+ (771.4975), y8+ (872.5451), y9+ (1000.6037), 

b7+ (770.4407), b8+ (883.5247), b9+ (982.5932) 

K549 K(DFL)QTALVELVK 645.8794 2 
y2+ (246.1812), y7+ (771.4975), y8+ (872.5451), y9+ (1000.6037), 

b6+ (803.4509), b7+ (932.4935), b8++ (523.2924) 

K438 KVPQVSTPTLVEVSR 547.3174 3 
y4+ (490.262), y5+ (589.3304), y6+ (702.4145), y8+ (900.5149), b7+ 

(740.4301), b9+ (938.5306), b10+ (1051.6146) 

K438 K(DFL)VPQVSTPTLVEVSR 601.335 3 
y5+ (589.3304), y6+ (702.4145), y7+ (803.4621), y8+ (900.5149), b4+ 

(615.3348), b5+ (714.4032), b7+ (902.4829) 
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Figure 2.1 Representative DFL-modified peptide chromatograms and their quantification in 

healthy, type 2 diabetes without nephropathy (DM) and diabetic nephropathy (DN) groups 

Chromatogram showing coeluting fragment ion peaks of FK(DFL)DLGEENFK (A); DM group 

showed an increased normalized AUC of FK(DFL)DLGEENFK than the healthy group. DN group 

had significantly elevated normalized AUC of FK(DFL)DLGEENFK compared to the healthy and 

DM group (B); Chromatogram showing coeluting fragment ion peaks of K(DFL)QTALVELVK (C); 

DM group had an increased normalized AUC of K(DFL)QTALVELVK than the healthy group. DN 

group had significantly elevated normalized AUC of K(DFL)QTALVELVK compared to the healthy 

and DM group (D); Chromatogram showing coeluting fragment ion peaks of 

K(DFL)VPQVSTPTLVEVSR (E); DM and DN groups had significantly elevated normalized 

K(DFL)VPQVSTPTLVEVSR compared to the healthy group, but there was no difference in its level 

between DM and DN group (F); DM group had significantly elevated HbA1c compared to the healthy 

group, whereas the DN group had elevated HbA1c compared to both healthy and DM groups (G). ns: 

nonsignificant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

An increase in DFL modification of HSA peptides was observed from healthy to type 2 

diabetes and further to diabetic nephropathy condition. DM group had significantly elevated 

levels of FK(DFL)DLGEENFK, K(DFL)QTALVELVK, and K(DFL)VPQVSTPTLVEVSR 

compared to the healthy group. Similarly, when compared to the healthy and DM groups, the 

DN group had higher levels of FK(DFL)DLGEENFK, and K(DFL)QTALVELVK. However, 

the DN group showed a significantly elevated level of K(DFL)VPQVSTPTLVEVSR 

compared to the healthy group but not when compared to the DM group. 

K(DFL)QTALVELVK level showed a relatively higher significant difference (p < 0.0001) 

between DM and DN groups than FK(DFL)DLGEENFK (p = 0.0006). Although HbA1c also 

could differentiate between DM and DN groups, it had a lesser statistically significant 

difference (p = 0.0163) than observed with FK(DFL)DLGEENFK and 

K(DFL)QTALVELVK for detecting diabetic nephropathy. The increase in DFL modification 
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of HSA peptides in DM and DN groups compared to the healthy group is represented in 

terms of fold change and compared to that of HbA1c in Figure 2.2. While HbA1c showed only 

a 1.69 fold increase in the DN group, FK(DFL)DLGEENFK and K(DFL)QTALVELVK 

were increased by 1.93 and 1.94 fold, respectively, in the DN group while comparing to 

healthy subjects.  

 

Figure 2.2 Fold-change in DFL-modified HSA peptide levels and HbA1c in different subject 

groups 

Compared to the healthy group, an increase in the level of FK(DFL)DLGEENFK (A), 

K(DFL)QTALVELVK (B), K(DFL)VPQVSTPTLVEVSR (C), and HbA1c (D) was observed in both 

DM and DN groups. 

2.3.2 ROC curve analysis for comparing diabetic nephropathy detection 

accuracy 

ROC curve analysis was done to evaluate the diabetic nephropathy detection accuracy of 

glycated HSA peptides FK(DFL)DLGEENFK, K(DFL)QTALVELVK, and 

K(DFL)VPQVSTPTLVEVSR, and compared to that of HbA1c (Figure 2.3). The sensitivity, 

specificity, and AUC of these peptides and HbA1c are summarized in Table 2.2. ROC plot for 

K(DFL)VPQVSTPTLVEVSR indicated that it was not useful as a marker for diabetic 

nephropathy detection (p = 0.6256). Among the other two DFL-modified peptides, the area 

under the ROC curve of K(DFL)QTALVELVK was more (AUC: 0.81, 95% CI: 0.674-0.907) 

than that of FK(DFL)DLGEENFK (AUC: 0.752, 95% CI: 0.610-0.863) for diabetic 

nephropathy detection. However, the difference between the AUCs of 

K(DFL)QTALVELVK and FK(DFL)DLGEENFK was insignificant (Appendix 2). 

Similarly, the AUC of the ROC curve for both FK(DFL)DLGEENFK and 

K(DFL)QTALVELVK was more than that of HbA1c, though not statistically significant.  
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Figure 2.3 ROC curve analysis for DFL-modified HSA peptides and HbA1c in the detection of 

diabetic nephropathy 

K(DFL)QTALVELVK showed higher accuracy in detecting diabetic nephropathy, followed by 

FK(DFL)DLGEENFK and HbA1c. 

Table 2.2 Summary of ROC curve analysis for assessing the accuracy of DFL-modified HSA 

peptides and HbA1c for detecting diabetic nephropathy 

Peptide 
DM vs. DN 

Sensitivity Specificity p-value AUC (95% CI) 

FK(DFL)DLGEENFK 92 52 0.0002** 
0.752 

(0.610-0.863) 

K(DFL)QTALVELVK 84 72 <0.0001*** 
0.81 

(0.674-0.907) 

K(DFL)VPQVSTPTLVEVSR 36 92 0.6256 
0.542 

(0.396-0.684) 

HbA1c 82 52 0.0101* 
0.696 

(0.550-0.818) 

* p < 0.05, ** p < 0.001, *** p < 0.0001 
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2.3.3 Correlation of glycated HSA peptides and HbA1c with clinical 

parameters 

A correlation analysis of several clinical parameters with glycated HSA peptides and HbA1c 

levels was performed using Pearson's correlation method, and the results are summarized in 

Table 2.3. FK(DFL)DLGEENFK, K(DFL)QTALVELVK, and 

K(DFL)VPQVSTPTLVEVSR showed a strong positive correlation with fasting and 

postprandial blood glucose level and HbA1c. K(DFL)QTALVELVK had a stronger positive 

correlation with urine microalbumin (r = 0.429***) than FK(DFL)DLGEENFK (r = 0.333**) 

and HbA1c (r = 0.351**), while all these three markers showed a negative correlation with 

serum albumin. Only K(DFL)QTALVELVK showed a significant positive correlation with 

serum creatinine (r = 0.326**). K(DFL)VPQVSTPTLVEVSR was not found to be associated 

with urine microalbumin or serum creatinine levels.  
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Table 2.3 Correlation of DFL-modified HSA peptides and HbA1c with clinical parameters 

Clinical parameters 
Correlation coefficient (r) 

FK(DFL)DLGEENFK K(DFL)QTALVELVK K(DFL)VPQVSTPTLVEVSR HbA1c 

FBG (n = 75) 0.606**** 0.635**** 0.574*** 0.788**** 

PPBG (n = 74) 0.7**** 0.656**** 0.578*** 0.783**** 

HbA1c (n = 75) 0.727**** 0.787**** 0.558*** 1**** 

Total cholesterol (n = 75) -0.107 -0.127 -0.098 -0.026 

Triglycerides (n = 75) 0.06 0.088 0.046 0.189 

HDL (n = 75) -0.116 -0.09 -0.027 -0.157 

LDL (n = 75) -0.158 -0.193 -0.111 -0.105 

VLDL (n = 75) 0.061 0.098 0.043 0.194 

Serum creatinine (n = 74) 0.161 0.326** -0.091 0.221 

Serum albumin (n = 74) -0.28* -0.356** -0.107 -0.449**** 

Urine microalbumin (n = 63) 0.333** 0.429*** 0.152 0.351** 
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2.4 Discussion 

Diabetic nephropathy is a major diabetic complication. With the increasing prevalence of 

diabetes, the burden of diabetic nephropathy will also increase in parallel. At the last stage of 

diabetic nephropathy (ESRD), the patients must undergo dialysis or renal transplant.127 

Therefore, it is vital to predict and detect diabetic nephropathy early to resort to early 

preventive and therapeutic measures to delay or stop the progression to ESRD. However, the 

currently used markers, based on urinary albumin concentration measurement, may not be 

efficient in detecting diabetic nephropathy at early stages; and it can be detected only when 

there is increased albumin excretion in urine, a condition called microalbuminuria. At this 

stage, the kidneys are already damaged.53 Hence, there is an urgent need of a marker for 

predicting diabetic nephropathy. 

Plasma proteins with different half-lives can reflect the glycemic status of varying periods.20 

Among these, there has been a growing interest in glycated albumin as a marker for 

monitoring glycemic status and predicting diabetic complications.47, 120, 121 Glycated albumin 

has several advantages as a marker. Being the most abundant plasma protein with many 

glycation-sensitive lysine and arginine residues directly exposed to plasma, HSA is prone to 

extensive glycation.119 It has a half-life of 19 days, which is sufficient for glycation reactions. 

Therefore, glycated albumin could be a potential candidate marker for the risk prediction of 

diabetic nephropathy. Also, since different lysine and arginine residues of albumin have 

different propensities for glycation,123, 128 measuring the glycation on glycation-sensitive 

residues can be more sensitive for diabetic nephropathy prediction instead of measuring total 

glycation on albumin. In this context, we evaluated the level of glycation of the three 

glycation-sensitive HSA peptides, namely, FKDLGEENFK, KQTALVELVK, and 

KVPQVSTPTLVEVSR, in healthy, type 2 diabetes and diabetic nephropathy subjects using a 

targeted mass spectrometry approach, MRM-HR, to assess the utility of glycated HSA 

peptides as marker for risk prediction of diabetic nephropathy. 

Significantly higher levels of all three DFL-modified HSA peptides, namely, 

FK(DFL)DLGEENFK, K(DFL)QTALVELVK, and K(DFL)VPQVSTPTLVEVSR, were 

observed in type 2 diabetes subjects than in the healthy group. Hence, all three DFL-modified 

HSA peptides were able to differentiate between healthy and type 2 diabetes subjects. But, 

for diabetic nephropathy detection, only FK(DFL)DLGEENFK, and K(DFL)QTALVELVK 

were useful. Type 2 diabetes and diabetic nephropathy group did not show a significantly 
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different K(DFL)VPQVSTPTLVEVSR level; hence this peptide could not detect diabetic 

nephropathy. K(DFL)QTALVELVK detected diabetic nephropathy with a greater 

statistically significant difference, followed by FK(DFL)DLGEENFK and HbA1c. A similar 

trend in DFL-modified HSA peptide level and HbA1c was observed when the increase in DFL 

modification in the type 2 diabetes and diabetic nephropathy group was represented as fold-

change and compared to the healthy controls. K(DFL)QTALVELVK and 

FK(DFL)DLGEENFK showed a greater fold-change compared to HbA1c. This finding 

indicates that FK(DFL)DLGEENFK, and K(DFL)QTALVELVK are more sensitive than 

HbA1c and may better predict diabetic nephropathy risk. The higher DFL modification of 

HSA peptides in the DN group could be attributed to the faster DFL modification of albumin 

than hemoglobin.47 Also, since albumin has a short half-life than hemoglobin, glycated 

albumin can reflect glycemic changes faster than HbA1c.
117 Therefore, DFL-modified HSA 

peptides may detect diabetic nephropathy sensitively and earlier than HbA1c. Thus, the faster 

increase in DFL modification of albumin compared to hemoglobin translates into higher 

glycated albumin to HbA1c ratio observed in diabetic nephropathy.117 

Glycated albumin has previously been assessed for the risk prediction of diabetic 

nephropathy and has been compared with HbA1c .
47, 120, 121 Our results are in agreement with 

the earlier reports that glycated albumin predicts early diabetic nephropathy development 

than HbA1c .
63, 117 This can be explained by the fact that the glycation of albumin changes 

faster than glycated hemoglobin in response to the serum glycemic index, i.e., albumin is 

more sensitive to glycation than hemoglobin.129, 130 Different plasma proteins get glycated to 

different extents, and the degree of glycation increases with the increase in glycemia.17 

Glycated albumin level also increases with the severity of diabetes.118 Thus, being the most 

abundant plasma protein with a large number of lysine and arginine residues, the DFL-

albumin accumulates in patients with diabetes and later promotes diabetic complications 

onset, including diabetic nephropathy.47 While previous studies mostly quantified total 

albumin glycation using an enzymatic assay, quantification of glycation-sensitive HSA 

peptides by mass spectrometry could be more sensitive. 

A ROC curve analysis was done to assess the accuracy of glycated HSA peptides and HbA1c 

for detecting diabetic nephropathy. While K(DFL)VPQVSTPTLVEVSR could not 

differentiate between type 2 diabetes and diabetic nephropathy, K(DFL)QTALVELVK, 

FK(DFL)DLGEENFK and HbA1c could differentiate the two groups. The AUC of 
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K(DFL)QTALVELVK was greater, followed by FK(DFL)DLGEENFK and HbA1c, though 

this difference was not statistically significant between them. Thus among the three DFL-

modified HSA peptides, K(DFL)QTALVELVK and FK(DFL)DLGEENFK could be useful 

markers for predicting diabetic nephropathy. 

Pearson's correlation analysis was performed to check for the association of DFL-modified 

HSA peptides and HbA1c with clinical parameters, especially with diabetic nephropathy-

associated parameters, i.e., urine microalbumin and serum creatinine. Urine microalbumin 

represents the extent of urinary albumin excretion, a parameter used in diabetic nephropathy 

diagnosis. Urine microalbumin was more strongly associated with K(DFL)QTALVELVK 

than FK(DFL)DLGEENFK and HbA1c. Also, only K(DFL)QTALVELVK was significantly 

associated with serum creatinine, a nitrogenous waste elevated in diabetic nephropathy. 

Therefore, K(DFL)QTALVELVK showed the best association with diabetic nephropathy-

associated markers. 

Thus based on mass spectrometry, ROC curve, and correlation analysis, it can be concluded 

that K(DFL)QTALVELVK could be a better risk prediction marker for diabetic nephropathy, 

followed by FK(DFL)DLGEENFK and HbA1c. 

2.5 Conclusion 

Currently, there are no markers in clinical practice that can detect diabetic nephropathy at 

very early stages. Therefore, in the search for a potential marker, we evaluated the glycated 

HSA peptides for the risk prediction of diabetic nephropathy. K(DFL)QTALVELVK and 

FK(DFL)DLGEENFK could detect diabetic nephropathy better than HbA1c. 

K(DFL)QTALVELVK was better correlated with diabetic nephropathy-associated clinical 

parameters, i.e., serum creatinine and urine microalbumin, than FK(DFL)DLGEENFK. 

Absolute quantification and determining the range and cutoff value in a large cohort would 

help in developing K(DFL)QTALVELVK peptide as a marker for predicting the risk of 

diabetic nephropathy. 
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Figure 2.4 Summary figure 
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Chapter 3 : Detection of RAGE gene polymorphisms 

and their association with type 2 diabetes and diabetic 

nephropathy 

3.1. Background 

Diabetes is a complex metabolic disorder that results from inadequate secretion of insulin, as 

in type 1 diabetes mellitus, or insulin resistance, as in type 2 diabetes mellitus. According to 

the projection of the International Diabetes Federation, global adult diabetes cases will 

increase from 537 million in 2021 to 783 million by 2045. Chronic hyperglycemic condition 

in people with diabetes promotes the development of several microvascular and 

macrovascular complications, such as diabetic retinopathy, diabetic nephropathy, diabetic 

neuropathy, and cardiovascular diseases.131 Amongst these, diabetic nephropathy is a major 

diabetic complication, and 20-40 % of diabetic people develop diabetic nephropathy in their 

lifetime.114, 132 It is a leading cause of end-stage renal disease.133 

Several etiological factors, including lifestyle, genetics, environment, and ethnicity, are 

among the major factors responsible for developing diabetes and its complications.134-136 

Amongst these, genetic factors are responsible for differential susceptibility to diabetes and 

its complications. Differential expression of specific genes and certain gene polymorphisms 

are reported to be associated with diabetes and its complications, such as PPARG, IRS-1, IRS-

2, IL-1β, SLC2A2, PI3KR1, VEGF, ELMO1, ADIPOQ, and RAGE.23, 137-140 The RAGE gene 

is highly polymorphic, and RAGE polymorphisms are among the most investigated for their 

association with numerous diseases.23 The RAGE gene encodes for a protein called receptor 

for AGEs. It is a membrane-bound receptor belonging to the immunoglobulin superfamily 

and can bind to numerous ligands. It consists of an extracellular variable domain, two 

extracellular constant domains, one transmembrane domain, and one cytosolic domain. 

RAGE binds to AGEs, and this AGE-RAGE interaction activates the nuclear transcription 

factor NF-κB, which increases cytokine production, oxidative stress, and inflammation and 

contributes to the pathogenesis of diabetes and its complications.131, 141, 142 

The involvement of RAGE in diabetes and diabetic nephropathy has been well established.23 

The single nucleotide polymorphisms (SNPs) present in the exonic regions of the RAGE gene 

can cause non-synonymous replacement of the amino acids that can alter the RAGE 

structure.143 Alteration in the RAGE structure can potentially affect its binding with its 
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ligands and downstream signaling. Also, SNPs present in the promoter region of RAGE can 

affect the transcriptional activity of RAGE, hence affecting its expression.144 Although SNPs 

in the intron region may not directly affect the RAGE structure, they might affect the splicing 

of RAGE mRNA, leading to the expression of different RAGE isoforms.23 The sequences for 

13 different splice variants of RAGE have been reported and are available in GenBank 

(ncbi.nlm.nih.gov/genbank, Oct 2022).  

Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) is 

routinely used for SNP detection. However, it is not a high-throughput method as it detects 

only one SNP at a time and is time-consuming.102 Moreover, by PCR-RFLP, one can 

interrogate only previously reported mutations. On the other hand, DNA sequencing 

facilitates the identification of all variations associated with the locus of interest. Oxford 

Nanopore Technology (ONT) (nanoporetech.com) based DNA sequencing is a third-

generation nucleic acid sequencing technology that has recently gained attention for rapid and 

high-throughput sequencing of DNA and RNA. The ONT approach generates long-read 

sequences with high accuracy and is increasingly used for high-throughput de novo 

sequencing and SNP detection.145, 146  

Several studies have reported the association of RAGE polymorphisms with diabetes and its 

complications;23 however, the reported findings are often contradictory and may have missed 

many mutations due to reliance on techniques such as PCR-RFLP. In this study, nanopore 

sequencing of the RAGE gene was performed to detect all RAGE polymorphisms (known and 

novel) in a cohort population from Pune, India, and to evaluate the possibility of establishing 

this technique as a robust and routine diagnostic method for SNP detection. To compare and 

cross-validate the findings from nanopore sequencing, we used the PCR-RFLP method to 

interrogate the four most commonly reported SNPs of the RAGE gene, i.e., rs3134940, 

rs1800624, rs1800625, and rs2070600 from the samples. Statistical tests were performed to 

check whether the detected RAGE SNPs were associated with type 2 diabetes and diabetic 

nephropathy. Further, we quantified diabetes-associated biochemical markers, such as FBG 

and HbA1c. We also measured plasma fructosamine, glycated albumin, an inflammatory 

cytokine, i.e., TNF-α, malondialdehyde (MDA), fasting insulin, homeostatic model 

assessment for insulin resistance (HOMA-IR) and C-reactive protein (CRP). Finally, we 

assessed these clinical and biochemical parameters to check whether these parameters were 

associated with type 2 diabetes-associated RAGE SNPs. Since diabetes and its complications 
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remain asymptomatic until the appearance of the first symptoms or diagnosis,114, 147 it is 

crucial to detect them early to reverse, stop, or regress diabetes and its complications' 

advancement. Any association of SNPs with diabetes or diabetic nephropathy onset can serve 

as a disease risk biomarker, enabling the screening of individuals vulnerable to disease 

development at a much earlier stage for early preventive measures. 

3.2. Materials and Methods 

3.2.1 Study design 

We designed a case-control study to investigate the association between RAGE SNPs and 

type 2 diabetes. Some type 2 diabetes subjects had diabetic nephropathy, and hence RAGE 

SNPs were also evaluated for their association with diabetic nephropathy. DNA was 

extracted from the blood samples of healthy, type 2 diabetes subjects without nephropathy 

(DM) and type 2 diabetes subjects with nephropathy (DN). The full-length RAGE gene was 

PCR amplified from each sample, and the amplicons were sequenced by ONT for the purpose 

of identifying all genetic variations associated with the gene (such as SNPs and indels). This 

approach enabled us to determine the genotype and allele frequencies of the detected RAGE 

SNPs in each subject group and the possibility of detecting any novel RAGE gene 

polymorphisms in our cohort group. Appropriate statistical tests were performed to 

investigate the association of specific genotypes and alleles with type 2 diabetes and diabetic 

nephropathy. Four previously reported SNPs (rs3134940, rs1800624, rs1800625, and 

rs2070600), which were also detected by nanopore sequencing in the samples used in this 

study, were cross-validated by the PCR-RFLP method in all of the samples. To evaluate the 

impact of SNPs associated with type 2 diabetes, the levels of diabetes-associated biochemical 

markers such as FBG, HbA1c, fructosamine, glycated albumin, TNF-α, MDA, fasting insulin, 

HOMA-IR, and CRP were compared between the wild-type and carrier genotype subjects. 

3.2.2 Subjects 

A total of 128 subjects who were confirmed as type 2 diabetic, with or without diabetic 

nephropathy, and 71 unrelated healthy subjects were recruited in this study at Bharati 

Vidyapeeth (DTU) Medical College, Pune, India. Subjects having FBG ≥126 mg/dL were 

diagnosed as type 2 diabetic according to the 2003 ADA diagnostic criteria for diabetes.148 

Type 2 diabetic subjects were further divided into two subgroups, i.e., without diabetic 

nephropathy (n = 86), having a urinary albumin-to-creatinine ratio (UACR) < 30 mg/g, and 

with diabetic nephropathy (n = 42), having a UACR ≥ 30 mg/g. Type 2 diabetes subjects with 
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diabetic complications other than diabetic nephropathy, type 1 diabetic subjects, pregnant 

women, subjects with angina or heart failure, and patients suffering from severe concurrent 

illness were not included in the study. The ethics committee of Bharati Vidyapeeth (DTU) 

Medical College, Pune, approved the study, and each participant gave written informed 

consent before participating. 

3.2.3 Biochemical analysis  

Clinical and biochemical parameters such as age, sex, FBG, HbA1c, blood urea, serum 

creatinine, cholesterol, triglyceride, high-density lipoprotein (HDL), fasting insulin, and CRP 

were measured for each participating subject at Bharati Vidyapeeth (DTU) Medical College, 

Pune. Besides these parameters, the plasma concentration of total protein (estimated by 

Bradford's method), fructosamine (using the fructosamine assay kit from Abbexa Ltd, 

Cambridge, UK), albumin (using bromocresol green albumin assay kit MAK124 from 

Sigma-Aldrich), glycated albumin (using the Human glycated albumin ELISA kit, CSB-

E09599h, Cusabio, China), and MDA (using lipid peroxidation assay kit from Sigma-

Aldrich), were determined. The plasma fructosamine concentration was normalized to the 

total plasma protein concentration and was expressed as µM/g of plasma protein. To 

determine the plasma glycated albumin concentration, a four-parameter logistic regression 

curve was plotted using the web tool GainData ELISA data calculator (Arigo Biolaboratories, 

Hsinchu City 300, Taiwan). Glycated albumin concentration was normalized with respective 

plasma albumin concentrations and expressed in µM/g of albumin. The calculation of 

HOMA-IR was done using the following formula.149 

HOMA-IR = [fasting glucose (mmol/L) X fasting insulin (mIU/L)] / 22.5 

3.2.4 Nanopore DNA sequencing of RAGE gene  

3.2.4.1 DNA isolation from blood and PCR amplification of RAGE gene  

The genomic DNA was extracted from whole blood collected from subjects enrolled in the 

study using a DNA isolation kit (Qiagen, Hilden, Germany) and used as template DNA to 

amplify the RAGE gene. The nucleotide sequence of the RAGE gene was retrieved from 

NCBI with gene ID-177 (Oct 2022). Forward and reverse primers were designed such that 

the complete RAGE gene could be amplified along with promoter region and 5' UTR and 3' 

UTR regions. The nucleotide sequence of the forward primer was 5ˈ-

GGGCAGTTCTCTCCTCACTT-3ˈ, and that of the reverse primer was 5ˈ-
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GCAAAGTTCCCTCTGACTCTTCC-3ˈ. All PCR amplifications were performed in 25 µL 

reaction volume using the LongAmp Taq 2X master mix PCR reactions (New England 

BioLabs Inc, Ipswich, MA, USA) with the addition of 25 ng of genomic DNA as a template 

and 0.2 µmol/L of each primer. The PCR reactions were performed using a Veriti 96-well 

thermal cycler (Applied Biosystems, Foster City, California, USA) using the following 

protocol: initial heating of the reaction mixture at 95 °C for 10 min, 35 cycles of denaturation 

at 95 °C for 30 s, primer annealing at 61 °C for 30 s, and extension at 65 °C for 5 min. The 

last extension step was carried out at 65 °C for 10 min, after which the reaction mixture was 

cooled to 4 °C. 

3.2.4.2 Oxford nanopore DNA sequencing library preparation  

For sequencing the DNA amplicons, the sequencing library was prepared using the ONT 

Ligation Sequencing (SQK-LSK109) and Native Barcoding (EXP-NBD196) Kits. The RAGE 

amplicons were first purified using 1X AMPure XP beads (Beckman Coulter, USA), and 

DNA concentration was measured using Qubit dsDNA BR Assay Kit (Invitrogen, USA) on a 

Qubit 2.0 fluorometer (Invitrogen, USA). A total of 200 fmol of each amplicon, i.e., 517 ng, 

was taken forward for the end-repair step, where the 3' end was A tailed using NEBNext 

Ultra II End Prep Enzyme Mix (New England BioLabs Inc, USA). The reaction mixture was 

kept at 20 °C for 10 min and then heated at 65 °C for 10 min. Following the end-repair step, 

the amplicons were attached with barcodes available from the EXP-NBD196 kit (Oxford 

Nanopore Technologies, UK) using the 1X Blunt/TA ligase reaction (New England BioLabs 

Inc, USA). The reaction mixture was kept at RT for 20 min and then heated at 65 °C for 10 

min to denature the enzyme and stop the ligation reaction. The barcoded samples were kept in 

ice for 1 min and pooled, and the pooled barcoded library was purified by using the AMPure 

XP beads (0.4X of sample volume) from the SQK-LSK109 kit (Oxford Nanopore 

Technologies, UK). The washed library was eluted in 35 µl nuclease-free water and 

quantified by the Qubit 2.0 fluorometer. Next, the sequencing adapters were added to the 

ends of the barcoded DNA fragments by combining 200 fmol of the purified library with 

Adapter Mix II (Oxford Nanopore Technologies, UK) and Quick T4 ligase (New England 

BioLabs Inc, USA) and incubating this reaction mixture for 30 min at room temperature. The 

adapter-ligated library was purified using 1X AMPure XP beads according to the 

manufacturer's protocol for SQK-LSK109 kit (Oxford Nanopore Technologies, UK). The 

final adapter-ligated purified library (50 fmol) was loaded onto the FLO-MIN106D flow cell, 

and sequencing was done on the GridION MK1 sequencer (Oxford Nanopore Technologies, 
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UK) until at least 200 sequence reads were collected for each barcode. 

3.2.4.3 Analysis of Oxford nanopore sequence reads and variant calling  

While sequencing the samples, real-time base calling and demultiplexing were carried out 

using the Guppy v.5.0.14 program, which is part of the MinKNOW v21.05.12 operating 

software (Oxford Nanopore Technologies, UK), which runs the GridION sequencer. The 

super-accurate base calling model was selected for base calling, and demultiplexing was 

performed using the 'require barcodes at both ends' option. A bash script was written to 

perform all the steps required for further analysis, such as length filtering, variant calling, and 

generation of consensus assembly. The bash script can be accessed through the GitHub link 

https://github.com/ajinkyakhilari/ampvar. After the demultiplexing step, the read length and 

quality filtering was carried out using the NanoFilt software v2.5.0.150 Minimap2 v2.24151 

was used to align the length and quality-filtered nanopore reads to the sequence of full-length 

human Chromosome 6 (where the RAGE gene is located) downloaded from GenBank 

(ncbi.nlm.nih.gov/genome/gdv/browser/gene/?id=7124, Oct 2022). The individual aligned 

reads were sorted according to genomic coordinates using the SAMtools v1.14152 sort 

command, and variant calling was performed on the aligned and sorted reads using the 

Nanopolish v0.13153 variant caller with the ploidy set to 2. Thereafter, de novo assembly and 

read polish were carried out using Canu v2.2,154 Racon v1.4.3,155 and Medaka v1.5156 

programs using their default parameter settings. Variant calling and annotation were 

performed using the SnpEff v4.3157 from the Galaxy ToolShed,158 and all RAGE SNPs 

detected were analyzed for linkage disequilibrium using the web tool SNPStats.159 

3.2.5 Genotyping of the RAGE gene by PCR-RFLP 

Four previously reported SNPs of the RAGE gene (rs3134940, rs1800624, rs1800625, and 

rs2070600) were detected by nanopore sequencing in the samples analyzed in this study, and 

these were verified using the PCR-RFLP method. Previously reported primers were used to 

amplify the regions of the RAGE gene containing these SNPs,160-162 except the reverse primer 

for rs1800624. Table 3.1 shows the summary of the primer sequences employed for PCR 

amplification and the corresponding lengths for PCR products.  
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Table 3.1 PCR-RFLP primer pair used for the amplification of a region spanning the 

polymorphic site of the RAGE gene and the size of PCR-amplified product 

 

 

All PCR amplifications were carried out in a reaction volume of 15 µL by adding 10 ng of 

genomic DNA as a template and 0.3 µmol/L of each primer of primer pair in the master mix 

for PCR reactions (New England BioLabs Inc, USA). The PCR amplification protocol was 

the same as that used for amplifying the RAGE gene, except that the primer annealing 

temperature was set at 62 °C. The restriction digestion of the PCR amplicons was carried out 

using specific restriction enzymes (New England BioLabs Inc, USA) for each SNP, the 

details of which are shown in Table 3.2. The digested PCR products were separated on a 

2.5% (w/v) agarose gel, and UV light was used to visualize DNA bands. The number and size 

of DNA bands enabled differentiation between homozygous wild-type, heterozygous, and 

homozygous mutant subjects for the particular SNP, as shown in Table 3.2. 

 

 

 

 

 

 

 

 

 

 

 

SNP Primer sequence 
PCR product 

size (bp) 

rs3134940 

Forward primer: 5ˈ-TAATTTCCTGCCCCATTCTG-3ˈ 

396 

Reverse primer: 5ˈ-CATCGCAATCTATGCCTCCT-3ˈ 

rs1800624 

Forward primer: 5ˈ-GGGGCAGTTCTCTCCTCACT-3ˈ 

502 

Reverse primer: 5ˈ-CGTCTTGTCACAGGGAATGC-3ˈ 

rs1800625 

Forward primer: 5ˈ-GGGGCAGTTCTCTCCTCACT-3ˈ 

249 

Reverse primer: 5ˈ-GGTTCAGGCCAGACTGTTGT-3ˈ 

rs2070600 

Forward primer: 5ˈ-GTAAGCGGGGCTCCTGTTGCA-3ˈ 

397 
Reverse primer: 5ˈ-GGCCAAGGCTGGGGTTGAAGG-3ˈ 
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Table 3.2 Restriction enzymes used for SNP detection by PCR-RFLP, restriction sites, and the 

size of restriction digestion products 

SNP 
Restriction 

enzyme 

Restriction 

site 

Sequence 

in wild-

type allele 

Sequence 

in 

mutant 

allele 

Restriction digestion 

product size (bp) 

Wild-type Mutant 

rs3134940 BsmF1 

GGGAC 

(10/14)* 

GGAAC GGGAC 396 
160 + 236 

(RS creation) 

rs1800624 Mfe1 C/AATTG CAATTG CAAATG 215 + 287 
502 

(RS deletion) 

rs1800625 Alu1 AG/CT AGTT AGCT 249 
89 + 160 

(RS creation) 

rs2070600 Alu1 AG/CT GGCT AGCT 248 + 149 

181 + 67 + 

149 

(RS creation) 

*BsmFI cuts ten nucleotides away from the restriction site in the same DNA strand and 14 nucleotides 

away in the complementary DNA strand.  

The nucleotide at the polymorphic site is represented by bold font.  

RS: Restriction site 

3.2.6 Statistical analysis  

GraphPad Prism for Windows version 8.0.2 (GraphPad Software Inc, California, USA) or 

SPSS version 17.0 (SPSS Inc. Chicago, IL, USA) was used to perform all statistical tests. 

The clinical characteristics of the subjects were presented as mean ± standard deviation (SD). 

The clinical characteristics and biochemical parameters across the groups were compared by 

one-way ANOVA followed by a post hoc Tukey's test. Biochemical parameters were 

compared between wild-type and carriers (heterozygous and homozygous mutants) using an 

unpaired Student's t-test. The Chi-square test was used to compare the intergroup genotype 

and allele distributions, but Fisher's exact test was used for comparing genotype and allele 

distribution in cases where the number of subjects in any of the groups being compared was 

less than five. The association of the RAGE SNPs with clinical parameters was investigated 

using logistic regression analysis. A p-value < 0.05 was considered significant. The odds 

ratio (OR) and 95 % confidence interval (CI) were also calculated.  
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3.3 Results 

3.3.1 Clinical characteristics of healthy control, DM, DN, and DM+DN 

subjects  

Table 3.3 presents a summary of the clinical characteristics of all the participating subjects. 

The age of the participants was not significantly different in different groups. The DM, DN, 

and DM + DN groups had significantly higher FBG, HbA1c, and triglyceride levels than the 

healthy control group. FBG and triglycerides in the DN group were higher than in the DM 

group. Cholesterol levels were higher in the DN and DM + DN groups than in the healthy 

group. Blood urea and serum creatinine, which reflect the nitrogenous waste content in the 

blood, were significantly higher in the DN group than in the DM and healthy control groups. 

Similarly, in comparison to the healthy control group, the DM + DN group also had elevated 

levels of blood urea and serum creatinine. The DN and DM + DN groups had higher 

cholesterol and lower HDL levels than the healthy group.  

Table 3.3 Clinical characteristics of healthy control, DM, DN, and DM + DN subjects 

Clinical 

characteristics 
Healthy DM DN DM + DN 

Age (years) 55.77 ± 10.16 56.4 ± 9.58 58.71 ± 11.27 57.16 ± 10.18 

Sex 

(male/female) 
37/34 43/43 27/15 70/58 

Fasting blood 

glucose 

(mg/dL) 

99.73 ± 8.28 218.9 ± 79.48† 251.5 ± 78.06†‡ 229.6 ± 80.19† 

HbA1c (%) 5.54 ± 0.59 9.15 ± 2.16† 8.52 ± 1.91† 8.94 ± 2.1† 

Blood urea 

(mg/dL) 
22.93 ± 6.83 24.52 ± 7.85 87.71 ± 28.63†‡ 45.26 ± 34.54† 

Serum 

creatinine 

(mg/dL) 

0.82 ± 0.14 0.88 ± 0.19 4.8 ± 1.99†‡ 2.17 ± 2.17† 

Cholesterol 

(mg/dL) 
149.3 ± 35.28 159.7 ± 43.71 177.8 ± 44.24† 165.7 ± 44.54† 

Triglyceride 

(mg/dL) 
106.3 ± 34.92 138.9 ± 75.99† 187.1 ± 85.05†‡ 154.7 ± 81.95† 
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Clinical 

characteristics 
Healthy DM DN DM + DN 

HDL (mg/dL) 42.27 ± 9.18 38.81 ± 12.01 34.68 ± 11.18† 37.45 ± 11.86† 

Normalized 

fructosamine 

(µM/g) 

25.86 ± 10.06 

(51) 

38.26 ± 13.61† 

(64) 

40.66 ± 15.00† 

(40) 

39.19 ± 14.14† 

(104) 

Normalized 

glycated 

albumin (µM/g) 

0.77 ± 0.31  

(51) 

1.02 ± 0.39†  

(64) 

1.18 ± 0.44†  

(40) 

1.08 ± 0.41†  

(104) 

TNF-α (pg/mL) 
16.97 ± 22.00 

(26) 

18.97 ± 19.83  

(22) 

37.76 ± 54.28  

(28) 

29.50 ± 43.36  

(50) 

MDA (nM/mL) 
39.18 ± 28.22 

(29) 

51.81 ± 33.8 

(24) 

46.18 ± 31.72 

(31) 

48.64 ± 32.46 

(55) 

Insulin 

(µM/mL) 

17.38 ± 16.66 

(59) 

17.69 ± 17.3 

(68) 

20.19 ± 48.04 

(36) 

18.55 ± 31.31 

(104) 

HOMA-IR 
4.23 ± 4.12 

(59) 

8.96 ± 7.68 

(68) 

14.01 ± 38.27 

(36) 

10.71 ± 23.28 

(104) 

CRP (mg/L) 
16.33 ± 39.97 

(53) 

35.37 ± 60.31 

(66) 

53.15 ± 78.37 

(36) 

41.65 ± 67.39 

(102) 

Data are presented as mean ± SD or number of subjects 

Number of subjects: healthy, n = 71; DM, n = 86; DN, n = 42; unless otherwise mentioned 

Data in parentheses represent the number of subjects 

†p < 0.05 vs healthy; ‡p < 0.05 vs DM  

HDL: High-density lipoprotein; TNF-α: Tumor necrosis factor-α 

Normalized fructosamine concentration, which reflects a measure of glycation of all plasma 

proteins, was significantly elevated in DM, DN, and DM + DN groups compared to the 

healthy control group. Similarly, the normalized glycated albumin concentration was higher 

in DM, DN, and DM + DN groups compared to the healthy control group. However, 

normalized fructosamine and normalized glycated albumin levels were not significantly 

different between the DM and DN groups. There were no significant differences observed in 

the plasma levels of inflammatory cytokine TNF-α, MDA, insulin, HOMA-IR, and CRP 
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among the subject groups. 

3.3.2 PCR amplification and SNP detection by nanopore sequencing of the 

RAGE gene  

PCR amplification of the RAGE gene was verified by agarose gel electrophoresis and 

confirmed to be in the expected size of ~4kb (Appendix 3). From nanopore sequencing of the 

RAGE gene amplicons, a total of 33 polymorphisms, including eight exon variants, 18 intron 

variants, five upstream variants, one 3 'UTR variant, and one downstream variant of the 

RAGE gene, were detected. During validation by PCR-RFLP analysis, we observed that there 

was a discrepancy in the detection of rs3134940 by nanopore sequencing for one healthy and 

one diabetic sample. To resolve this discrepancy, Sanger sequencing of the amplicons 

spanning the mutation was carried out for these two samples (Appendix 4). In this case, the 

results from Sanger sequencing agreed with the PCR-RFLP results, and based on this, the 

result of two discrepant cases was rectified in the SNP distribution detected by nanopore 

sequencing. The details of the RAGE polymorphisms and their distribution in healthy, DM, 

DN, and DM + DN groups are presented in Figure 3.1 and Table 3.4, respectively. 

 

 

Figure 3.1 Schematic representation of the RAGE gene depicting the location of the 

polymorphisms detected 

The locations of all the polymorphisms detected in this study are shown by arrows. Previously 

reported polymorphisms are shown by black arrows, whereas the two novel polymorphisms are 

indicated by green arrows. SNPs associated with type 2 diabetes are shown by red arrows.  

Out of 33 RAGE polymorphisms detected, two SNPs are reported here for the first time, and 

these were not found in dbSNP (https://www.ncbi.nlm.nih.gov/snp, Oct 2022). One of these 

two novel variants is located on intron 8, causing a nucleotide change from G to A at position 

32181834 of chromosome 6, and was detected in 0.5 % of the subjects. The other novel 

variant is a deletion mutation, causing the nucleotide change from CAG to G in the 3 'UTR of 

the RAGE gene at position 32181132 of chromosome 6 and was detected in 2.6 % of the 

subjects. 
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3.3.3 Association of the mutations with cohort groups 

Due to the low frequency of homozygous mutant genotypes of the RAGE polymorphisms, we 

performed association analyses using the dominant inheritance model. For this, the subjects 

were grouped into homozygous wild-type and carrier populations (including both the 

heterozygous and homozygous mutant genotypes). The result of the association study is 

summarized in Table 3.5. The SNP rs1554139845 causes insertion/deletion of 63 bp stretch 

in the RAGE upstream region. Since rs1800624 is located within this 63 bp stretch, deletion 

of this 63 bp also causes the absence of the location at which the SNP rs1800624 occurs. 

Hence, 10 subjects in the present study carrying rs1554139845 were not considered while 

analyzing the genotype distribution and allele frequency of rs1800624. Among 33 RAGE 

polymorphisms detected, five SNPs were found to be linked with an elevated type 2 diabetes 

risk. The DM group showed a significantly greater frequency of SNP rs1800625 (OR = 

2.104, p = 0.041) as compared to the healthy group. However, this SNP was not associated 

with the DN group. Similarly, when DM and DN groups were merged as a diabetic group 

(DM + DN) and compared to the healthy group, the extent of the association of rs1800625 

with the merged diabetic group was reduced (OR = 1.823, p = 0.081). The SNP rs3134940 

and rs3131300 were found to be in perfect linkage disequilibrium with rs1800625 (Appendix 

5). Hence their association with DM and DN groups was the same as that of rs1800625.  

The SNP rs2070600 was significantly associated with the DM group than the healthy group 

(OR = 2.235, p = 0.044). However, rs2070600 was not associated with the DN group 

compared to the healthy or DM group. When DM and DN groups were merged as a diabetic 

group, rs2070600 was associated with the merged diabetic group (DM + DN) compared to 

the healthy group (OR = 2.134, p = 0.0444). Thus, this SNP is more strongly associated with 

type 2 diabetes than the other three SNPs discussed earlier. The SNP rs9391855 was found in 

perfect linkage disequilibrium with rs2070600 (Appendix 5); hence, this SNP was also 

associated with DM and DM + DN group than the healthy group. The rest of the 

polymorphisms detected did not show any association with the DM or DM + DN group. 

When the DN group was compared with the DM group as a control, none of the 33 

polymorphisms detected were associated with the DN group. Association analysis couldn't be 

performed for many low-frequency polymorphisms due to the absence of carrier genotypes in 

one or more subject groups. A few other SNPs were also found to be in perfect linkage 

disequilibrium with each other (Appendix 5 and Appendix 6). Wild-type major allele and 

mutated minor allele frequencies for RAGE polymorphisms were calculated and are presented 
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in Appendix 7. Appendix 8 presents the results of allele association with type 2 diabetes or 

diabetic nephropathy. We conclude that no association was found between any of the 

detected alleles from the RAGE gene and type 2 diabetes or diabetic nephropathy.  
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Table 3.4 SNPs detected in the RAGE gene, their position on chromosome 6, location on the gene, nucleotide change, and genotype distribution 

among healthy, DM, DN, and DM + DN groups 

Polymorphism 
Genomic 

position 
Location 

Wild-type 

allele/mutated 

allele 

Healthy DM DN DM + DN 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

rs1800625 32184665 Upstream T/C 56 15 55 31 31 11 86 42 

rs1800624 32184610 Upstream T/A 50 16 64 20 28 11 92 31 

rs1554139845 32184580 Upstream 63 bp deletion# 66 5 84 2 39 3 123 5 

rs118122061 32184479 Upstream G/A 70 1 83 3 41 1 124 4 

rs143118560 32184478 Upstream A/T 71 0 85 1 42 0 127 1 

rs1800684 32184217 Exon 1 T/A 68 3 83 3 39 3 122 6 

rs3131300 32184157 Intron 1 T/C 56 15 55 31 31 11 86 42 

rs80096349 32183681 Exon 3 C/T 70 1 86 0 42 0 128 0 

rs2070600 32183666 Exon 3 G/A 60 11 61 25 31 11 92 36 

rs774609967 32183650 Exon 3 C/T 70 1 86 0 42 0 128 0 

rs35795092 32183643 Exon 3 C/G 68 3 86 0 42 0 128 0 

rs2269422 32183517 Intron 3 A/G 64 7 78 8 37 5 115 13 
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Polymorphism 
Genomic 

position 
Location 

Wild-type 

allele/mutated 

allele 

Healthy DM DN DM + DN 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

rs1035798 32183445 Intron 3 C/T 52 19 66 20 31 11 97 31 

rs750111750 32182808 Intron 6 G/A 71 0 86 0 41 1 127 1 

rs372248959 32182728 Intron 6 T/C 71 0 84 2 42 0 126 2 

rs17846798 32182721 Intron 6 C/T 66 5 84 2 39 3 123 5 

rs539453209 32182697 Exon 7 G/C 70 1 86 0 42 0 128 0 

rs184003 32182519 Intron 7 G/T 43 28 51 35 25 17 76 52 

rs186754929 32182494 Intron 7 G/A 70 1 86 0 40 2 126 2 

rs204996 32182106 Intron 8 G/A 58 13 76 10 36 6 112 16 

rs3134940 32182039 Intron 8 A/G 56 15 55 31 31 11 86 42 

rs9391855 32182024 Intron 8 G/A 60 11 61 25 31 11 92 36 

rs55640627 32181979 Intron 8 G/A 67 4 81 5 41 1 122 6 

Novel 1 32181834 Intron 8 G/A 70 1 86 0 42 0 128 0 

rs2853807 32181795 Intron 8 C/T 58 13 76 10 36 6 112 16 

rs3134941 32181760 Intron 8 G/C 56 15 58 28 31 11 89 39 
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Polymorphism 
Genomic 

position 
Location 

Wild-type 

allele/mutated 

allele 

Healthy DM DN DM + DN 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

rs748427282 32181673 Intron 8 C/T 71 0 85 1 42 0 127 1 

rs2071288 32181483 Intron 9 G/A 66 5 84 2 39 3 123 5 

rs143357175 32181442 Exon 10 C/T 66 5 81 5 36 6 117 11 

rs3176931 32181363 Exon 10 G/A 66 5 84 2 41 1 125 3 

rs560762988 32181266 Intron 10 C/T 71 0 86 0 41 1 127 1 

Novel 2 32181132 3' UTR CAG/G 70 1 83 3 41 1 124 4 

rs41270464 32180947 Downstream G/A 66 5 79 7 38 4 117 11 

#63 bp deletion: TTCCCCAGCCTTGCCTTCATGATGCAGGCCCAATTGCACCCTTGCAGACAACAGTCTGGCCTGA/A 
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Table 3.5 Association of polymorphisms detected in the RAGE gene with type 2 diabetes and diabetic nephropathy 

Polymorphism 

Healthy vs DM Healthy vs DN DM vs DN Healthy vs DM + DN 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

rs1800625 4.179 0.041 
2.104  

(1.039-4.396) 
0.382 0.537 

1.325  

(0.545-3.351) 
1.243 0.265 

0.63  

(0.292-1.415) 
3.051 0.081 

1.823  

(0.933-3.546) 

rs1800624 0.004 0.951 
0.977  

(0.467-2.124) 
0.202 0.654 

1.228  

(0.501-3.104) 
0.273 0.601 

1.257  

(0.545-2.89) 
0.021 0.884 

1.053  

(0.543-2.073) 

rs1554139845 - 0.246 
0.314  

(0.061-1.547) 
- >0.999 

1.015  

(0.258-4.174) 
- 0.33 

3.231  

(0.633-18.59) 
0.941 0.332 

0.537  

(0.168-1.723) 

rs118122061 - 0.627 
2.53  

(0.369-33.28) 
- >0.999 

1.707  

(0.088-32.84) 
- >0.999 

0.675  

(0.051-4.656) 
- 0.657 

2.258  

(0.362-27.99) 

rs143118560 - - - - - - - - 

 

- - - 

rs1800684 - >0.999 
0.819  

(0.187-3.602) 
- 0.669 

1.744  

(0.39-7.713) 
- 0.393 

2.128  

(0.477-9.38) 
- 

>0.99

9 

1.115  

(0.294-4.17) 

rs3131300 4.179 0.041 
2.104  

(1.039-4.396) 
0.382 0.537 

1.325  

(0.545-3.351) 
1.243 0.265 

0.63  

(0.292-1.415) 
3.051 0.081 

1.823  

(0.933-3.546) 

rs80096349 - - - - - - - - 

 

- - - 

rs2070600 4.057 0.044 
2.235  

(1.042-4.773) 
1.926 0.165 

1.935  

(0.741-5.059) 
0.116 0.734 

0.866  

(0.393-2.019) 
4.039 0.044 

2.134  

(1.035-4.667) 
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Polymorphism 

Healthy vs DM Healthy vs DN DM vs DN Healthy vs DM + DN 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

rs774609967 - - - - - - - - 

 

- - - 

rs35795092 - - - - - - - - 

 

- - - 

rs2269422 0.014 0.906 
0.938  

(0.313-2.497) 
0.116 0.733 

1.236  

(0.408-3.937) 
0.209 0.647 

1.318  

(0.454-3.984) 
0.004 0.947 

1.034  

(0.414-2.648) 

rs1035798 0.256 0.613 
0.829  

(0.415-1.667) 
0.004 0.947 

0.971  

(0.417-2.264) 
0.132 0.716 

1.171  

(0.515-2.64) 
0.157 0.692 

0.875  

(0.448-1.704) 

rs750111750 - - - - - - - - 

 

- - - 

rs372248959 - - - - - - - - 

 

- - - 

rs17846798 - 0.246 
0.314  

(0.061-1.547) 
- >0.999 

1.015  

(0.258-4.174) 
- 0.33 

3.231  

(0.633-18.59) 
0.941 0.332 

0.537  

(0.168-1.723) 

rs539453209 - - - - - - - - 

 

- - - 

rs184003 0.026 0.873 
1.054  

(0.555-2.025) 
0.012 0.913 

1.044  

(0.48-2.282) 
0.001 0.981 

0.991  

(0.46-2.043) 
0.027 0.87 

1.051  

(0.585-1.938) 

rs186754929 - - - - 0.554 
3.5  

(0.393-51.33) 
- - 

 

- 
>0.99

9 

1.111  

(0.127-16.31) 
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Polymorphism 

Healthy vs DM Healthy vs DN DM vs DN Healthy vs DM + DN 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

rs204996 1.389 0.239 
0.587  

(0.236-1.409) 
0.306 0.58 

0.744  

(0.256-2.142) 
0.182 0.669 

1.267  

(0.416-3.55) 
1.238 0.266 

0.637  

(0.295-1.411) 

rs3134940 4.179 0.041 
2.104  

(1.039-4.396) 
0.382 0.537 

1.325  

(0.545-3.351) 
1.243 0.265 

0.63  

(0.292-1.415) 
3.051 0.081 

1.823  

(0.933-3.546) 

rs9391855 4.057 0.044 
2.235  

(1.042-4.773) 
1.926 0.165 

1.935  

(0.741-5.059) 
0.116 0.734 

0.866  

(0.393-2.019) 
4.039 0.044 

2.134  

(1.035-4.667) 

rs55640627 - >0.999 
1.034  

(0.294-3.478) 
- 0.649 

0.409  

(0.033-2.632) 
- 0.663 

0.395  

(0.033-3.084) 
- 0.747 

0.824  

(0.211-2.663) 

Novel 1 - - - - - - - - 

 

- - - 

rs2853807 1.389 0.239 
0.587  

(0.236-1.409) 
0.306 0.58 

0.744  

(0.256-2.142) 
0.182 0.669 

1.267  

(0.416-3.55) 
1.238 0.266 

0.637  

(0.295-1.411) 

rs3134941 2.556 0.11 
1.802  

(0.874-3.805) 
0.382 0.537 

1.325  

(0.545-3.351) 
0.54 0.462 

0.735  

(0.338-1.677) 
2.016 0.156 

1.636  

(0.829-3.203) 

rs748427282 - - - - - - - - 

 

- - - 

rs2071288 - 0.246 
0.314  

(0.061-1.547) 
- >0.999 

1.015  

(0.258-4.174) 
- 0.33 

3.231  

(0.633-18.59) 
0.941 0.332 

0.537  

(0.168-1.723) 
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Polymorphism 

Healthy vs DM Healthy vs DN DM vs DN Healthy vs DM + DN 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

χ
2
 p 

OR  

(95% CI) 

rs143357175 0.098 0.754 
0.815  

(0.252-2.639) 
1.576 0.209 

2.2  

(0.579-6.928) 
2.578 0.108 

2.7  

(0.715-8.434) 
0.149 0.7 

1.241  

(0.435-3.328) 

rs3176931 - 0.246 
0.314  

(0.061-1.547) 
- 0.409 

0.322  

(0.027-2.533) 
- >0.999 

1.024  

(0.069-9.004) 
- 0.137 

0.317  

(0.082-1.255) 

rs560762988 - - - - - - - - 

 

- - - 

Novel 2 - 0.627 
2.53  

(0.369-33.28) 
- >0.999 

1.707  

(0.088-32.84) 
- >0.999 

0.675  

(0.051-4.656) 
- 0.657 

2.258  

(0.362-27.99) 

rs41270464 0.066 0.797 
1.17  

(0.383-3.405) 
- 0.725 

1.389  

(0.405-5.045) 
- 0.75 

1.188  

(0.37-4.1) 
0.149 0.7 

1.241  

(0.435-3.328) 

χ2: Chi-square value; OR: Odds ratio; CI: Confidence interval, the text in the bold indicates significant association. 
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3.3.4 Validation of mutations identified in nanopore sequencing of the 

RAGE gene by PCR-RFLP 

PCR-RFLP was used to detect the SNPs rs3134940, rs1800624, rs1800625, and rs2070600 to 

compare and validate the nanopore sequencing results. These four SNPs were chosen for the 

comparison as they have a relatively high frequency than most of the other SNPs in the 

RAGE gene and have been most investigated for their association with diabetes and diabetic 

complications.163 The restriction enzymes used for the digestion of PCR-amplified products 

for detecting these SNPs, restriction sites, and the size of restriction-digested products for 

wild-type and mutant allele are summarized in Table 3.2. The nucleotide change caused by 

rs3134940, rs1800625, and rs2070600 results in the creation of a restriction site, whereas 

rs1800624 causes the deletion of the restriction site for the restriction enzymes, as mentioned 

in Table 3.2. A representative agarose gel image depicting DNA bands corresponding to 

undigested PCR-amplified products and restriction-digested products of different genotypes 

for the four SNPs is shown in Figure 3.2. The results of genotype distribution, allele 

frequencies, and their association with type 2 diabetes and diabetic nephropathy were the 

same, as shown in Tables 3.4-3.5 and Appendix 7-8. There was 99.75 % agreement between 

nanopore and PCR-RFLP genotyping results, with only two discrepant cases out of 199 

samples for the four RAGE SNPs detected by the two methods (Appendix 4).  
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Figure 3.2 PCR-amplified and restriction-digested products for SNPs rs3134940, rs1800624, 

rs1800625, and rs2070600 

Lane 1: Low molecular weight DNA ladder. Lane 2: PCR-amplified product for rs3134940. Lanes 3-

5: Restriction digested products of wild-type (AA), heterozygous (AG), and homozygous mutant 

(GG) genotypes of rs3134940, respectively. Lane 6: PCR-amplified product for rs1800624. Lanes 7-

9: Restriction digested products of wild-type (TT), heterozygous (TA), and homozygous mutant (AA) 

genotypes of rs1800624, respectively. Lane 10: PCR-amplified product for rs1800625. Lanes 11-13: 

Restriction digested products of wild-type (TT), heterozygous (TC), and homozygous mutant (CC) 

genotypes of rs1800625, respectively. Lane 14: PCR-amplified product for rs2070600. Lanes 15-17: 

Restriction digested products of wild-type (GG), heterozygous (GA), and homozygous mutant (AA) 

genotypes of rs2070600, respectively. 

3.3.5 Association of diabetes-risk-associated SNPs with various clinical 

parameters 

RAGE SNPs showing significant association with type 2 diabetes were checked to determine 

whether the carrier genotypes of these SNPs were associated with AGEs (fructosamine and 

glycated albumin), inflammatory cytokine (TNF-α), MDA, insulin, HOMA-IR, CRP and 

diabetes diagnosis markers (FBG and HbA1c). Unpaired Student's t-test revealed that the 

carrier genotypes of none of these SNPs were associated with any of these clinical and 

biochemical parameters (Appendix 9). Appendix 10 displays the logistic regression analysis 

results examining if type 2 diabetes-associated RAGE SNPs were associated with any of the 

clinical parameters. While blood urea, insulin, and CRP were positively associated with 

rs1800625, rs3134940, and rs3131300, MDA and HOMA-IR were negatively associated. 

Similarly, HDL showed a negative association with rs2070600 and rs9391855.  
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3.4 Discussion  

Diabetes is a multifactorial disease, and genetics plays a role in developing diabetes and its 

complications. Among various genes linked to diabetes and its complications, the RAGE gene 

is a potential candidate known to play a role in the pathogenesis of diabetes and its 

complications. AGE-RAGE signaling increases the expression of inflammatory cytokines and 

reactive oxygen species, which accelerate the development of diabetes and its complications. 

As a result, RAGE polymorphism may influence the outcomes of the AGE-RAGE interaction. 

In this study, we first detected all RAGE polymorphisms from the subjects by nanopore 

sequencing of the respective RAGE gene amplicons and studied their association with type 2 

diabetes and diabetic nephropathy. PCR-RFLP was performed for four RAGE SNPs, i.e., 

rs3134940, rs1800624, rs1800625, and rs2070600, to assess the accuracy and utility of 

nanopore sequencing as a high-throughput method of SNP detection over conventional PCR-

RFLP method.  

Table 3.6 summarizes an overall comparison of the findings of this study with the previous 

reports of RAGE SNP association with diabetes and diabetic nephropathy. Earlier reports on 

the relationship between RAGE SNPs and diabetes and its complications have produced 

conflicting findings.23 In this study, the SNP rs1800625 was linked to a higher type 2 diabetes 

risk but not diabetic nephropathy. While some reports conclude no association of rs1800625 

with type 1 and type 2 diabetes,164-167 diabetic nephropathy,165, 168and diabetic retinopathy,169-

171 other studies have found an increased type 1 diabetes172 and diabetic nephropathy risk.173 

The SNP rs1800625 is present in the RAGE gene's promoter region. One in vitro study has 

illustrated a two-fold increase in the expression of the reporter gene caused by the mutant 

allele of rs1800625.144 Thus, the increased RAGE expression may lead to increased AGE-

RAGE interaction and downstream signaling, which may promote the development of 

diabetes and its complications.  
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Table 3.6 Comparison of the results of the present study with previous reports 

SNP Findings of this study 
Previous supportive 

reports 

Previous contradictory 

reports 

rs1800625 

Increased risk of type 2 

diabetes 

Increased type 1 diabetes 

risk
172

 

No association with diabetes 

mellitus
166

 and type 2 

diabetes
164, 165, 167

 

No association with 

diabetic nephropathy 

No association with 

diabetic nephropathy (in 

dominant model)
165, 168

 

Increased risk of diabetic 

nephropathy
173

 

rs3134940 

Increased risk of type 2 

diabetes  

No association with 

diabetes
174

 or type 2 

diabetes
167

 

No association with 

diabetic nephropathy  

Increased risk of diabetic 

nephropathy
175

 and 

Decreased risk of diabetic 

nephropathy
160

 

rs2070600 

Increased risk of type 2 

diabetes 

Increased risk of diabetes
174

 

and type 1 diabetes
176

 

No association with type 2 

diabetes
164, 177

 

No association with 

diabetic nephropathy 

No association with 

diabetic nephropathy
173, 175, 

177-179
 

 

 

The intronic SNP rs3134940 was in perfect linkage disequilibrium with rs1800625. Hence, it 

was linked to an elevated type 2 diabetes risk but not diabetic nephropathy. However, 

contradictory to our finding, previous studies have reported that rs3134940 is not associated 

with type 2 diabetes 167, 174 and an increased175 or decreased risk160 of diabetic nephropathy. 

This SNP was also not associated with chronic kidney disease180 and diabetic retinopathy.169, 

181, 182 During mRNA processing, introns are spliced from pre-mRNA; therefore, any SNPs in 

the intron region are least likely to affect the protein. The mechanism by which rs3134940 

can increase the risk of diabetes or diabetic complications is unknown. It has been proposed 

by various groups that rs3134940 may affect the alternative splicing of RAGE mRNA 

involving the region between intron 7 and 9, which could affect the expression of endogenous 

secretory RAGE (esRAGE), one of the RAGE isoforms.160, 181-184 Unlike RAGE, esRAGE is 

not involved in AGE-RAGE signaling as it lacks intramembrane and cytoplasmic domains. 

Thus esRAGE functions as a receptor decoy, binding to AGEs, and the physiological level of 
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esRAGE can affect the extent of AGE-RAGE signaling and the associated pathogenesis. 

However, no experimental evidence has shown the effect of rs3134940 on esRAGE 

production.  

Compared to the SNPs rs1800625, a stronger association of rs2070600 with type 2 diabetes 

was observed, even though it was not associated with diabetic nephropathy. These results 

agreed with those of the previous studies, which reported that rs2070600 increases the risk of 

diabetes174, 176 but not diabetic nephropathy.173, 177-179 However, there are reports contradicting 

these results, which claim no association between rs2070600 and type 2 diabetes.164, 177 No 

literature has reported a clear association between rs2070600 and diabetic nephropathy. The 

non-synonymous replacement of glycine by serine at the 82nd position of RAGE caused by 

rs2070600 induces changes in the structure of the variable domain of RAGE143, which can 

potentially affect AGE-RAGE signaling. In vitro studies have elucidated that RAGE with 

rs2070600 has a higher binding affinity for amyloid-beta peptides (Aβ42) and prototypic 

S100/cangrulin, which upregulated inflammatory mediators.185, 186 Substitution of glycine 

with serine at the 82nd position of RAGE promotes N-linked glycosylation of adjacent 

asparagine residue at the 81st position, which may also affect ligand binding and further 

downstream signaling initiated by AGE-RAGE interaction.187 Several studies have also found 

a significantly lower plasma sRAGE level in the subjects carrying rs2070600,169, 179, 188, 189 

and the same has been elucidated using a cell culture model.190 Decreased plasma sRAGE 

levels might fail to sufficiently clear the already elevated plasma AGEs in diabetics, resulting 

in increased AGE-RAGE signaling. In this study, sRAGE levels were not measured; hence, 

the contribution of rs2070600 to type 2 diabetes development via sRAGE stands obscure. The 

discrepancies in the results of RAGE SNP association with type 2 diabetes and diabetic 

nephropathy in this study and previous studies can be attributed to the different environments, 

lifestyles, genetics, ethnicity, and geography of the study population. 

In this study, nanopore sequencing showed a high accuracy of 99.75 % compared to the result 

of PCR-RFLP. In fact, several studies have reported even up to 100 % concordance between 

the results of the nanopore and Sanger sequencing, a gold standard approach.191-194 The high 

accuracy of the current nanopore sequencing approaches makes it a rapid, cost-effective, and 

high-throughput approach that can be used for SNP detection, including in clinical 

diagnostics.191  

This study reports two novel polymorphisms in our population at positions 32181834 and 
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32181132 of chromosome 6, which are located in intron 8 and 3' UTR of the RAGE gene, 

respectively. These two SNPs were present at a very low frequency in our study population, 

and hence a large sample size would be required to sufficiently detect these novel 

polymorphisms and confidently check for their association with type 2 diabetes and diabetic 

nephropathy. We also found that none of the SNPs detected were associated with diabetic 

nephropathy, which could be due to the limited sample size of the diabetic nephropathy 

group; hence, a study involving a large population size is required. 

Fructosamine and glycated albumin levels represent the extent of glycation, and a higher 

physiological level of AGEs is expected to promote both diabetes and diabetic 

complications.131, 141 In this study, both DM and DN groups showed significantly elevated 

levels of fructosamine, glycated albumin, FBG, and, HbA1c. Yet, these parameters were not 

associated with the carrier genotypes of the type 2 diabetes-associated SNPs. Hence, the 

carrier genotypes of type 2 diabetes-associated SNPs may not be involved in the observed 

disease-specific elevation of these biochemical parameters. These findings are similar to a 

previous report that found no association between rs1800625 or rs2070600 and AGEs.195 The 

level of AGEs can be reasonably expected to be associated with glycemic status, which is 

elevated in diabetes, rather than gene polymorphisms. The TNF-α levels increase upon AGE-

RAGE signaling, followed by NF-κB activation.131 No association between rs1800625 or 

rs2070600 and the TNF-α level was observed in this study. Thus, despite the association of 

rs1800625 and rs2070600 with type 2 diabetes, the carrier genotypes of these SNPs may not 

have an impact on TNF-α levels. Also, in this study, TNF-α levels did not show an 

association with type 2 diabetes and diabetic nephropathy. This result is the same as 

previously found196 but contradictory to several other reports.197-199 Further, the carrier 

genotypes of rs1800625 and rs2070600 were not associated with FBG and HbA1c despite 

being linked to type 2 diabetes. Also, MDA (a marker for oxidative stress), insulin, HOMA-

IR, and CRP were neither elevated in any disease groups nor linked to any type 2 diabetes-

associated SNPs assessed by one-way ANOVA and unpaired Student's t-test, respectively. 

Logistic regression analysis revealed that rs1800625 might increase fasting insulin level, and 

a higher fasting insulin level is linked to insulin resistance and type 2 diabetes.200 In this 

study, HOMA-IR was found to be negatively associated with rs1800625, which could be due 

to the maintenance of blood glucose levels in subjects with high insulin levels undergoing 

oral hypoglycemic drug treatment. However, recent studies suggest that hyperinsulinemia is a 

causal factor for glucose intolerance.200 Therefore, hyperinsulinemia could be a predictor of 
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future type 2 diabetes risk. CRP, an inflammatory marker, showed a weak positive 

association with rs1800625. It is reported that an increased CRP level is positively linked to 

type 2 diabetes risk.201-203 While MDA showed a weak negative association and blood urea 

showed a weak positive association with rs1800625 in logistic regression analysis, these 

results must be verified in a larger cohort to check if the association is due to polymorphism 

or by chance. Also, HDL was found to be negatively associated with rs2070600 in logistic 

regression analysis. The association results for rs3134940, rs3131300, and rs9391855 are the 

same as the corresponding SNPs in complete linkage disequilibrium (Appendix 5 and 

Appendix 10). Although we have found a weak association of SNPs with insulin and CRP in 

this study, SNPs are generally not used as diagnostic markers to detect insulin resistance in 

clinical settings compared to measuring insulin or CRP. In fact, the measurement of blood 

glucose is sufficient to diagnose diabetes. However, SNPs or other markers such as insulin or 

CRP could be helpful for predicting type 2 diabetes risk, and both of these parameters are 

associated with SNP rs1800625. 

3.5 Conclusion 

In this study, we used the Oxford Nanopore Technology-based DNA sequencing for 

detecting RAGE SNPs, contributing to developing diabetes and its complications. The 

nanopore sequencing method detected 33 RAGE polymorphisms with high accuracy for SNP 

detection, as validated by PCR-RFLP. Therefore, the application of nanopore sequencing can 

be extended to identify disease-specific genetic variations in clinical settings. Five of the 

RAGE gene polymorphisms detected, i.e., rs1800625, rs3131300, rs3134940, rs2070600, and 

rs9391855, were associated with an increased type 2 diabetes risk. The usefulness of these 

five RAGE SNPs as type 2 diabetes risk prediction markers requires to be studied in a larger 

cohort, which would also facilitate the study of the less frequent RAGE SNPs for their 

association with type 2 diabetes and its complications. 
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Figure 3.3 Summary figure 
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Appendix 1. Precursor masses and corresponding collision energies specified in the 

MRM-HR acquisition method 

Peptide m/z of precursor Collision energy (eV) 

FKDLGEENFK 613.8062 31.1 

FK(DFL)DLGEENFK 694.8326 34.6 

KQTALVELVK 564.853 28.9 

K(DFL)QTALVELVK 645.8794 32.5 

KVPQVSTPTLVEVSR 547.3174 30.4 

K(DFL)VPQVSTPTLVEVSR 601.335 33.1 

 

 

Appendix 2. Comparison of potential markers for diabetic nephropathy risk prediction 

based on ROC curve 

Sr. No. Comparison p-value (DM vs DN) 

1 FK(DFL)DLGEENFK vs. K(DFL)QTALVELVK 0.3021 

2 FK(DFL)DLGEENFK vs. K(DFL)VPQVSTPTLVEVSR 0.0044* 

3 K(DFL)QTALVELVK vs. K(DFL)VPQVSTPTLVEVSR 0.0034* 

4 FK(DFL)DLGEENFK vs. HbA1c 0.3911 

5  K(DFL)QTALVELVK vs. HbA1c 0.0932 

6 K(DFL)VPQVSTPTLVEVSR vs. HbA1c 0.084 

* p<0.01 
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Appendix 3. PCR amplification of RAGE gene  
Agarose gel image showing a DNA band of PCR-amplified product containing the RAGE 

gene in the expected size of 4184bp. (Lane 1- 1kb plus DNA ladder, Lane 2- PCR-amplified 

RAGE gene) 

 

 

Appendix 4. Result of the nanopore, PCR-RFLP, and Sanger sequencing for 

verification of the discrepant results between nanopore and PCR-RFLP for two samples 

Sample Nanopore 
PCR-

RFLP 
Sanger 

Healthy_1 A/G G/G G/G 

Diabetic_1 A/A A/G A/G 

 

 

Appendix 5. RAGE SNPs in perfect linkage disequilibrium as determined by SNPStats 

Linked SNPs D' r p 

rs1800625-rs3131300-rs3134940 0.9995 0.99* 0 

rs2070600-rs9391855 0.9995 0.9995 0 

rs204996-rs2853807 0.9993 0.9993 0 

rs1554139845-rs2071288 0.9968 0.9968 0 

rs118122061-Novel 2 0.995 0.995 0 

*r=0.9995 for linkage disequilibrium between rs3131300 and rs3134940 
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Appendix 6. Linkage disequilibrium map of RAGE SNPs generated by SNPStats  
The SNPs are numbered as shown in Appendix 5. Darker red color shades indicate stronger 

linkage disequilibrium between two SNPs.  
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Appendix 7. Allele frequency of RAGE polymorphisms in healthy, DM and DN, and DM+DN groups 

Sr. 

No. 
Polymorphism 

Genomic 

position 
Location 

Wild-type 

allele/mutated 

allele 

Healthy DM DN DM + DN 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

1 rs1800625 32184665 Upstream T/C 0.87 0.13 0.81 0.19 0.87 0.13 0.83 0.17 

2 rs1800624 32184610 Upstream T/A 0.85 0.15 0.86 0.14 0.85 0.15 0.86 0.14 

3 rs1554139845 32184580 Upstream 63bp deletion# 0.96 0.04 0.99 0.01 0.96 0.04 0.98 0.02 

4 rs118122061 32184479 Upstream G/A 0.99 0.01 0.98 0.02 0.99 0.01 0.98 0.02 

5 rs143118560 32184478 Upstream A/T 1 0 0.99 0.01 1 0 1 0 

6 rs1800684 32184217 Exon 1 T/A 0.98 0.02 0.98 0.02 0.96 0.04 0.98 0.02 

7 rs3131300 32184157 Intron 1 T/C 0.87 0.13 0.81 0.19 0.87 0.13 0.83 0.17 

8 rs80096349 32183681 Exon 3 C/T 0.99 0.01 1 0 1 0 1 0 

9 rs2070600 32183666 Exon 3 G/A 0.91 0.09 0.85 0.15 0.83 0.17 0.84 0.16 

10 rs774609967 32183650 Exon 3 C/T 0.99 0.01 1 0 1 0 1 0 

11 rs35795092 32183643 Exon 3 C/G 0.98 0.02 1 0 1 0 1 0 

12 rs2269422 32183517 Intron 3 A/G 0.95 0.05 0.95 0.05 0.94 0.06 0.95 0.05 

13 rs1035798 32183445 Intron 3 C/T 0.84 0.16 0.87 0.13 0.86 0.14 0.86 0.14 

14 rs750111750 32182808 Intron 6 G/A 1 0 1 0 0.99 0.01 1 0 

15 rs372248959 32182728 Intron 6 T/C 1 0 0.99 0.01 1 0 0.99 0.01 

16 rs17846798 32182721 Intron 6 C/T 0.96 0.04 0.99 0.01 0.96 0.04 0.98 0.02 

17 rs539453209 32182697 Exon 7 G/C 0.99 0.01 1 0 1 0 1 0 

18 rs184003 32182519 Intron 7 G/T 0.75 0.25 0.77 0.23 0.77 0.23 0.77 0.23 

19 rs186754929 32182494 Intron 7 G/A 0.99 0.01 1 0 0.98 0.02 0.99 0.01 

20 rs204996 32182106 Intron 8 G/A 0.89 0.11 0.94 0.06 0.93 0.07 0.93 0.07 

21 rs3134940 32182039 Intron 8 A/G 0.87 0.13 0.81 0.19 0.87 0.13 0.83 0.17 

22 rs9391855 32182024 Intron 8 G/A 0.91 0.09 0.85 0.15 0.83 0.17 0.84 0.16 

23 rs55640627 32181979 Intron 8 G/A 0.97 0.03 0.97 0.03 0.99 0.01 0.98 0.02 

24 Novel 1 32181834 Intron 8 G/A 0.99 0.01 1 0 1 0 1 0 
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Sr. 

No. 
Polymorphism 

Genomic 

position 
Location 

Wild-type 

allele/mutated 

allele 

Healthy DM DN DM + DN 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

Wild-

type 
Mutant 

25 rs2853807 32181795 Intron 8 C/T 0.89 0.11 0.94 0.06 0.93 0.07 0.93 0.07 

26 rs3134941 32181760 Intron 8 G/C 0.87 0.13 0.83 0.17 0.87 0.13 0.84 0.16 

27 rs748427282 32181673 Intron 8 C/T 1 0 0.99 0.01 1 0 1 0 

28 rs2071288 32181483 Intron 9 G/A 0.96 0.04 0.99 0.01 0.96 0.04 0.98 0.02 

29 rs143357175 32181442 Exon 10 C/T 0.96 0.04 0.97 0.03 0.93 0.07 0.96 0.04 

30 rs3176931 32181363 Exon 10 G/A 0.96 0.04 0.98 0.02 0.99 0.01 0.98 0.02 

31 rs560762988 32181266 Intron 10 C/T 1 0 1 0 0.99 0.01 1 0 

32 Novel 2 32181132 3' UTR CAG/G 0.99 0.01 0.98 0.02 0.99 0.01 0.98 0.02 

33 rs41270464 32180947 Downstream G/A 0.96 0.04 0.96 0.04 0.95 0.05 0.96 0.04 
#63bp deletion: TTCCCCAGCCTTGCCTTCATGATGCAGGCCCAATTGCACCCTTGCAGACAACAGTCTGGCCTGA/A 
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Appendix 8. Association of mutated alleles of RAGE polymorphisms with type 2 diabetes and diabetic nephropathy 

Polymorphism 

Healthy vs. DM Healthy vs. DN DM vs. DN Healthy vs. DM + DN 

χ2 p 
OR  

(95% CI) 
χ2 p 

OR  

(95% CI) 
χ2 p 

OR  

(95% CI) 
χ2 p 

OR  

(95% CI) 

rs1800625 1.897 0.168 
1.537  

(0.833-2.809) 
0.004 0.951 

0.976  

(0.449-2.146) 
1.471 0.225 

0.635  

(0.296-1.281) 
0.994 0.319 

1.344  

(0.755-2.423) 

rs1800624 0.129 0.72 
0.888  

(0.459-1.658) 
0.002 0.964 

1.018  
(0.462-2.167) 

0.125 0.723 
1.146  

(0.538-2.478) 
0.059 0.808 

0.929  
(0.523-1.694) 

rs1554139845 - 0.251 
0.322  

(0.064-1.532) 
- > 0.999 

1.015  

(0.263-3.964) 
- 0.335 

3.148  

(0.63-17.93) 
0.917 0.338 

0.546  

(0.176-1.699) 

rs118122061 - 0.63 
2.503  

(0.369-32.72) 
- > 0.999 

1.699  

(0.088-32.48) 
- > 0.999 

0.679  

(0.052-4.614) 
- 0.659 

2.238  

(0.367-27.57) 

rs143118560 - - - - - - - - - - - - 

rs1800684 - > 0.999 
0.823  

(0.19-3.569) 
- 0.673 

1.716  

(0.392-7.467) 
- 0.397 

2.086  

(0.477-9.062) 
- > 0.999 

1.112  

(0.285-4.109) 

rs3131300 1.561 0.212 
1.48  

(0.796-2.694) 
0.004 0.951 

0.976  

(0.449-2.146) 
1.226 0.268 

0.659  

(0.306-1.338) 
0.811 0.368 

1.307  

(0.732-2.363) 

rs80096349 - - - - - - - - - - - - 

rs2070600 2.541 0.111 
1.767  

(0.898-3.565) 
2.831 0.093 

1.985  

(0.903-4.442) 
0.103 0.748 

1.123  

(0.54-2.227) 
3.312 0.069 

1.838  

(0.949-3.621) 

rs774609967 - - - - - - - - - - - - 

rs35795092 - - - - - - - - - - - - 

rs2269422 0.013 0.908 
0.941  

(0.331-2.484) 
0.11 0.74 

1.221  

(0.427-3.640) 
0.198 0.656 

1.297  

(0.465-4.263) 
0.004 0.948 

1.032  

(0.42-2.666) 

rs1035798 0.497 0.481 
0.799  

(0.427-1.494) 
0.147 0.701 

0.862  

(0.405-1.867) 
0.04 0.842 

1.08  

(0.51-2.316) 
0.468 0.494 

0.819  

(0.459-1.479) 

rs750111750 - - - - - - - - - - - - 

rs372248959 - - - - - - - - - - - - 

rs17846798 - 0.251 
0.322  

(0.064-1.532) 
- > 0.999 

1.015  

(0.263-3.964) 
- 0.335 

3.148  

(0.63-17.93) 
0.917 0.338 

0.546  

(0.176-1.699) 

rs539453209 - - - - - - - - - - - - 
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Polymorphism 

Healthy vs. DM Healthy vs. DN DM vs. DN Healthy vs. DM + DN 

χ2 p 
OR  

(95% CI) 
χ2 p 

OR  

(95% CI) 
χ2 p 

OR  

(95% CI) 
χ2 p 

OR  

(95% CI) 

rs184003 0.186 0.666 
0.892  

(0.528-1.520) 
0.214 0.644 

0.861  

(0.463-1.606) 
0.013 0.91 

0.965  

(0.532-1.797) 
0.267 0.605 

0.882  

(0.555-1.406) 

rs186754929 - - - - 0.557 
3.439  

(0.393-50.14) 
- - - - > 0.999 

1.11  

(0.128-16.19) 

rs204996 1.779 0.182 
0.579  

(0.266-1.242) 
0.733 0.392 

0.651  

(0.248-1.785) 
0.051 0.822 

1.126  

(0.404-3.194) 
1.901 0.168 

0.602  

(0.3-1.25) 

rs3134940 1.561 0.212 
1.48  

(0.796-2.694) 
0.004 0.951 

0.976  

(0.449-2.146) 
1.226 0.268 

0.659  

(0.306-1.338) 
0.811 0.368 

1.307  

(0.732-2.363) 

rs9391855 2.541 0.111 
1.767  

(0.898-3.565) 
2.831 0.093 

1.985  

(0.903-4.442) 
0.103 0.749 

1.123  

(0.54-2.227) 
3.312 0.069 

1.838  

(0.949-3.621) 

rs55640627 - > 0.999 
1.033  

(0.304-3.421) 
- 0.653 

0.416  

(0.034-2.578) 
- 0.667 

0.402  

(0.034-3.004) 
- 0.749 

0.828  

(0.219-2.639) 

Novel 1 - - - - - - - - - - - - 

rs2853807 1.779 0.182 
0.579  

(0.266-1.242) 
0.733 0.392 

0.651  

(0.248-1.785) 
0.051 0.822 

1.126  

(0.404-3.194) 
1.901 0.168 

0.602  

(0.3-1.25) 

rs3134941 1.07 0.301 
1.397  

(0.76-2.606) 
0.008 0.927 

1.038  

(0.479-2.331) 
0.607 0.436 

0.743  

(0.34-1.539) 
0.638 0.424 

1.276  

(0.694-2.304) 

rs748427282 - - - - - - - - - - - - 

rs2071288 - 0.251 
0.322  

(0.064-1.532) 
- > 0.999 

1.015  
(0.263-3.964) 

- 0.335 
3.148  

(0.63-17.93) 
0.917 0.338 

0.546  
(0.176-1.699) 

rs143357175 0.095 0.758 
0.82  

(0.263-2.564) 
1.495 0.221 

2.108  

(0.594-6.285) 
2.463 0.117 

2.569  

(0.726-7.632) 
0.143 0.706 

1.23  

(0.414-3.245) 

rs3176931 - 0.309 
0.402  

(0.109-1.563) 
- 0.263 

0.273  

(0.024-1.716) 
- > 0.999 

0.679  

(0.052-4.614) 
- 0.177 

0.36  

(0.113-1.363) 

rs560762988 - - - - - - - - - - - - 

Novel 2 - 0.63 
2.503  

(0.369-32.72) 
- > 0.999 

1.699  

(0.088-32.48) 
- > 0.999 

0.679  

(0.052-4.614) 
- 0.659 

2.238  

(0.367-27.57) 

rs41270464 0.064 0.801 
1.162  

(0.397-3.288) 
- 0.73 

1.37  

(0.41-4.722) 
- 0.754 

1.179  

(0.377-3.833) 
0.143 0.706 

1.23  

(0.414-3.245) 

χ2: Chi-square value; OR: Odds ratio; CI: Confidence interval. 
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Appendix 9. Association of type 2 diabetes-associated RAGE SNPs with AGEs, TNF-α, diabetes diagnosis markers, MDA, insulin, 

HOMA IR and CRP 

SNP 
Biochemical 

parameters 

Healthy DM DN Healthy + DM + DN 

Plasma concentration p value Plasma concentration p value Plasma concentration p value Plasma concentration p value 

Wild-type Carrier 

Wild-

type vs 

carrier 

Wild-type Carrier 

Wild-

type vs 

carrier 

Wild-type Carrier 

Wild-

type vs 

carrier 

Wild-type Carrier 

Wild-

type vs 

carrier 

rs1800625 

FMN (µM/g) 
25.19 ± 8.54 

(36) 

27.46 ± 13.24 

(15) 
0.468 

38.32 ± 14.5 

(41) 

38.16 ± 12.15 

(23) 
0.964 

43.11 ± 15.9 

(30) 

33.31 ± 8.95 

(10) 
0.073 

35.25 ± 15.11 

(107) 

33.81 ± 12.6 

(48) 
0.565 

GA (µM/g) 
0.81 ± 0.33 

(36) 

0.68 ± 0.24 

(15) 
0.175 

1.06 ± 0.38 

(41) 

0.94 ± 0.4 

(23) 
0.265 

1.19 ± 0.46 

(30) 

1.12 ± 0.39 

(10) 
0.667 

1.01 ± 0.42 

(107) 

0.9 ± 0.39 

(48) 
0.11 

TNF-α 

(µM/g) 

12.72 ± 6.97 

(16) 

23.78 ± 34.36 

(10) 
0.219 

12.97 ± 14.39 

(13) 

27.64 ± 24.04 

(9) 
0.088 

47.68 ± 65.76 

(18) 

19.91 ± 10.9 

(10) 
0.2 

26.18 ± 44.29 

(47) 

23.65 ± 24.35 

(29) 
0.779 

FBG (mg/dl) 
99.39 ± 8.34 

(56) 

101 ± 8.24 

(15) 
0.509 

226 ± 89.35 

(55) 

206.4 ± 57.21 

(31) 
0.276 

258.5 ± 83.79 

(31) 

231.8 ± 57.81 

(11) 
0.337 

183.2 ± 96.58 

(142) 

183.6 ± 70.28 

(57) 
0.976 

HbA1c (%) 
5.5 ± 0.58 

(56) 

5.69 ± 0.59 

(15) 
0.271 

9.32 ± 2.13 

(55) 

8.84 ± 2.23 

(31) 
0.321 

8.67 ± 2.11 

(31) 

8.1 ± 1.16 

(11) 
0.405 

7.67 ± 2.44 

(142) 

7.87 ± 2.19 

(57) 
0.6 

MDA 

(nM/ml) 

37.19 ± 25.18 

(19) 

42.94 ± 34.43 

(10) 
0.611 

51.33 ± 40.19 

(15) 

52.62 ± 21.38 

(9) 
0.93 

51.41 ± 31.17 

(21 

35.19 ± 31.58 

(10) 
0.188 

46.48 ± 32.19 

(55) 

43.27 ± 29.73 

(29) 
0.657 

Insulin 

(µM/ml) 

16.67 ± 15.57 

(46) 

19.87 ± 20.61 

(13) 
0.546 

15.47 ± 16.88 

(46) 

22.32 ± 17.64 

(22) 
0.128 

21.23 ± 54.73 

(27) 

17.07 ± 18.61 

(9) 
0.826 

17.6 ± 35.6 

(73) 

20.79 ± 17.78 

(31) 
0.636 

HOMA-IR 
4.08 ± 3.97 

(46) 

4.76 ± 4.76 

(13) 
0.602 

7.93 ± 7.08 

(46) 

11.11 ± 8.59 

(22) 
0.111 

15.71 ± 43.96 

(27) 

8.91 ± 9.48 

(9) 
0.6511 

10.81 ± 27.26 

(73) 

10.47 ± 8.76 

(31) 
0.947 

CRP (mg/L) 
18.89 ± 44.91 

(41) 

7.58 ± 10.6 

(12) 
0.394 

34.16 ± 63.62 

(45) 

37.96 ± 53.9 

(21) 
0.814 

51.24 ± 82.04 

(27) 

58.89 ± 70.3 

(9) 
0.804 

40.57 ± 71.01 

(72) 

44.24 ± 58.84 

(30) 
0.803 

rs2070600 

FMN (µM/g) 
25.77 ± 10.71 

(40) 

26.16 ± 7.66 

(11) 
0.912 

38.92 ± 15.37 

(42) 

37.01 ± 9.57 

(22) 
0.597 

40.7 ± 15.12 

(29) 

40.57 ± 15.42 

(11) 
0.982 

34.65 ± 15.24 

(111) 

35.19 ± 11.98 

(44) 
0.834 

GA (µM/g) 
0.77 ± 0.33 

(40) 

0.75 ± 0.26 

(11) 
0.821 

1 ± 0.41 

(42) 

1.05 ± 0.35 

(22) 
0.581 

1.21 ± 0.45 

(29) 

1.09 ± 0.44 

(11) 
0.475 

0.97 ± 0.42 

(111) 

0.99 ± 0.38 

(44) 
0.828 
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SNP 
Biochemical 

parameters 

Healthy DM DN Healthy + DM + DN 

Plasma concentration p value Plasma concentration p value Plasma concentration p value Plasma concentration p value 

Wild-type Carrier 

Wild-

type vs 

carrier 

Wild-type Carrier 

Wild-

type vs 

carrier 

Wild-type Carrier 

Wild-

type vs 

carrier 

Wild-type Carrier 

Wild-

type vs 

carrier 

TNF-α 

(µM/g) 

11.76 ± 11.29 

(16) 

25.31 ± 31.74 

(10) 
0.129 

22.3 ± 22.67 

(12) 

14.98 ± 16.02 

(10) 
0.401 

35.9 ± 50.76 

(18) 

41.12 ± 62.85 

(10) 
0.813 

23.96 ± 35.39 

(46) 

27.13 ± 41.69 

(30) 
0.723 

FBG (mg/dl) 
99.47 ± 8.55 

(60) 

101.2 ± 6.79 

(11) 
0.532 

221.6 ± 77.09 

(61) 

212.4 ± 86.32 

(25) 
0.631 

255 ± 76.51 

(31) 

241.7 ± 85.3 

(11) 
0.635 

180.2 ± 89.35 

(152) 

193.3 ± 90.93 

(47) 
0.384 

HbA1c (%) 
5.57 ± 0.54 

(60) 

5.36 ± 0.8 

(11) 
0.286 

9.23 ± 2.29 

(61) 

8.94 ± 1.85 

(25) 
0.577 

8.63 ± 2.13 

(31) 

8.2 ± 1.09 

(11) 
0.528 

7.66 ± 2.45 

(152) 

7.93 ± 2.08 

(47) 
0.499 

MDA 

(nM/ml) 

40.4 ± 26.68 

(18) 

37.17 ± 31.83 

(11) 
0.771 

50.49 ± 40.14 

(14) 

53.66 ± 24.22 

(10) 
0.827 

49.18 ± 36.59 

(20) 

40.72 ± 20.6 

(11) 
0.487 

46.5 ± 34.16 

(52) 

43.55 ± 26.16 

(32) 
0.677 

Insulin 

(µM/ml) 

17.26 ± 16.97 

(55) 

18.95 ± 13.46 

(4) 
0.847 

16.95 ± 13.06 

(48) 

19.46 ± 25.06 

(20) 
0.59 

14.13 ± 14.17 

(26) 

35.92 ± 89.64 

(10) 
0.228 

15.96 ± 13.44 

(74) 

24.94 ± 54.48 

(30) 
0.186 

HOMA-IR 
4.21 ± 4.21 

(55) 

4.54 ± 3.14 

(4) 
0.878 

9.08 ± 7.36 

(48) 

8.67 ± 8.6 

(20) 
0.842 

9.24 ± 11.02 

(26) 

26.4 ± 71.58 

(10) 
0.234 

9.14 ± 8.75 

(74) 

14.58 ± 41.36 

(30) 
0.282 

CRP (mg/L) 
16.12 ± 41.34 

(47) 

18 ± 29.85 

(6) 
0.915 

39.49 ± 67.99 

(46) 

25.9 ± 36.86 

(20) 
0.404 

57.76 ± 80.52 

(26) 

41.18 ± 75.2 

(10) 
0.5772 

46.09 ± 72.74 

(72) 

30.99 ± 51.95 

(30) 
0.305 

Data are presented as mean±SD. Data in parentheses represent the number of subjects. Note that rs3134940 and rs3131300 were in perfect disequilibrium with rs1800625, 

and rs9391855 was in perfect disequilibrium with rs2070600. Hence the association result for the SNPs in perfect linkage disequilibrium will be the same. 
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Appendix 10. Logistic regression analysis results for clinical parameters and genetic variants (SNPs) 

Variable 
rs1800625 rs2070600 

Coefficient Std. Error p-value Odds ratio Coefficient Std. Error p-value Odds ratio 

Fasting blood 

glucose  
0.006 0.011 0.566 1.006 0.008 0.009 0.352 1.008 

HbA1c  0.222 0.259 0.393 1.248 0.145 0.195 0.456 1.156 

Blood urea  0.053 0.025 0.038* 1.054 -0.035 0.025 0.174 0.966 

Serum creatinine  -0.851 0.442 0.054 0.427 0.544 0.373 0.144 1.724 

Cholesterol  -0.001 0.011 0.940 0.999 0.012 0.010 0.251 1.012 

Triglyceride  -0.005 0.010 0.647 0.995 -0.009 0.009 0.328 0.991 

HDL -0.033 0.055 0.544 0.967 -0.128 0.055 0.019* 0.880 

Normalized 

fructosamine  
0.021 0.042 0.621 1.021 -0.013 0.030 0.661 0.987 

Normalized 

glycated albumin  
-1.002 1.766 0.570 0.367 -0.513 1.420 0.718 0.598 

TNF-α  -0.027 0.015 0.076 0.973 -0.025 0.021 0.231 0.975 

MDA -0.057 0.021 0.006* 0.944 -0.001 0.013 0.922 0.999 

Insulin 0.197 0.095 0.038* 1.218 0.060 0.067 0.372 1.062 

HOMA-IR -0.270 0.120 0.024* 0.763 -0.043 0.082 0.596 0.958 

CRP 0.033 0.013 0.012* 1.034 -0.023 0.014 0.101 0.978 

CRP: C-reactive protein. The groups were comparable with respect to age and gender, so not adjusted for these demographic parameters.  



 

91 
 

Abstract 

 
 

--------------------------------------------------------------------------------------------------------------------------- 

Name of the Student: Arvindkumar Chaurasiya Registration No: 10BB16A26042 
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Title of the thesis: Evaluation of RAGE polymorphisms and glycated albumin peptides for the risk 

prediction of type 2 diabetes and diabetic nephropathy 

--------------------------------------------------------------------------------------------------------------------------- 

Over 10% of the global population is afflicted with diabetes, and its prevalence is projected to 

increase rapidly. Diabetes-related morbidity and mortality are one of the highest in non-

communicable diseases. Chronic hyperglycemic condition in diabetes promotes the formation 

of advanced glycation end products (AGEs), which are responsible for several deleterious 

physiological effects. AGEs interact with their cell surface receptors, RAGE, to induce 

several downstream signaling cascades that activate pro-inflammatory pathways and 

oxidative stress, accelerating the development of various diabetic vascular complications. 

Diabetic nephropathy is a major diabetic complication that affects 20-40 % of the diabetic 

population. It causes a gradual reduction in renal filtration, and regular renal dialysis or renal 

transplantation is a must at the end stage. Therefore, it’s crucial to detect diabetes and 

diabetic nephropathy early and predict the risk of their development, giving a scope of early 

preventive and therapeutic intervention.  

In the present thesis, the first chapter provides an introduction to diabetes and its 

complications, AGE formation, AGE-RAGE interaction leading to diabetic complications’ 

development, the importance of early detection and prediction of diabetes and its 

complications, and tools for detecting RAGE polymorphisms. The second chapter describes 

the evaluation of glycated human serum albumin (HSA) peptides for predicting the risk of 

diabetic nephropathy, as glycated albumin represents the largest share of glycated plasma 

proteins. By measuring the glycation modification at three glycation-sensitive sites, it was 

observed that the glycation at K36 and K549 residues of HSA detected diabetic nephropathy 

more sensitively than HbA1c. Early detection of diabetic nephropathy is crucial as early 

stages of diabetic nephropathy are asymptomatic. The third chapter describes the detection of 

all RAGE gene polymorphisms in healthy, type 2 diabetes, and diabetic nephropathy subjects 

using nanopore sequencing. 33 RAGE polymorphisms, including two novel polymorphisms, 

were detected by nanopore sequencing, and it showed 99.75% accuracy for detecting RAGE 

single nucleotide polymorphisms (SNPs), as cross-validated by PCR-RFLP. Genotype 

distribution analysis revealed that five RAGE SNPs, namely, rs1800625, rs3131300, 

rs3134940, rs2070600, and rs 9391855were associated with an increased type 2 diabetes risk. 

The utility of the glycated albumin peptides and type 2 diabetes risk-associated RAGE SNPs 

as early detection and risk prediction markers, respectively, should be validated in a larger 

cohort. 
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2) List of papers with abstract presented (oral/poster) at 

national/international conferences/seminars with complete details 

i) Poster presentation at Joint 11th AOHUPO and 7th AOAPO Congress, Singapore, 

from 8th-10th May 2023  

Title: Elevated level of glycated KQTALVELVK peptide of albumin is associated with the 

risk of diabetic nephropathy  

Abstract: Diabetic nephropathy is a leading cause of end-stage renal disease. Hence, early 

detection of diabetic nephropathy is essential to mitigate the disease burden. 

Microalbuminuria, the currently used diagnostic marker of diabetic nephropathy, is not 

efficient in detecting it at an early stage. Therefore, we explored the utility of glycated human 

serum albumin (HSA) peptides for risk prediction of diabetic nephropathy. Three glycation-

sensitive HSA peptides, namely, FKDLGEENFK, KQTALVELVK, and 

KVPQVSTPTLVEVSR, with deoxyfructosyllysine (DFL) modification were quantified by 

targeted mass spectrometry in a study population comprising of healthy, and type II diabetes 

with and without nephropathy. Mass spectrometry, ROC curve, and correlation analysis 

revealed that the DFL-modified KQTALVELVK peptide was better than other glycated HSA 

peptides and HbA1c for identifying diabetic nephropathy. DFL-modified KQTALVELVK 

could be a potential marker for risk prediction of diabetic nephropathy. 

 

ii) Oral presentation at 7th International Diabetes Summit organized by Chellaram 

Diabetes Institute, Pune, from 10th-12th March 2023  

Title: Elevated level of glycated KQTALVELVK peptide of albumin is associated with the 

risk of diabetic nephropathy  

Abstract: 

Objective: Diabetic nephropathy is a leading cause of end-stage renal disease. Hence, early 

detection of diabetic nephropathy is essential to mitigate the disease burden. 

Microalbuminuria, the currently used diagnostic marker of diabetic nephropathy, is not 

efficient in detecting it at an early stage. Therefore, there is a need of marker for predicting 

the risk of diabetic nephropathy. 

Materials and methods: We explored the utility of glycated human serum albumin (HSA) 

peptides for risk prediction of diabetic nephropathy. Three glycation-sensitive HSA peptides, 

namely, FKDLGEENFK, KQTALVELVK, and KVPQVSTPTLVEVSR, with 
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deoxyfructosyllysine (DFL) modification were quantified by targeted mass spectrometry 

(high-resolution multiple reaction monitoring approach) in a study population comprising of 

25 subjects each from healthy, type II diabetes without nephropathy and type II diabetes with 

nephropathy group. ROC curve analysis was used to compare the diabetic nephropathy risk 

prediction by glycated HSA peptides. Correlation analysis of glycated HSA peptides with 

clinical parameters was performed.  

Result: Mass spectrometry, ROC curve, and correlation analysis revealed that the DFL-

modified KQTALVELVK peptide was better than other glycated HSA peptides and HbA1c 

for identifying diabetic nephropathy.  

Conclusion: DFL-modified KQTALVELVK peptide could be a potential marker for risk 

prediction of diabetic nephropathy. 

 

iii) Oral presentation at 5th International Diabetes Summit (virtual) organized by 

Chellaram Diabetes Institute, Pune, from 12th-14th March 2021 

Title: Investigation of association of RAGE polymorphism, AGE-RAGE singnaling and 

diabetic nephropathy.  

Abstract: 

Introduction: Prolonged hyperglycemic condition leads to increased formation and 

accumulation of advanced glycation end products (AGEs), which interact with their receptor 

called receptor for advanced glycation end product (RAGE). AGE-RAGE interaction leads to 

activation of transcription factor NF-κB, which in turn leads to increased expression of pro-

inflammatory cytokines and oxidative stress. AGE-RAGE axis is implicated in development 

and exacerbation of diabetic nephropathy. Genetic make-up of an individual may also plays 

an important role in the development of diabetic nephropathy. In this work, we are 

identifying the presence of different single nucleotide polymorphisms (SNP) in RAGE gene 

and their association with diabetic nephropathy. 

Objective: The objective of this study is to identify any association of single nucleotide 

polymorphisms (SNP) present in RAGE gene and AGE-RAGE signaling with diabetic 

nephropathy. 

Materials and methods: Blood sample of 32 healthy, 32 diabetic and 26 diabetic nephropathy 

subjects were collected from Bharati Hospital, Pune. DNA was extracted from leucocytes and 

PCR-RFLP technique was used to identify the presence of three SNPs, i.e. 429T/C, 2184A/G 

and Gly82Ser. Concentration of fructosamine, and glycated albumin in plasma was estimated 
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by respective commercially available kits. IL-6 concentration in plasma will be estimated by 

using ELISA kit. Further SNP identification will be done by nanopore DNA sequencing of 

RAGE gene, which can identify all SNPs present in it. 

Result: Presence or absence of three SNPs in 18 healthy, 24 diabetic and 15 diabetic 

nephropathy subjects were determined by PCR-RFLP technique. Glycated albumin and 

fructosamine were found to be significantly elevated (p<0.05) in diabetic nephropathy 

subjects. 

Conclusion: Odds ratio will be calculated to assess the association between any SNP and 

diabetic nephropathy after SNP identification in all samples. Any positive association can 

serve as a marker for identification of individuals at higher risk of developing diabetic 

nephropathy. 

 

iv) Oral presentation at 4th International Diabetes Summit organized by Chellaram 

Diabetes Institute, Pune, from 6th-8th March 2020  

Title: Investigation of association of RAGE polymorphism, AGE-RAGE singnaling and 

diabetic nephropathy.  

Abstract: Prolonged hyperglycemic condition leads to increased formation and accumulation 

of advanced glycation end products (AGEs). These AGEs interact with their receptor called 

receptor for advanced glycation end product (RAGE). RAGE is a multiligand receptor of 

immunoglobulin superfamily, which can interact with its ligands including AGEs. AGE-

RAGE interaction leads to activation of transcription factor NF-κB which in turn leads to 

increased expression of pro-inflammatory cytokines and oxidative stress. AGE-RAGE axis is 

implicated in development and exacerbation of diabetic nephropathy. Apart from 

hyperglycemia and hypertension, genetic constitution of an individual also plays a role in the 

development of diabetic nephropathy. Single nucleotide polymorphisms (SNP) in RAGE 

gene have been studied for their association with diabetic complications. In this study we are 

investigating association of three RAGE polymorphisms- 429T/C, 2184A/G and Gly82Ser as 

well as level of AGEs, fructosamine and pro-inflammatory cytokine with diabetic 

nephropathy. We have identified presence or absence of these three SNPs in 18 healthy, 24 

diabetic and 15 diabetic nephropathy subjects by PCR-RFLP technique. Plasma fructosamine 

levels were significantly elevated in diabetic nephropathy subjects. Glycated albumin was 

also elevated in diabetic nephropathy subjects but it was non-significant difference. 

Quantification of sRAGE and IL-6 levels as well as AGEs and SNP information collected so 
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far will be used for studying their association with diabetic nephropathy.  

 

v) Oral presentation at 12th virtual annual meeting of Proteomics Society, India, 

organized by CSIR-National Chemical Laboratory, Pune, from 22nd-24th November 2020 

Title: Investigation of association of RAGE polymorphism, AGE-RAGE singnaling and 

diabetic nephropathy.  

Abstract: Prolonged hyperglycemic condition leads to increased formation and accumulation 

of advanced glycation end products (AGEs). These AGEs interact with their receptor called 

receptor for advanced glycation end product (RAGE). RAGE is a multiligand receptor of 

immunoglobulin superfamily, which can interact with its ligands including AGEs. AGE-

RAGE interaction leads to activation of transcription factor NF-κB which in turn leads to 

increased expression of pro-inflammatory cytokines and oxidative stress. AGE-RAGE axis is 

implicated in development and exacerbation of diabetic nephropathy. Apart from 

hyperglycemia and hypertension, genetic constitution of an individual also plays a role in the 

development of diabetic nephropathy. Single nucleotide polymorphisms (SNP) in RAGE 

gene have been studied for their association with diabetic complications. In this study we are 

investigating association of three RAGE polymorphisms- 429T/C, 2184A/G and Gly82Ser as 

well as level of AGEs, fructosamine and pro-inflammatory cytokine with diabetic 

nephropathy. We have identified presence or absence of these three SNPs in 18 healthy, 24 

diabetic and 15 diabetic nephropathy subjects by PCR-RFLP technique. Plasma fructosamine 

levels were significantly elevated in diabetic nephropathy subjects. Glycated albumin was 

also elevated in diabetic nephropathy subjects although it was non-significant difference. 

Quantification of sRAGE and IL-6 levels as well as AGEs and SNP information collected so 

far will be used for studying their association with diabetic nephropathy.  
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ABSTRACT: Diabetic nephropathy is a leading cause of end-
stage renal disease. Hence, early detection of diabetic nephropathy
is essential to mitigate the disease burden. Microalbuminuria, the
currently used diagnostic marker of diabetic nephropathy, is not
efficient in detecting it at an early stage. Therefore, we explored the
utility of glycated human serum albumin (HSA) peptides for risk
prediction of diabetic nephropathy. Three glycation-sensitive HSA
peptides, namely, FKDLGEENFK, KQTALVELVK, and
KVPQVSTPTLVEVSR, with deoxyfructosyllysine (DFL) mod-
ification were quantified by targeted mass spectrometry (MS) in a
study population comprising healthy and type II diabetes subjects
with and without nephropathy. Mass spectrometry, receiver
operating characteristic (ROC) curve, and correlation analysis
revealed that the DFL-modified KQTALVELVK peptide was better than other glycated HSA peptides and HbA1c for identifying
diabetic nephropathy. DFL-modified KQTALVELVK could be a potential marker for risk prediction of diabetic nephropathy.

■ INTRODUCTION
Diabetic nephropathy is one of the major complications that
affects about 20−40% of patients with diabetes. Due to
glomerular damage, diabetic nephropathy patients have a
progressive decrease in the glomerular filtration rate.1 In
diabetic nephropathy, there is an accumulation of nitrogenous
waste in the blood, such as urea nitrogen and creatinine,1,2 and
increased excretion of blood proteins in the urine.3 The
diagnosis of diabetic nephropathy is typically based on the
measurement of albumin concentration in the urine. The first
clinical sign of diabetic nephropathy is microalbuminuria,
which is detected by urinary albumin excretion of 30−299 mg
in 24 h urine collection or 30−299 μg of albumin/mg
creatinine in a spot urine sample.4 The development and
progression of diabetic nephropathy involve different stages.5,6

Since the initial stages of diabetic nephropathy, before the
development of microalbuminuria, are subclinical, there is a
risk of developing diabetic nephropathy even when the urinary
albumin concentration is within the normal range. Thus, it is
crucial to detect diabetic nephropathy early to take timely
preventive measures, but the currently used diagnostic markers
may not be sensitive enough to detect diabetic nephropathy at
an early stage. Therefore, there is an urgent need of a marker to
predict the risk of diabetic nephropathy development.
Increased glycation is known to promote the development of

several complications in patients with diabetes, including
diabetic nephropathy. Several studies have evaluated the ability

of well-established glycemic markers like glycated hemoglobin
(HbA1c) and other markers, such as glycated albumin, to
predict diabetic nephropathy.1,7−10 Due to the causal link of
glycation with diabetic complications,1 glycated proteins could
be useful markers for risk prediction of diabetic nephropathy.
HbA1c and glycated albumin have been evaluated for their
association with the progression of diabetic nephropathy.7,11 In
a longitudinal study involving 449 patients with type II
diabetes, glycated albumin levels were found to be better
predictors of diabetic nephropathy development than HbA1c
levels.8 In another longitudinal study conducted on 154
participants, glycated albumin could predict the progression of
diabetic nephropathy, but HbA1c could not.12 Similarly,
another study reported superior performance of glycated
albumin over HbA1c for the prediction of diabetic nephrop-
athy.9 Therefore, it is worth evaluating the diabetic
nephropathy risk prediction performance of glycated albumin.
Human serum albumin (HSA) has a half-life of 19 days;13

hence, it represents a short-term glycemic status. HSA is
directly exposed to reducing sugars in plasma, and it is the
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most abundant plasma protein containing 59 lysine and 24
arginine residues, many of which can be glycated.14 Therefore,
glycated albumin represents a large share of glycated plasma
proteins, and measuring glycated albumin could be more
sensitive than other glycated plasma proteins.
Glycated albumin has been increasingly investigated in

recent years for its role in the pathogenesis of diabetic
complications, as well as for its prediction.1,11,15 Several reports
have found an association between glycated albumin and
diabetic nephropathy.1,9,11,12 However, most of the reports on
the association of albumin glycation and diabetic nephropathy
have focused on the quantification of total glycated albumin,
but it has been reported previously that the lysine residues of
albumin vary in their glycation sensitivity.16−18 Therefore,
quantifying glycation-sensitive peptides rather than overall
glycated HSA can make the analysis more sensitive. Mass
spectrometry is being increasingly used for the discovery and
quantification of disease biomarkers.19 Mass spectrometry is
the best tool to characterize and quantify glycated peptides by
bottom-up proteomics. It offers great sensitivity and resolution
to measure the level of peptides and proteins accurately. In this
context, targeted mass spectrometry-based approaches, such as
high-resolution multiple reaction monitoring (MRM-HR),
offer accurate and sensitive quantification of target peptides
with the ease of the mass spectrometry acquisition method
setup. Herein, we selected three glycation-sensitive HSA
peptides, namely FKDLGEENFK, KQTALVELVK, and
KVPQVSTPTLVEVSR, corresponding to sites K36, K549,
and K438, respectively, based on previous literatures;16,18,20−23

quantified these peptides in unmodified and DFL-modified
form by MRM-HR approach in a study group comprising
healthy and type II diabetes subjects with and without
nephropathy; and evaluated if these glycated peptides can be
good predictors for diabetic nephropathy.

■ MATERIALS AND METHODS
Materials. All chemicals, including ammonium bicarbonate,

dithiothreitol, iodoacetamide, formic acid, and proteomics
grade trypsin, were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Bradford reagent was purchased from Bio-Rad
Laboratories Inc. (Hercules, CA, USA). LC-MS grade water
and acetonitrile (ACN) were purchased from JT Baker (PA,
USA). Sep-Pak C18 cartridges were purchased from Waters
(Waters Corporation, MA, USA). Eksigent micro-LC column
(ChromXP C18, 100 × 0.3 mm, 3 μM, 120 Å) was procured
from Sciex (Framingham, MA, USA).
Study Design. This cross-sectional study was designed to

assess three glycated HSA peptides as a marker for the risk
prediction of diabetic nephropathy. Peripheral blood samples
from healthy, type II diabetes subjects without nephropathy
(DM) and type II diabetes subjects with nephropathy (DN)
were collected, and the plasma was separated. Plasma samples
were digested by trypsin, and the tryptic peptides were
analyzed by targeted mass spectrometry for the quantification
of deoxyfructosyllysine (DFL)-modified HSA peptides,
namely, FKDLGEENFK, KQTALVELVK, and KVPQVST-
PTLVEVSR. Statistical analysis was performed to check if
these glycated peptides were significantly elevated in DM and
DN groups. Also, ROC curve analysis was performed to
compare the accuracy of these glycated peptides in differ-
entiating between healthy, DM, and DN groups.
Subjects. Five mL blood samples were collected from 25

healthy, 25 DM, and 25 DN subjects in EDTA-coated

vacutainers. Subjects without a history of known diabetes
having HbA1c < 5.7% were categorized as healthy, while those
having HbA1c ≥ 6.5% and spot urine microalbumin <2 mg/dl
were categorized as type II diabetes subjects without
nephropathy. Subjects with HbA1c ≥ 6.5% and spot urine
microalbumin ≥2 mg/dl were grouped as subjects with
diabetic nephropathy. Subjects with chronic disease, inflam-
mation, thyroid disorder, cardiovascular disease, and pregnancy
were excluded from the study. Written informed consent was
obtained from all the study participants before blood sample
collection, and the study was performed in accordance with the
principles of the Declaration of Helsinki. The study was
approved by the institute ethics committee of Chellaram
Diabetes Institute, Pune. Clinical characteristics of the subjects,
such as fasting blood glucose (FBG) level, 2 h postprandial
blood glucose (PPBG) level, HbA1c, total cholesterol,
triglycerides, HDL, LDL, VLDL, serum creatinine, serum
albumin, and urine microalbumin were measured. Blood
samples were centrifuged at 1000 rpm at 4 °C for 15 min to
separate plasma from erythrocytes. Plasma in the supernatant
was collected in a fresh collection tube and centrifuged again at
14000 rpm at 4 °C for 20 min to separate out cellular
contaminants and debris. The clear plasma was collected and
stored at minus 80 °C until further analysis.
Sample Preparation for MS Analysis. Plasma protein

concentration was estimated by Bradford’s method. 50 μg of
the protein from each sample was diluted with 50 mM
ammonium bicarbonate buffer (pH 8.0) to get the final protein
concentration of 1 mg/mL in 50 μL reaction volume and was
heated at 80 °C for 15 min to denature proteins. 2.5 μL of 100
mM dithiothreitol was added to the solution and heated at 60
°C for 15 min for disulfide bond reduction. Alkylation of the
sulfhydryl group was performed by adding 2.5 μL of 200 mM
iodoacetamide and incubating the solution in the dark at room
temperature for 30 min. Trypsin was added at a 1:25 (w/w)
trypsin to protein ratio, and the digestion was performed for 16
h at 37 °C. Trypsin action was stopped by adding 1 μL of
formic acid and incubating at 37 °C for 20 min. The tryptic
peptides were desalted using Sep-Pak C18 cartridges. The
desalted tryptic peptide solution was dried by vacuum
concentrator and stored at minus 80 °C until reconstitution
for MS analysis.
Liquid Chromatography−Mass Spectrometry (LC-MS)

Analysis. HSA peptides were reconstituted in 2% ACN with
0.1% formic acid. The peptide concentration was estimated by
NanoDrop 2000 spectrophotometer (Thermo Scientific) at
205 nm, and 0.6 μg of peptides were loaded onto Eksigent
C18-RP HPLC column (length 100 mm, ID 0.3 mm, particle
size 3 μm, pore size 120 Å) using an Eksigent Ekspert
MicroLC 200 system (Sciex, Framingham, MA, USA) which
was connected to Triple TOF 5600 mass spectrometer (Sciex).
The column temperature was maintained at 40 °C. Peptides
were separated using a mixture of mobile phase A (water with
0.1% formic acid) and mobile phase B (ACN with 0.1% formic
acid) at a flow rate of 7 μL/min and two linear LC gradient
segments, i.e., 2 to 20% mobile phase B for 20 min followed by
20 to 40% mobile phase B for 14 min, were used. MRM-HR
approach was used for the data acquisition. The m/z values of
the unmodified and DFL-modified HSA peptides
FKDLGEENFK, KQTALVELVK, and KVPQVSTPTLVEVSR
and their corresponding collision energies were specified in the
acquisition method (Table S1) with a collision energy spread
as 10 eV. The ESI source was maintained at a temperature of
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200 °C and a voltage of 5500 V. Nebulizer gas, heater gas, and
curtain gas were set at 25 psi each. Declustering potential was
set to 80 V. Accumulation time was set to 0.25 s for the TOF
MS scan over the mass range of 350−1250 Da and 0.6 s for the
fragment ion scan over the mass range of 100−1200 Da.
Data Analysis. The MS data generated were analyzed

using Skyline version 22.2.0.255 (MacCoss Lab, University of
Washington, WA, USA). The proteolytic enzyme was specified
as trypsin, with one missed cleavage. Carbamidomethylation at
cysteine (57.021464 Da) was specified as fixed modification,
whereas DFL modification at lysine (162.052795 Da) was
specified as variable modification. Target HSA peptides for
quantification were specified as FKDLGEENFK, KQTAL-
VELVK, and KVPQVSTPTVEVSR. The resolution was
specified as 30000. Skyline-generated theoretical precursor
and fragment ion masses based on the specified parameters
served as the spectral library for precursor quantification. The
retention times of the peptides were manually corrected

wherever necessary. High-intensity b and y fragment ions of
each precursor detected in all samples were selected, and their
areas under curve (AUC) were integrated to calculate the AUC
of the respective precursor. The AUC of DFL-modified
peptides was normalized with the AUC of corresponding
unmodified peptides to quantify the respective glycated
peptides in each sample.
Statistical Analysis. One-way analysis of variance

(ANOVA) followed by a post hoc Tukey’s test was performed
to compare the glycated HSA peptide level among different
subject groups. Correlation analysis of DFL-modified peptides
with all the recorded clinical parameters was performed using
Pearson’s correlation method. The ROC curve analysis was
performed using MedCalc version 20.0.1 (MedCalc Software
Ltd., Ostend, Belgium) to assess and compare the accuracy of
glycated HSA peptides as a marker to detect diabetic
nephropathy. p-values less than 0.05 were considered statisti-
cally significant.

Table 1. Details of Precursor Ions and Their Corresponding Fragment Ions Used for Quantification

Modification
site Peptide

Precursor
m/z

Precursor
charge state Fragment ions used for precursor quantification (m/z)

K36 FKDLGEENFK 613.8062 2 y6+ (723.3308), y7+ (836.4149), y8+ (951.4418), y9+2 (540.272),
b2+ (276.1707), b3+ (391.1976), b8+ (933.4312)

K36 FK(DFL)DLGEENFK 694.8326 2 y2+ (294.1812), y6+ (723.3308), y7+ (836.4149), y8+ (951.4418), b3+
(553.2504), b4+ (666.3345), b5+ (723.3559)

K549 KQTALVELVK 564.853 2 y4+ (488.3079), y7+ (771.4975), y8+ (872.5451), y9+ (1000.6037), b7+
(770.4407), b8+ (883.5247), b9+ (982.5932)

K549 K(DFL)QTALVELVK 645.8794 2 y2+ (246.1812), y7+ (771.4975), y8+ (872.5451), y9+ (1000.6037), b6+
(803.4509), b7+ (932.4935), b8+2 (523.2924)

K438 KVPQVSTPTLVEVSR 547.3174 3 y4+ (490.262), y5+ (589.3304), y6+ (702.4145), y8+ (900.5149), b7+ (740.4301),
b9+ (938.5306), b10+ (1051.6146)

K438 K(DFL)VPQVSTPTLVEVSR 601.335 3 y5+ (589.3304), y6+ (702.4145), y7+ (803.4621), y8+ (900.5149), b4+
(615.3348), b5+ (714.4032), b7+ (902.4829)

Figure 1. Representative DFL-modified peptide chromatograms and their quantification in healthy, type II diabetes without nephropathy (DM)
and diabetic nephropathy (DN) groups. Chromatogram showing coeluting fragment ion peaks of FK(DFL)DLGEENFK (A); DM group showed
an increased normalized AUC of FK(DFL)DLGEENFK than the healthy group. DN group had significantly elevated normalized AUC of FK(DFL)
DLGEENFK compared to the healthy and DM group (B); Chromatogram showing coeluting fragment ion peaks of K(DFL)QTALVELVK (C);
DM group had an increased normalized AUC of K(DFL)QTALVELVK than the healthy group. DN group had significantly elevated normalized
AUC of K(DFL)QTALVELVK compared to the healthy and DM group (D); Chromatogram showing coeluting fragment ion peaks of K(DFL)
VPQVSTPTLVEVSR (E); DM and DN groups had significantly elevated normalized K(DFL)VPQVSTPTLVEVSR compared to the healthy
group, but there was no difference in its level between DM and DN group (F); DM group had significantly elevated HbA1c compared to the healthy
group, whereas the DN group had elevated HbA1c compared to both healthy and DM groups (G). ns: nonsignificant, * p < 0.05, ** p < 0.01, *** p
< 0.001, **** p < 0.0001.
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■ RESULT AND DISCUSSION
Diabetic nephropathy is a major complication of diabetes.
With the increasing prevalence of diabetes, the burden of
diabetic nephropathy will also increase in parallel. At the last
stage of diabetic nephropathy, known as end-stage renal
disease, patients must undergo dialysis or renal transplant.24

Therefore, it is vital to predict and detect diabetic nephropathy
early to resort to early preventive and therapeutic measures to
delay or stop the progression to end-stage renal disease.
However, it has been reported that the currently used markers,
based on urinary albumin concentration measurement, are not
efficient in detecting diabetic nephropathy at early stages; and
it can be detected only when there is increased albumin
excretion in urine, a condition called microalbuminuria. At this
stage, the kidneys are already damaged.5 Hence, there is an
urgent need of a marker for predicting diabetic nephropathy.
Plasma proteins with different half-lives can reflect the

glycemic status of varying periods.16 Among these, there has
been a growing interest in glycated albumin as a marker for
monitoring glycemic status and predicting diabetic complica-
tions.1,11,15 Glycated albumin has several advantages as a
marker. Being the most abundant plasma protein with many
glycation-sensitive lysine and arginine residues directly exposed
to plasma, HSA is prone to extensive glycation.14 It has a half-
life of 19 days, which is sufficient for glycation reactions.
Therefore, glycated albumin could be a potential candidate
marker for the risk prediction of diabetic nephropathy. Also,
since different lysine and arginine residues of albumin have
different propensities for glycation,18,25 measuring the
glycation on glycation-sensitive residues can be more sensitive
for diabetic nephropathy prediction instead of measuring total
glycation on albumin. In this context, we evaluated the level of
glycation of the three glycation-sensitive HSA peptides,
namely, FKDLGEENFK, KQTALVELVK, and KVPQVST-
PTLVEVSR, in healthy, type II diabetes and diabetic
nephropathy subjects using a targeted mass spectrometry
approach, MRM-HR, to assess the utility of glycated HSA
peptides as marker for risk prediction of diabetic nephropathy.
The site of glycation-sensitive lysine residues in HSA

focused in this study, m/z values of glycated HSA peptides,
and their corresponding unmodified peptides are shown in
Table 1. The DFL-modified peptides are characterized by a
mass increase of 162 Da. The MS output data were analyzed
using Skyline. Representative chromatograms depicting coelut-
ing fragment ions of DFL-modified HSA peptides are shown in
Figure 1. Fragment ions present in all samples with good
intensity were used for precursor quantification (Table 1). The
b ions bearing DFL modification were considered as qualifier

ions for glycation. The precursor AUC was derived by
integrating the AUC of selected fragment ions, and the DFL-
modified precursor AUC was normalized with the respective
unglycated precursor AUC. The normalized AUC of DFL-
modified HSA peptides and HbA1c were compared between
healthy, DM, and DN groups (Figure 1).
An increase in DFL modification of HSA peptides was

observed from healthy to type II diabetes and further to
diabetic nephropathy condition. DM group had significantly
elevated levels of FK(DFL)DLGEENFK, K(DFL)QTAL-
VELVK, and K(DFL)VPQVSTPTLVEVSR compared to the
healthy group. Similarly, the level of FK(DFL)DLGEENFK,
and K(DFL)QTALVELVK was elevated in the DN group
compared to the healthy and DM group. However, the DN
group showed a significantly elevated level of K(DFL)
VPQVSTPTLVEVSR compared to the healthy group but not
when compared to the DM group. Thus, all three DFL-
modified HSA peptides, namely, FK(DFL)DLGEENFK,
K(DFL)QTALVELVK, and K(DFL)VPQVSTPTLVEVSR,
were able to differentiate between healthy and type II diabetes
subjects. However, for diabetic nephropathy detection, only
FK(DFL)DLGEENFK and K(DFL)QTALVELVK were use-
ful. K(DFL)QTALVELVK levels showed a relatively higher
statistically significant difference (p < 0.0001) between DM
and DN groups than FK(DFL)DLGEENFK (p = 0.0006).
Although HbA1c also could differentiate between DM and DN
groups, it had a lesser statistically significant difference (p =
0.0163) than that observed with FK(DFL)DLGEENFK and
K(DFL)QTALVELVK for detecting diabetic nephropathy.
This was also evident when the increase in DFL modification
of HSA peptides in DM and DN groups compared to the
healthy group was represented in terms of fold change and
compared to that of HbA1c (Figure 2). While HbA1c showed
only a 1.69 fold increase in the DN group, FK(DFL)
DLGEENFK and K(DFL)QTALVELVK were increased by
1.93 and 1.94 fold, respectively, in the DN group compared to
healthy subjects. This finding indicates that FK(DFL)DLG-
EENFK and K(DFL)QTALVELVK are more sensitive than
HbA1c and may better predict diabetic nephropathy risk. The
higher DFL modification of HSA peptides in the DN group
could be attributed to the faster DFL modification of albumin
than hemoglobin.1 Also, since albumin has a short half-life than
hemoglobin, glycated albumin can reflect glycemic changes
faster than HbA1c.

9 Therefore, DFL-modified HSA peptides
may detect diabetic nephropathy sensitively and earlier than
HbA1c. Thus, the faster increase in DFL modification of
albumin compared to hemoglobin translates into higher

Figure 2. Fold-change in DFL-modified HSA peptide levels and HbA1c in different subject groups. Compared to the healthy group, an increase in
the level of FK(DFL)DLGEENFK (A), K(DFL)QTALVELVK (B), K(DFL)VPQVSTPTLVEVSR (C), and HbA1c (D) was observed in both DM
and DN groups.
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glycated albumin to HbA1c ratio observed in diabetic
nephropathy.9

Glycated albumin has previously been assessed for the risk
prediction of diabetic nephropathy and has been compared
with HbA1c.

1,11,15 Our results are in agreement with the earlier
reports that glycated albumin predicts early diabetic nephrop-
athy development than HbA1c.

8,9 This can be explained by the
fact that the glycation of albumin changes faster than glycated
hemoglobin in response to the serum glycemic index, i.e.,
albumin is more sensitive to glycation than hemoglobin.26,27

Different plasma proteins get glycated to different extents,16,17

and the degree of glycation increases with the increase in
glycemia.28 Glycated albumin level also increases with the
severity of diabetes.10 Thus, being the most abundant plasma
protein with a large number of lysine and arginine residues, the
DFL-albumin accumulates in patients with diabetes and later
promotes the development of diabetic complications, such as
diabetic nephropathy.1 While previous studies mostly
quantified total albumin glycation using an enzymatic assay,
quantification of glycation-sensitive HSA peptides by mass
spectrometry could be more sensitive.
ROC curve analysis was performed to assess the diabetic

nephropathy detection accuracy of glycated HSA peptides
FK(DFL)DLGEENFK, K(DFL)QTALVELVK, and K(DFL)
VPQVSTPTLVEVSR, and compared to that of HbA1c (Figure
3). The sensitivity, specificity, and AUC of these peptides and

HbA1c are summarized in Table 2. The ROC plot for K(DFL)
VPQVSTPTLVEVSR indicated that it was not useful as a
marker for diabetic nephropathy detection (p = 0.6256).
Among the other two DFL-modified peptides, the area under
the ROC curve of K(DFL)QTALVELVK was more (AUC:
0.81, 95%CI: 0.674−0.907) than that of FK(DFL)DL-
GEENFK (AUC: 0.752, 95%CI: 0.610−0.863) for diabetic
nephropathy detection. However, the difference between the
AUCs of K(DFL)QTALVELVK and FK(DFL)DLGEENFK
was insignificant (Table S2). Similarly, the AUC of the ROC
curve for both FK(DFL)DLGEENFK and K(DFL)QT-
ALVELVK was more than that of HbA1c, though not
statistically significant. Thus, among the three DFL-modified
HSA peptides, K(DFL)QTALVELVK and FK(DFL)DL-
GEENFK could be useful markers for predicting diabetic
nephropathy.
Pearson’s correlation analysis was performed to check for the

association of DFL-modified HSA peptides and HbA1c with
clinical parameters, especially with diabetic nephropathy-
associated parameters, i.e., urine microalbumin and serum
creatinine (Table 3). FK(DFL)DLGEENFK, K(DFL)QT-
ALVELVK, and K(DFL)VPQVSTPTLVEVSR showed a
strong positive correlation with fasting and postprandial
blood glucose level and HbA1c. Urine microalbumin represents
the extent of urinary albumin excretion, a parameter used in
diabetic nephropathy diagnosis. K(DFL)QTALVELVK
showed a stronger positive correlation with urine micro-
albumin (r = 0.429***) than FK(DFL)DLGEENFK (r =
0.333**) and HbA1c (r = 0.351**), while all these three
markers showed a negative correlation with serum albumin.
Only K(DFL)QTALVELVK showed a significant positive
correlation with serum creatinine (r = 0.326**), a nitrogenous
waste elevated in diabetic nephropathy. K(DFL)VPQV-
STPTLVEVSR was not associated with urine microalbumin
or serum creatinine levels. Therefore, K(DFL)QTALVELVK
showed the best association with diabetic nephropathy-
associated markers.
Thus, based on mass spectrometry, ROC curve, and

correlation analysis, it can be concluded that K(DFL)
QTALVELVK could be a better risk prediction marker for
diabetic nephropathy, followed by FK(DFL)DLGEENFK and
HbA1c.

■ CONCLUSION
Currently, there are no markers in clinical practice that can
detect diabetic nephropathy at very early stages. Therefore, in
the search for a potential marker, we evaluated the glycated
HSA peptides for the risk prediction of diabetic nephropathy.
K(DFL)QTALVELVK and FK(DFL)DLGEENFK could
detect diabetic nephropathy better than HbA1c. K(DFL)
QTALVELVK was better correlated with diabetic nephrop-

Figure 3. ROC curve analysis for DFL-modified HSA peptides and
HbA1c in the detection of diabetic nephropathy.

Table 2. Summary of ROC Curve Analysis for Assessing the Accuracy of DFL-Modified HSA Peptides and HbA1c for Detecting
Diabetic Nephropathy

DM vs DN

Peptide Sensitivity Specificity p-value AUC (95% CI)

FK(DFL)DLGEENFK 92 52 0.0002** 0.752 (0.610−0.863)
K(DFL)QTALVELVK 84 72 <0.0001*** 0.81 (0.674−0.907)
K(DFL)VPQVSTPTLVEVSR 36 92 0.6256 0.542 (0.396−0.684)
HbA1c 82 52 0.0101* 0.696 (0.550−0.818)

*p < 0.05. **p < 0.001. ***p < 0.0001
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athy-associated clinical parameters, i.e., serum creatinine and
urine microalbumin, than FK(DFL)DLGEENFK. Absolute
quantification and determining the range and cutoff value in a
large cohort would help in developing K(DFL)QTALVELVK
peptide as a risk prediction marker for diabetic nephropathy.
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ABSTRACT: The receptor for advanced glycation end products
(RAGE) is a transmembrane protein that interacts with its ligands,
advanced glycation end products (AGEs). AGEs are elevated in
diabetes and diabetic complications, leading to increased oxidative
stress and activation of pro-inflammatory pathways facilitated by
AGE−RAGE signaling. Polymorphisms in the RAGE gene can
potentially affect AGE−RAGE interaction and its downstream
signaling, which plays a crucial role in the progression of diabetes
and its complications. In this study, we used nanopore sequencing
for genotyping of RAGE polymorphism and identified a maximum
number of 33 polymorphisms, including two previously unreported novel mutations in a cohort of healthy, type 2 diabetics without
nephropathy and type 2 diabetics with nephropathy in order to identify associations. Two novel RAGE polymorphisms in the intron
8 and 3′UTR region at genomic locations 32181834 and 32181132, respectively, were detected with a low frequency. For four
previously reported polymorphisms, cross-validation by PCR-RFLP showed 99.75% concordance with nanopore sequencing.
Analysis of genotype distribution and allele frequencies revealed that five single nucleotide polymorphisms, i.e., rs1800625,
rs3131300, rs3134940, rs2070600, and rs9391855, were associated with an increased risk for type 2 diabetes.

1. INTRODUCTION
Diabetes is a complex metabolic disorder caused by insufficient
insulin secretion, as in type 1 diabetes mellitus, or insulin
resistance, as in type 2 diabetes mellitus. According to the
International Diabetes Federation, 537 million adults world-
wide had diabetes in 2021, which is projected to increase to
783 million by 2045. Chronic hyperglycemic condition in
diabetics promotes the development of several microvascular
and macrovascular complications, such as diabetic retinopathy,
diabetic nephropathy, diabetic neuropathy, and cardiovascular
diseases.1 Among these, diabetic nephropathy is a major
complication of diabetes, and 20−40% of diabetic patients
develop diabetic nephropathy in their lifetime.2,3 It is a leading
cause of end-stage renal disease.4

Several etiological factors, including lifestyle, genetics,
environment, and ethnicity, are among the major factors
responsible for the development of diabetes and its
complications.5−7 Among these, genetic factors are responsible
for differential susceptibility to the progression of diabetes and
its complications. Differential expression and polymorphism in
several genes have been reported to be associated with diabetes
and its complications, such as PPARG, IRS-1, IRS-2, IL-1β,
SLC2A2, PI3KR1, VEGF, ELMO1, ADIPOQ, and RAGE.8−12

The RAGE gene is highly polymorphic, and RAGE poly-
morphisms are among the most investigated for their
association with numerous diseases.11 The RAGE gene

encodes for a protein called receptor for advanced glycation
end products. It is a membrane-bound multiligand receptor
belonging to the immunoglobulin superfamily. It consists of an
extracellular variable domain, two extracellular constant
domains, one transmembrane domain, and one cytosolic
domain. RAGE binds to AGEs, and this AGE−RAGE
interaction activates the nuclear transcription factor NF-κB,
which increases cytokine production, oxidative stress, and
inflammation and contributes to the pathogenesis of diabetes
and its complications.1,13,14

The involvement of RAGE in diabetes and diabetic
nephropathy has been well established.11 The single nucleotide
polymorphisms (SNPs) present in the exonic regions of the
RAGE gene can cause non-synonymous replacement of the
amino acids that can alter the RAGE structure.15 Alteration in
the RAGE structure can potentially affect its binding with its
ligands and downstream signaling. Also, SNPs present in the
promoter region of RAGE can affect the transcriptional activity
of RAGE, hence affecting its expression.16 Although SNPs in
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the intron region may not directly affect the RAGE structure,
they might affect the splicing of RAGE mRNA, leading to the
expression of different RAGE isoforms.11 The sequences for 13
different splice variants of RAGE have been reported and are
available in GenBank (ncbi.nlm.nih.gov/genbank, Oct 2022).

Polymerase chain reaction-restriction fragment length poly-
morphism (PCR-RFLP) is routinely used for SNP detection.
However, it is not a high-throughput method as it detects only
one SNP at a time and is time-consuming.17 Moreover, by
PCR-RFLP, one can interrogate only previously reported
mutations. On the other hand, DNA sequencing facilitates the
identification of all variations associated with the locus of
interest. Oxford Nanopore Technology (ONT) (nanopor-
etech.com) based DNA sequencing is a third-generation
nucleic acid sequencing technology that has recently gained
attention for rapid and high-throughput sequencing of DNA
and RNA. The ONT approach generates long-read sequences
with high accuracy and is increasingly used for high-
throughput de novo sequencing and SNP detection.18−20

Several studies have reported the association of RAGE
polymorphisms with the risk of diabetes and its complica-
tions;11 however, the reported findings are often contradictory
and may have missed many mutations due to reliance on
techniques such as PCR-RFLP. In this study, nanopore
sequencing of the RAGE gene was performed to detect all
RAGE polymorphisms (known and novel) in a cohort
population from Pune, India, and to evaluate the possibility
of establishing this technique as a robust and routine
diagnostic method for SNP detection. To compare and
cross-validate the findings from nanopore sequencing, we
used the PCR-RFLP method to interrogate the four most
commonly reported SNPs of the RAGE gene, i.e., rs3134940,
rs1800624, rs1800625, and rs2070600 from the samples.
Statistical analyses were performed to check for the association
of detected RAGE SNPs with type 2 diabetes and diabetic
nephropathy. Further, we quantified diabetes-associated
biochemical markers, such as fasting blood glucose (FBG)
and HbA1c (glycated hemoglobin). We also measured plasma
fructosamine, glycated albumin, an inflammatory cytokine, i.e.,
tumor necrosis factor-α (TNF-α), malondialdehyde (MDA),
fasting insulin, homeostatic model assessment for insulin
resistance (HOMA-IR), and C-reactive protein (CRP). Finally,
we assessed these clinical and biochemical parameters for their
association with type 2 diabetes-associated RAGE SNPs. Since
diabetes and its complications remain asymptomatic until the
appearance of the first symptoms or diagnosis,2,21 it is crucial
to detect them early to reverse, stop, or regress the progression
of diabetes and its complications. Any association of SNPs with
the risk of diabetes or diabetic nephropathy development can
serve as a disease risk biomarker, enabling the screening of
individuals vulnerable to disease development at a much earlier
stage for early preventive measures.

2. MATERIALS AND METHODS
2.1. Study Design. We designed a case−control study to

check for the association of RAGE SNPs with type 2 diabetes.
A few of the diabetic subjects had diabetic nephropathy, and
hence RAGE SNPs were also evaluated for their association
with diabetic nephropathy. DNA was extracted from the blood
samples of healthy, type 2 diabetics without nephropathy
(DM) and type 2 diabetics with nephropathy (DN). The full-
length RAGE gene was PCR amplified from each sample, and
the amplicons were sequenced by ONT for the purpose of

identifying all genetic variations associated with the gene (such
as SNPs and in-dels). This approach enabled us to determine
the genotype and allele frequencies of the detected RAGE
SNPs in each subject group and the possibility of detecting any
novel polymorphisms in the RAGE gene in our cohort group.
Appropriate statistical analyses were performed to determine
the association of specific genotypes and alleles with type 2
diabetes and diabetic nephropathy. Four previously reported
SNPs (rs3134940, rs1800624, rs1800625, and rs2070600),
which were also detected by nanopore sequencing in the
samples used in this study, were cross-validated by the PCR-
RFLP method in all of the samples. To assess the effect of type
2 diabetes-associated SNPs, the levels of diabetes-associated
biochemical markers such as FBG, HbA1c, fructosamine,
glycated albumin, TNF-α, MDA, fasting insulin, HOMA-IR,
and CRP were compared between the wild-type and carrier
genotype subjects.
2.2. Subjects. A total of 128 subjects who were confirmed

as type 2 diabetic, with or without diabetic nephropathy, and
71 unrelated healthy subjects were recruited in this cross-
sectional study at Bharati Vidyapeeth (DTU) Medical College,
Pune, India. Subjects having FBG ≥126 mg/dL were
diagnosed as type 2 diabetic based on the 2003 American
Diabetes Association diagnostic criteria for diabetes.22 Type 2
diabetic subjects were further divided into two subgroups, i.e.,
without diabetic nephropathy (n = 86), having a urinary-
albumin-to-creatinine ratio <30 mg/g, and with diabetic
nephropathy (n = 42), having a urinary-albumin-to-creatinine
ratio ≥30 mg/g. Type 2 diabetic subjects with diabetic
complications other than diabetic nephropathy, type 1 diabetic
subjects, pregnant women, subjects with angina or heart failure,
and patients suffering from severe concurrent illness were
excluded from the study. This study was approved by the
ethics committee of Bharati Vidyapeeth (DTU) Medical
College, Pune, and each participant gave written informed
consent before participating.
2.3. Biochemical Analysis. Clinical and biochemical

parameters such as age, sex, FBG, HbA1c, blood urea, serum
creatinine, cholesterol, triglyceride, high-density lipoprotein
(HDL), fasting insulin, and CRP were measured for each
participating subject at Bharati Vidyapeeth (DTU) Medical
College, Pune. Besides these parameters, the plasma
concentration of total protein (estimated by Bradford’s
method), fructosamine (using the fructosamine assay kit
from Abbexa Ltd, Cambridge, UK), albumin (using
bromocresol green albumin assay kit MAK124 from Sigma-
Aldrich), glycated albumin (using the Human glycated
albumin ELISA kit, CSB-E09599h, Cusabio, China), and
MDA (using lipid peroxidation assay kit from Sigma-Aldrich),
were determined. The plasma fructosamine concentration was
normalized to total plasma protein concentration and was
expressed as μM/g of plasma protein. To determine the plasma
glycated albumin concentration, a four-parameter logistic
regression curve was plotted using the web tool GainData
ELISA data calculator (Arigo Biolaboratories, Hsinchu City
300, Taiwan). Glycated albumin concentration was normalized
with respective plasma albumin concentrations and expressed
in μM/g of albumin. HOMA-IR was calculated based on the
following formula.23

HOMA IR fasting glucose (mmol/L) fasting insulin

(mIU/L) / 22.5

= [ ×

]
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2.4. Nanopore DNA Sequencing of RAGE Gene.
2.4.1. DNA Isolation from Blood and PCR Amplification of
RAGE Gene. The genomic DNA was extracted from whole
blood collected from subjects enrolled in the study using a
DNA isolation kit (Qiagen, Hilden, Germany) and used as
template DNA to amplify the RAGE gene. The nucleotide
sequence of the RAGE gene was retrieved from NCBI with
gene ID-177 (Oct 2022). Forward and reverse primers were
designed such that the complete RAGE gene could be
amplified along with the promoter region and 5′UTR and
3′UTR regions. The nucleotide sequence of the forward
primer was 5′-GGGCAGTTCTCTCCTCACTT-3′ and that
of the reverse primer was 5′-GCAAAGTTCCCTCT-
GACTCTTCC-3′. All PCR amplifications were performed in
25 μL reaction volume using the LongAmp Taq 2X master mix
PCR reactions (New England BioLabs Inc, Ipswich, MA, USA)
with the addition of 25 ng of genomic DNA as a template and
0.2 μmol/L of each primer. The PCR reactions were run on a
Veriti 96-well thermal cycler (Applied Biosystems, Foster City,
California, USA) using the following protocol: initial heating of
the reaction mixture at 95 °C for 10 min, followed by 35 cycles
of denaturation at 95 °C for 30 s, primer annealing at 61 °C for
30 s, and extension at 65 °C for 5 min. The final extension was
done at 65 °C for 10 min, after which the reaction mixture was
cooled to 4 °C.

2.4.2. Oxford Nanopore DNA Sequencing Library
Preparation. For sequencing the DNA amplicons, the
sequencing library was prepared using the Oxford Nanopore
Technologies Ligation Sequencing (SQK-LSK109) and Native
Barcoding (EXP-NBD196) Kits. The RAGE amplicons were
first purified using 1X AMPure XP beads (Beckman Coulter,
USA), and the DNA concentration was measured using Qubit
dsDNA BR Assay Kit (Invitrogen, USA) on a Qubit 2.0
fluorometer (Invitrogen, USA). A total of 200 fmol of each
amplicon, i.e., 517 ng, was taken forward for the end-repair
step, where the 3′ end was A-tailed using NEBNext Ultra II
End Prep Enzyme Mix (New England BioLabs Inc, USA). The
reaction mixture was incubated at 20 °C for 10 min, followed
by heating at 65 °C for 10 min. Following the end-repair step,
the amplicons were attached with barcodes available from the
EXP-NBD196 kit (Oxford Nanopore Technologies, UK) using
the 1X Blunt/TA ligase reaction (New England BioLabs Inc,
USA). The reaction mixture was incubated at RT for 20 min,
followed by heating at 65 °C for 10 min to denature the
enzyme and stop the ligation reaction. The barcoded samples
were kept in ice for 1 min and pooled, and the pooled
barcoded library was purified by using the AMPure XP beads
(0.4X of sample volume) from the SQK-LSK109 kit (Oxford
Nanopore Technologies, UK). The washed library was eluted
in 35 μL nuclease-free water and quantified by the Qubit 2.0
fluorometer. Next, the sequencing adapters were added to the
ends of the barcoded DNA fragments by combining 200 fmol
of the purified library with Adapter Mix II (Oxford Nanopore
Technologies, UK) and Quick T4 ligase (New England
BioLabs Inc, USA) and incubating this reaction mixture for
30 min at room temperature. The adapter-ligated library was
purified using 1X AMPure XP beads according to the
manufacturer’s instructions and eluted in 15 μL elution buffer
available from the SQK-LSK109 kit (Oxford Nanopore
Technologies, UK). The final adapter-ligated purified library
(50 fmol) was loaded onto the FLO-MIN106D flow cell, and
sequencing was done on the GridION MK1 sequencer

(Oxford Nanopore Technologies, UK) until at least 200
sequence reads were collected for each barcode.

2.4.3. Analysis of Oxford Nanopore Sequence Reads and
Variant Calling. While sequencing the samples, real-time base
calling and demultiplexing were carried out using the Guppy
v.5.0.14 program, which is part of the MinKNOW v21.05.12
operating software (Oxford Nanopore Technologies, UK),
which runs the GridION sequencer. The super-accurate base
calling model was selected for base calling, and demultiplexing
was performed using the “require barcodes at both ends”
option. A bash script was written to perform all the steps
required for further analysis, such as length filtering, variant
calling, and generation of consensus assembly. The bash script
can be accessed through the GitHub link https://github.com/
ajinkyakhilari/ampvar. After the demultiplexing step, the read
length and quality filtering was carried out using the NanoFilt
software v2.5.0.24 Minimap2 v2.2425 was used to align the
length and quality-filtered nanopore reads to the sequence of
full-length human chromosome 6 (where the RAGE gene is
located) downloaded from GenBank (ncbi.nlm.nih.gov/
genome/gdv/browser/gene/?id=7124, Oct 2022). The indi-
vidual aligned reads were sorted according to genomic
coordinates using the SAMtools v1.1426 sort command, and
variant calling was performed on the aligned and sorted reads
using the Nanopolish v0.1327 variant caller with the ploidy set
to 2. Thereafter, de novo assembly and read polish were carried
out using Canu v2.2,28 Racon v1.4.3,29 and Medaka v1.530

programs using their default parameter settings. Variant calling
and annotation were performed using the SnpEff v4.331 from
the Galaxy ToolShed,32 and all RAGE SNPs detected were
analyzed for linkage disequilibrium using the web tool
SNPStats.33

2.5. Genotyping of the RAGE Gene by PCR-RFLP. Four
previously reported SNPs of the RAGE gene (rs3134940,
rs1800624, rs1800625, and rs2070600) were detected by
nanopore sequencing in the samples analyzed in this study, and
these were verified using the PCR-RFLP method. Previously
reported primers were used to amplify the regions of the RAGE
gene containing these SNPs,34−36 except the reverse primer for
rs1800624. The primer sequences used for PCR amplification
and the length of PCR products are summarized in Table 1.

Table 1. PCR-RFLP Primer Pair Used for the Amplification
of a Region Spanning the Polymorphic Site of the RAGE
Gene and the Size of PCR-Amplified Product

SNP primer sequence
PCR product

size (bp)

rs3134940 forward primer: 5′-
TAATTTCCTGCCCCATTCTG-3′

396

reverse primer: 5′-
CATCGCAATCTATGCCTCCT-3′

rs1800624 forward primer: 5′-
GGGGCAGTTCTCTCCTCACT-3′

502

reverse primer: 5′-
CGTCTTGTCACAGGGAATGC-3′

rs1800625 forward primer: 5′-
GGGGCAGTTCTCTCCTCACT-3′

249

reverse primer: 5′-
GGTTCAGGCCAGACTGTTGT-3′

rs2070600 forward primer: 5′-
GTAAGCGGGGCTCCTGTTGCA-3′

397

reverse primer: 5′-
GGCCAAGGCTGGGGTTGAAGG-3′
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All PCR amplifications were performed in 15 μL reaction
volume by adding 10 ng of genomic DNA as a template and
0.3 μmol/L of each primer of primer pair in the master mix for
PCR reactions (New England BioLabs Inc, USA). The PCR
amplification protocol was the same as that used for amplifying
the RAGE gene, except that the primer annealing temperature
was set at 62 °C. The restriction digestion of the PCR
amplicons was carried out using specific restriction enzymes
(New England BioLabs Inc, USA) for each SNP, the details of
which are shown in Table 2. The digested PCR products were
resolved on a 2.5% (w/v) agarose gel, and the DNA bands
were visualized under UV light. The number and size of DNA
bands enabled differentiation between homozygous wild-type,
heterozygous, and homozygous mutant subjects for the
particular SNP, as shown in Table 2.
2.6. Statistical Analysis. All statistical analyses were

performed using GraphPad Prism for Windows version 8.0.2
(GraphPad Software Inc, California, USA) or SPSS version
17.0 (SPSS Inc. Chicago, IL, USA). The clinical characteristics
of the subjects were expressed as mean ± standard deviation
(SD). The clinical characteristics and biochemical parameters
across the groups were compared by one-way analysis of
variance (ANOVA) followed by a post hoc Tukey’s test. An
unpaired Student’s t-test was used to compare the biochemical
parameters between wild-type and carriers (heterozygous and
homozygous mutants). Intergroup genotype and allele
distributions were compared by the Chi-square test, but
Fisher’s exact test was used for comparing genotype and allele

distribution in cases where the number of subjects in any of the
groups being compared was less than five. Logistic regression
analysis was performed to check the association of the RAGE
SNPs with clinical parameters. A p-value <0.05 was considered
statistically significant. The odds ratio (OR) and 95%
confidence interval (CI) were calculated.

3. RESULTS
3.1. Clinical Characteristics of Healthy Control, DM,

DN, and DM + DN Subjects. The clinical characteristics of
all the participating subjects are summarized in Table 3. There
was no significant difference in the age of the participants in
the different groups. The DM, DN, and DM + DN groups had
significantly higher FBG, HbA1c, and triglyceride levels than
the healthy control group. FBG and triglycerides in the DN
group were higher than in the DM group. Cholesterol levels
were higher in the DN and DM + DN groups than in the
healthy group. Blood urea and serum creatinine, which reflect
the nitrogenous waste content in the blood, were significantly
higher in the DN group than in the DM and healthy control
groups. Blood urea and serum creatinine were also higher in
the DM + DN group than in the healthy control group. The
DN and DM + DN groups had higher cholesterol and lower
HDL levels than the healthy group.

Normalized fructosamine concentration, which reflects a
measure of glycation of all plasma proteins, was significantly
elevated in the DM, DN, and DM + DN groups compared to
the healthy control group. Similarly, the normalized glycated

Table 2. Restriction Enzymes Used for SNP Detection by PCR-RFLP, Restriction Sites, and the Size of Restriction Digestion
Products

restriction digestion product size (bp)

SNP
restriction
enzyme restriction site sequence in wild-type allele sequence in mutant allele wild-type mutant

rs3134940 BsmF1 GGGAC (10/14)a GGAAC GGGAC 396 160 + 236 (RS creation)
rs1800624 Mfe1 C/AATTG CAATTG CAAATG 215 + 287 502 (RS deletion)
rs1800625 Alu1 AG/CT AGTT AGCT 249 89 + 160 (RS creation)
rs2070600 Alu1 AG/CT GGCT AGCT 248 + 149 181 + 67 + 149 (RS creation)

aBsmFI cuts 10 nucleotides away from the restriction site in the same DNA strand and 14 nucleotides away in the complementary DNA strand.
The nucleotide at the polymorphic site is represented by bold font. RS: restriction site.

Table 3. Clinical Characteristics of Healthy Control, DM, DN, and DM + DN Subjectsa

clinical characteristics healthy DM DN DM + DN

age (years) 55.77 ± 10.16 56.4 ± 9.58 58.71 ± 11.27 57.16 ± 10.18
sex (male/female) 37/34 43/43 27/15 70/58
FBG (mg/dL) 99.73 ± 8.28 218.9 ± 79.48† 251.5 ± 78.06†,‡ 229.6 ± 80.19†

HbA1c (%) 5.54 ± 0.59 9.15 ± 2.16† 8.52 ± 1.91† 8.94 ± 2.1†

blood urea (mg/dL) 22.93 ± 6.83 24.52 ± 7.85 87.71 ± 28.63†,‡ 45.26 ± 34.54†

serum creatinine (mg/dL) 0.82 ± 0.14 0.88 ± 0.19 4.8 ± 1.99†,‡ 2.17 ± 2.17†

cholesterol (mg/dL) 149.3 ± 35.28 159.7 ± 43.71 177.8 ± 44.24† 165.7 ± 44.54†

triglyceride (mg/dL) 106.3 ± 34.92 138.9 ± 75.99† 187.1 ± 85.05†,‡ 154.7 ± 81.95†

HDL (mg/dL) 42.27 ± 9.18 38.81 ± 12.01 34.68 ± 11.18† 37.45 ± 11.86†

normalized fructosamine (μM/g) 25.86 ± 10.06 (n = 51) 38.26 ± 13.61† (n = 64) 40.66 ± 15.00† (n = 40) 39.19 ± 14.14† (n = 104)
normalized glycated albumin (μM/g) 0.77 ± 0.31 (n = 51) 1.02 ± 0.39† (n = 64) 1.18 ± 0.44† (n = 40) 1.08 ± 0.41† (n = 104)
TNF-α (pg/mL) 16.97 ± 22.00 (n = 26) 18.97 ± 19.83 (n = 22) 37.76 ± 54.28 (n = 28) 29.50 ± 43.36 (n = 50)
MDA (nM/mL) 39.18 ± 28.22 (n = 29) 51.81 ± 33.8 (n = 24) 46.18 ± 31.72 (n = 31) 48.64 ± 32.46 (n = 55)
insulin (μM/mL) 17.38 ± 16.66 (59) 17.69 ± 17.3 (68) 20.19 ± 48.04 (36) 18.55 ± 31.31 (104)
HOMA-IR 4.23 ± 4.12 (59) 8.96 ± 7.68 (68) 14.01 ± 38.27 (36) 10.71 ± 23.28 (104)
CRP (mg/L) 16.33 ± 39.97 (53) 35.37 ± 60.31 (66) 53.15 ± 78.37 (36) 41.65 ± 67.39 (102)

aData are presented as mean ± SD or number of subjects. Number of subjects: healthy, n = 71; DM, n = 86; DN, n = 42; unless otherwise
mentioned, †p < 0.05 vs healthy; ‡p < 0.05 vs DM. HDL: high-density lipoprotein; TNF-α: tumor necrosis factor-α.
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albumin concentration was higher in the DM, DN, and DM +
DN groups than in the healthy control group. However, there
was no significant difference between the DM and DN groups
in normalized fructosamine and normalized glycated albumin
levels. The plasma levels of inflammatory cytokine TNF-α,
MDA, insulin, HOMA-IR, and CRP were not significantly
different between the subject groups.
3.2. PCR Amplification and SNP Detection by Nano-

pore Sequencing of the RAGE Gene. PCR amplification of
the RAGE gene was verified by agarose gel electrophoresis and

confirmed to be in the expected size of ∼4 kb (Figure S1).
From nanopore sequencing of the RAGE gene amplicons, a
total of 33 polymorphisms, including 8 exon variants, 18 intron
variants, 5 upstream variants, 1 3′UTR variant, and 1
downstream variant of the RAGE gene, were detected. During
validation by PCR-RFLP analysis, we observed that there was a
discrepancy in the detection of rs3134940 by nanopore
sequencing for one healthy and one diabetic sample. To
resolve this discrepancy, Sanger sequencing of the amplicons
spanning the mutation was carried out for these two samples

Figure 1. Schematic representation of the RAGE gene depicting the location of the polymorphisms detected. The locations of all the
polymorphisms detected in this study are shown by arrows. Previously reported polymorphisms are shown by black arrows, whereas the two novel
polymorphisms are indicated by green arrows. SNPs associated with type 2 diabetes are shown by red arrows.

Table 4. SNPs Detected in the RAGE Gene, Their Position on Chromosome 6, Location on the Gene, Nucleotide Change, and
Genotype Distribution Among Healthy, DM, DN, and DM + DN Groups

healthy DM DN DM + DN

polymorphism
genomic
position location

wild-type allele/mutated
allele wild-type mutant wild-type mutant wild-type mutant wild-type mutant

rs1800625 32184665 upstream T/C 56 15 55 31 31 11 86 42
rs1800624 32184610 upstream T/A 50 16 64 20 28 11 92 31
rs1554139845 32184580 upstream 63 bp deletiona 66 5 84 2 39 3 123 5
rs118122061 32184479 upstream G/A 70 1 83 3 41 1 124 4
rs143118560 32184478 upstream A/T 71 0 85 1 42 0 127 1
rs1800684 32184217 exon 1 T/A 68 3 83 3 39 3 122 6
rs3131300 32184157 intron 1 T/C 56 15 55 31 31 11 86 42
rs80096349 32183681 exon 3 C/T 70 1 86 0 42 0 128 0
rs2070600 32183666 exon 3 G/A 60 11 61 25 31 11 92 36
rs774609967 32183650 exon 3 C/T 70 1 86 0 42 0 128 0
rs35795092 32183643 exon 3 C/G 68 3 86 0 42 0 128 0
rs2269422 32183517 intron 3 A/G 64 7 78 8 37 5 115 13
rs1035798 32183445 intron 3 C/T 52 19 66 20 31 11 97 31
rs750111750 32182808 intron 6 G/A 71 0 86 0 41 1 127 1
rs372248959 32182728 intron 6 T/C 71 0 84 2 42 0 126 2
rs17846798 32182721 intron 6 C/T 66 5 84 2 39 3 123 5
rs539453209 32182697 exon 7 G/C 70 1 86 0 42 0 128 0
rs184003 32182519 intron 7 G/T 43 28 51 35 25 17 76 52
rs186754929 32182494 intron 7 G/A 70 1 86 0 40 2 126 2
rs204996 32182106 intron 8 G/A 58 13 76 10 36 6 112 16
rs3134940 32182039 intron 8 A/G 56 15 55 31 31 11 86 42
rs9391855 32182024 intron 8 G/A 60 11 61 25 31 11 92 36
rs55640627 32181979 intron 8 G/A 67 4 81 5 41 1 122 6
novel 1 32181834 intron 8 G/A 70 1 86 0 42 0 128 0
rs2853807 32181795 intron 8 C/T 58 13 76 10 36 6 112 16
rs3134941 32181760 intron 8 G/C 56 15 58 28 31 11 89 39
rs748427282 32181673 intron 8 C/T 71 0 85 1 42 0 127 1
rs2071288 32181483 intron 9 G/A 66 5 84 2 39 3 123 5
rs143357175 32181442 exon 10 C/T 66 5 81 5 36 6 117 11
rs3176931 32181363 exon 10 G/A 66 5 84 2 41 1 125 3
rs560762988 32181266 intron 10 C/T 71 0 86 0 41 1 127 1
novel 2 32181132 3′ UTR CAG/G 70 1 83 3 41 1 124 4
rs41270464 32180947 downstream G/A 66 5 79 7 38 4 117 11

a63 bp deletion: TTCCCCAGCCTTGCCTTCATGATGCAGGCCCAATTGCACCCTTGCAGACAACAGTCTGGCCTGA/A.
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(Table S1). In this case, the results from Sanger sequencing
agreed with the PCR-RFLP results, and based on this, the
result of the two discrepant cases was rectified in the SNP
distribution detected by nanopore sequencing. The details of
the RAGE polymorphisms and their distribution in healthy,
DM, DN, and DM + DN groups are presented in Figure 1 and
Table 4, respectively.

Out of the 33 RAGE polymorphisms detected, two SNPs are
reported here for the first time, and these were not found in
dbSNP (https://www.ncbi.nlm.nih.gov/snp, Oct 2022). One
of these two novel variants is located on intron 8, causing a
nucleotide change from G to A at position 32181834 of
chromosome 6, and was detected in 0.5% of the subjects. The
other novel variant is a deletion mutation, causing the
nucleotide change from CAG to G in the 3′UTR of the

Table 5. Association of Polymorphisms Detected in the RAGE Gene with Type 2 Diabetes and Diabetic Nephropathya

healthy vs DM healthy vs DN DM vs DN healthy vs DM + DN

polymorphism χ2 p OR (95% CI) χ2 p OR (95% CI) χ2 p OR (95% CI) χ2 p OR (95% CI)

rs1800625 4.179 0.041 2.104 (1.039
−4.396)

0.382 0.537 1.325 (0.545
−3.351)

1.243 0.265 0.63 (0.292−
1.415)

3.051 0.081 1.823 (0.933−
3.546)

rs1800624 0.004 0.951 0.977 (0.467−
2.124)

0.202 0.654 1.228 (0.501
−3.104)

0.273 0.601 1.257 (0.545
−2.89)

0.021 0.884 1.053 (0.543−
2.073)

rs1554139845 0.246 0.314 (0.061−
1.547)

>0.999 1.015 (0.258
−4.174)

0.33 3.231 (0.633
−18.59)

0.941 0.332 0.537 (0.168−
1.723)

rs118122061 0.627 2.53 (0.369−
33.28)

>0.999 1.707 (0.088
−32.84)

>0.999 0.675 (0.051
−4.656)

0.657 2.258 (0.362−
27.99)

rs143118560
rs1800684 >0.999 0.819 (0.187−

3.602)
0.669 1.744 (0.39−

7.713)
0.393 2.128 (0.477

−9.38)
>0.999 1.115 (0.294−

4.17)
rs3131300 4.179 0.041 2.104 (1.039

−4.396)
0.382 0.537 1.325 (0.545

−3.351)
1.243 0.265 0.63 (0.292−

1.415)
3.051 0.081 1.823 (0.933−

3.546)
rs80096349
rs2070600 4.057 0.044 2.235 (1.042

−4.773)
1.926 0.165 1.935 (0.741

−5.059)
0.116 0.734 0.866 (0.393

−2.019)
4.039 0.044 2.134 (1.035

−4.667)
rs774609967
rs35795092
rs2269422 0.014 0.906 0.938 (0.313−

2.497)
0.116 0.733 1.236 (0.408

−3.937)
0.209 0.647 1.318 (0.454

−3.984)
0.004 0.947 1.034 (0.414−

2.648)
rs1035798 0.256 0.613 0.829 (0.415−

1.667)
0.004 0.947 0.971 (0.417

−2.264)
0.132 0.716 1.171 (0.515

−2.64)
0.157 0.692 0.875 (0.448−

1.704)
rs750111750
rs372248959
rs17846798 0.246 0.314 (0.061−

1.547)
>0.999 1.015 (0.258

−4.174)
0.33 3.231 (0.633

−18.59)
0.941 0.332 0.537 (0.168−

1.723)
rs539453209
rs184003 0.026 0.873 1.054 (0.555−

2.025)
0.012 0.913 1.044 (0.48−

2.282)
0.001 0.981 0.991 (0.46−

2.043)
0.027 0.87 1.051 (0.585−

1.938)
rs186754929 0.554 3.5 (0.393−

51.33)
>0.999 1.111 (0.127−

16.31)
rs204996 1.389 0.239 0.587 (0.236−

1.409)
0.306 0.58 0.744 (0.256

−2.142)
0.182 0.669 1.267 (0.416

−3.55)
1.238 0.266 0.637 (0.295−

1.411)
rs3134940 4.179 0.041 2.104 (1.039

−4.396)
0.382 0.537 1.325 (0.545

−3.351)
1.243 0.265 0.63 (0.292−

1.415)
3.051 0.081 1.823 (0.933−

3.546)
rs9391855 4.057 0.044 2.235 (1.042

−4.773)
1.926 0.165 1.935 (0.741

−5.059)
0.116 0.734 0.866 (0.393

−2.019)
4.039 0.044 2.134 (1.035

−4.667)
rs55640627 >0.999 1.034 (0.294−

3.478)
0.649 0.409 (0.033

−2.632)
0.663 0.395 (0.033

−3.084)
0.747 0.824 (0.211−

2.663)
Novel 1
rs2853807 1.389 0.239 0.587 (0.236−

1.409)
0.306 0.58 0.744 (0.256

−2.142)
0.182 0.669 1.267 (0.416

−3.55)
1.238 0.266 0.637 (0.295−

1.411)
rs3134941 2.556 0.11 1.802 (0.874−

3.805)
0.382 0.537 1.325 (0.545

−3.351)
0.54 0.462 0.735 (0.338

−1.677)
2.016 0.156 1.636 (0.829−

3.203)
rs748427282
rs2071288 0.246 0.314 (0.061−

1.547)
>0.999 1.015 (0.258

−4.174)
0.33 3.231 (0.633

−18.59)
0.941 0.332 0.537 (0.168−

1.723)
rs143357175 0.098 0.754 0.815 (0.252−

2.639)
1.576 0.209 2.2 (0.579−

6.928)
2.578 0.108 2.7 (0.715−

8.434)
0.149 0.7 1.241 (0.435−

3.328)
rs3176931 0.246 0.314 (0.061−

1.547)
0.409 0.322 (0.027

−2.533)
>0.999 1.024 (0.069

−9.004)
0.137 0.317 (0.082−

1.255)
rs560762988
Novel 2 0.627 2.53 (0.369−

33.28)
>0.999 1.707 (0.088

−32.84)
>0.999 0.675 (0.051

−4.656)
0.657 2.258 (0.362−

27.99)
rs41270464 0.066 0.797 1.17 (0.383−

3.405)
0.725 1.389 (0.405

−5.045)
0.75 1.188 (0.37−

4.1)
0.149 0.7 1.241 (0.435−

3.328)
aχ2: Chi-square value; OR: odds ratio; CI: confidence interval, the text in the bold indicates significant association.
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RAGE gene at position 32181132 of chromosome 6 and was
detected in 2.6% of the subjects.
3.3. Association of the Mutations with Cohort

Groups. Due to the low frequency of homozygous mutant
genotypes of the RAGE polymorphisms, we performed
association analyses using the dominant inheritance model.
For this, the subjects were grouped into homozygous wild-type
and carrier populations (including both the heterozygous and
homozygous mutant genotypes). The result of the association
study is summarized in Table 5. The SNP rs1554139845
causes insertion/deletion of the 63 bp stretch in the upstream
region of the RAGE gene. Since rs1800624 is located within
this 63 bp stretch, deletion of this 63 bp also causes the
absence of the location at which the SNP rs1800624 occurs.
Hence, 10 subjects in the present study carrying rs1554139845
were not considered while analyzing the genotype distribution
and allele frequency of rs1800624. Among the 33 RAGE
polymorphisms detected, five SNPs were associated with an
increased risk of type 2 diabetes. The SNP rs1800625 was
found at a significantly higher frequency in the DM group (OR
= 2.104, p = 0.041) as compared to the healthy group.
However, this SNP was not associated with the DN group.
Similarly, when DM and DN groups were merged as a diabetic
group (DM + DN) and compared to the healthy group, the
extent of the association of rs1800625 with the merged
diabetic group was reduced (OR = 1.823, p = 0.081). The
SNPs rs3134940 and rs3131300 were found to be in perfect
linkage disequilibrium with rs1800625 (Table S2). Hence,
their association with the DM and DN groups was the same as
that of rs1800625.

The SNP rs2070600 was significantly associated with the
DM group compared to the healthy group (OR = 2.235, p =
0.044). However, rs2070600 was not associated with the DN
group compared to the healthy or DM group. When DM and
DN groups were merged as a diabetic group, rs2070600 was
associated with the merged diabetic group (DM + DN)
compared to the healthy group (OR = 2.134, p = 0.044). Thus,
this SNP is more strongly associated with type 2 diabetes than
the other three SNPs discussed earlier. The SNP rs9391855
was found in perfect linkage disequilibrium with rs2070600
(Table S2), and hence this SNP, too, was associated with DM
and DM + DN group as compared to the healthy group. The
rest of the polymorphisms detected did not show any
association with the DM or DM + DN group. When the
DN group was compared with the DM group as a control,
none of the 33 polymorphisms detected were associated with
the DN group. Association analysis couldn’t be performed for
many low-frequency polymorphisms due to the absence of
carrier genotypes in one or more subject groups. A few other
SNPs were also found to be in perfect linkage disequilibrium
with each other (Table S2 and Figure S2). Wild-type major
allele and mutated minor allele frequencies for RAGE
polymorphisms were calculated and are presented in Table
S3. The result of allele association with type 2 diabetes or
diabetic nephropathy is shown in Table S4. We conclude that
there was no association of any alleles detected from the RAGE
gene with type 2 diabetes or diabetic nephropathy.
3.4. Validation of Mutations Identified in Nanopore

Sequencing of the RAGE Gene by PCR-RFLP. PCR-RFLP
was used to detect the SNPs rs3134940, rs1800624,
rs1800625, and rs2070600 to compare and validate the
nanopore sequencing results. These four SNPs were chosen
for the comparison as they have a relatively high frequency

than most of the other SNPs in the RAGE gene and have been
most investigated for their association with diabetes and
diabetic complications.11 The restriction enzymes used for the
digestion of PCR-amplified products for detecting these SNPs,
restriction sites and the size of restriction-digested products for
wild-type and mutant allele are summarized in Table 2. The
nucleotide change caused by rs3134940, rs1800625, and
rs2070600 results in the creation of a restriction site, whereas
rs1800624 causes the deletion of the restriction site for the
restriction enzymes, as mentioned in Table 2. A representative
agarose gel image depicting DNA bands corresponding to
undigested PCR-amplified products and restriction-digested
products of different genotypes for the four SNPs is shown in
Figure 2. The results of genotype distribution, allele

frequencies, and their association with type 2 diabetes and
diabetic nephropathy were the same, as shown in Tables 4−5
and Tables S3 and S4. There was 99.75% agreement between
nanopore and PCR-RFLP genotyping results, with only two
discrepant cases out of 199 samples for the four RAGE SNPs
detected by the two methods (Table S1).
3.5. Association of Diabetes-Risk-Associated SNPs

with Various Clinical Parameters. RAGE SNPs showing
significant association with type 2 diabetes were investigated
for the association of carrier genotypes of these SNPs with
AGEs (fructosamine and glycated albumin), inflammatory
cytokine (TNF-α), MDA, insulin, HOMA-IR, CRP, and
diabetes diagnosis markers (FBG and HbA1c). Carrier
genotypes of none of these SNPs were associated with any
of these clinical and biochemical parameters by unpaired
Student’s t-test (Table S5). The result of logistic regression
analysis for the association of type 2 diabetes-associated RAGE
SNPs with clinical parameters is shown in Table S6. While
blood urea, insulin, and CRP were positively associated with
rs1800625, rs3134940, and rs3131300, MDA and HOMA-IR

Figure 2. PCR-amplified and restriction-digested products for SNPs
rs3134940, rs1800624, rs1800625, and rs2070600. Lane 1: Low-
molecular-weight DNA ladder. Lane 2: PCR-amplified product for
rs3134940. Lanes 3−5: Restriction digested products of wild-type
(AA), heterozygous (AG), and homozygous mutant (GG) genotypes
of rs3134940, respectively. Lane 6: PCR-amplified product for
rs1800624. Lanes 7−9: Restriction digested products of wild-type
(TT), heterozygous (TA), and homozygous mutant (AA) genotypes
of rs1800624, respectively. Lane 10: PCR-amplified product of
rs1800625. Lanes 11−13: Restriction digested products of wild-type
(TT), heterozygous (TC), and homozygous mutant (CC) genotypes
of rs1800625, respectively. Lane 14: PCR-amplified product of
rs2070600. Lanes 15−17: Restriction digested products of wild-type
(GG), heterozygous (GA), and homozygous mutant (AA) genotypes
of rs2070600, respectively.
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were negatively associated. Similarly, HDL showed a negative
association with rs2070600 and rs9391855.

4. DISCUSSION
Diabetes is a multifactorial disease, and genetics plays a role in
developing diabetes and its complications. Among various
genes associated with diabetes and its complications, the RAGE
gene is a potential candidate known to be involved in the
pathogenesis of diabetes and diabetic complications. AGE−
RAGE signaling increases the expression of inflammatory
cytokines and reactive oxygen species, which exacerbate the
progression of diabetes and its complications. As a result,
polymorphism in the RAGE gene may influence the outcomes
of the AGE−RAGE interaction. In this study, we first detected
all RAGE polymorphisms from the subjects by nanopore
sequencing of the respective RAGE gene amplicons and
studied their association with type 2 diabetes and diabetic
nephropathy. PCR-RFLP was performed for four RAGE SNPs,
i.e., rs3134940, rs1800624, rs1800625, and rs2070600, to
assess the accuracy and utility of nanopore sequencing as a
high-throughput method of SNP detection over the conven-
tional PCR-RFLP method.

An overall comparison of the findings of this study with the
previous reports of RAGE SNP association with diabetes and
diabetic nephropathy is summarized in Table 6. Previous
studies have reported contradictory results on the association
of RAGE SNPs with diabetes and its complications.11 In this
study, the SNP rs1800625 was associated with an increased
risk of type 2 diabetes but not diabetic nephropathy. While
some reports conclude no association of rs1800625 with type 1
and type 2 diabetes,37−40 diabetic nephropathy,38,41 and
diabetic retinopathy,42−44 other studies report an increased
risk of type 1 diabetes45 and diabetic nephropathy.46 The SNP
rs1800625 is present in the promoter region of the RAGE gene.
One in vitro study has illustrated a two-fold increase in the
expression of the reporter gene caused by the mutant allele of
rs1800625.16 Thus, the increased expression of RAGE may
lead to increased AGE−RAGE interaction and downstream
signaling, which may promote the pathogenesis of diabetes and
its complications.

The intronic SNP rs3134940 was in perfect linkage
disequilibrium with rs1800625. Hence, it was associated with
an increased risk of type 2 diabetes but not diabetic
nephropathy. However, contradictory to our finding, previous
studies have reported no association of rs3134940 with type 2
diabetes40,47 and an increased48 or decreased risk34 of diabetic
nephropathy. This SNP was also not associated with chronic
kidney disease54 and diabetic retinopathy.42,55,56 During
mRNA processing, introns are spliced from pre-mRNA;

therefore, any SNPs in the intron region are least likely to
affect the protein. The mechanism by which rs3134940 can
increase the risk of diabetes or diabetic complications is
unknown. It has been proposed by various groups that
rs3134940 may affect the alternative splicing of RAGE mRNA
involving the region between intron 7 and 9, which could affect
the expression of endogenous secretory RAGE (esRAGE), one
of the RAGE isoforms.34,55−58 Unlike RAGE, esRAGE is not
involved in AGE−RAGE signaling as it lacks intramembrane
and cytoplasmic domains. Thus, esRAGE acts as a decoy
receptor for AGEs, and the physiological level of esRAGE can
affect the extent of AGE−RAGE signaling and the associated
pathogenesis. However, no experimental evidence has shown
the effect of rs3134940 on esRAGE production.

Compared to the SNPs rs1800625, a stronger association of
rs2070600 with type 2 diabetes was observed, even though it
was not associated with diabetic nephropathy. These results
agreed with those of the previous studies, which reported that
rs2070600 increases the risk of diabetes47,49 but not diabetic
nephropathy.46,51−53 However, there are reports contradicting
these results, which claim no association between rs2070600
and type 2 diabetes.37,50 No literature has reported a clear
association between rs2070600 and diabetic nephropathy. The
non-synonymous replacement of glycine by serine at the 82nd
position of RAGE caused by rs2070600 induces changes in the
structure of the variable domain of RAGE,15 which can
potentially affect AGE−RAGE signaling. In vitro studies have
elucidated that RAGE with rs2070600 has a higher binding
affinity for amyloid-beta peptides (Aβ42) and prototypic
S100/cangrulin, which upregulated inflammatory media-
tors.59,60 Substitution of glycine with serine at the 82nd
position of RAGE promotes N-linked glycosylation of adjacent
asparagine residue at the 81st position, which may also affect
ligand binding and further downstream signaling initiated by
AGE−RAGE interaction.61 Several studies have also found a
significantly lower plasma sRAGE level in the subjects carrying
rs2070600,42,53,62,63 and the same has been elucidated using a
cell culture model.64 Decreased plasma sRAGE levels might fail
to sufficiently clear the already elevated plasma AGEs in
diabetics, resulting in increased AGE−RAGE signaling. In this
study, sRAGE levels were not measured; hence, the role of this
SNP in type 2 diabetes development via sRAGE remains
obscure. The discrepancies in the results of RAGE SNP
association with type 2 diabetes and diabetic nephropathy in
this study and previous studies can be attributed to the
different environments, lifestyles, genetics, ethnicity, and
geography of the study population.

In this study, nanopore sequencing showed a high accuracy
of 99.75% compared to the result of PCR-RFLP. In fact,

Table 6. Comparison of the Results of the Present Study with Previous Reports

SNP findings of this study previous supportive reports previous contradictory reports

rs1800625 increased risk of type
2 diabetes

increased type 1 diabetes risk45 no association with diabetes mellitus39 and type 2 diabetes
37,38,40

no association with diabetic
nephropathy

no association with diabetic nephropathy (in
dominant model)38,41

increased risk of diabetic nephropathy46

rs3134940 increased risk of type
2 diabetes

no association with diabetes47 or type 2 diabetes40

no association with diabetic
nephropathy

increased risk of diabetic nephropathy48 and decreased risk of
diabetic nephropathy34

rs2070600 increased risk of type
2 diabetes

increased risk of diabetes47 and type 1 diabetes49 no association with type 2 diabetes37,50

no association with diabetic
nephropathy

no association with diabetic
nephropathy46,48,51−53
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several studies have reported even up to 100% concordance
between the results of nanopore and Sanger sequencing, a gold
standard approach.65−68 The high accuracy of the current
nanopore sequencing approaches makes it a rapid, cost-
effective, and high-throughput approach that can be used for
SNP detection, including in clinical diagnostics.65

This study reports two novel polymorphisms in our
population at positions 32181834 and 32181132 of chromo-
some 6, which are located in intron 8 and 3′ UTR of the RAGE
gene, respectively. These two SNPs were present at a very low
frequency in our study population, and hence a large sample
size would be required to sufficiently detect these novel
polymorphisms and confidently check for their association
with type 2 diabetes and diabetic nephropathy. We also found
that none of the SNPs detected were associated with diabetic
nephropathy, which could be due to the limited sample size of
the diabetic nephropathy group; hence, a study involving a
large population size is required.

Fructosamine and glycated albumin levels represent the
extent of glycation, and a higher physiological level of AGEs is
expected to promote both diabetes and diabetic complica-
tions.1,13 In this study, both type 2 diabetes and diabetic
nephropathy subjects had significantly higher levels of
fructosamine, glycated albumin, FBG, and, HbA1c. Yet, these
parameters were not associated with the carrier genotypes of
the SNPs associated with type 2 diabetes. Hence, the carrier
genotypes of type 2 diabetes-associated SNPs may not be
involved in the observed disease-specific elevation of these
biochemical parameters. These findings are similar to a
previous report that found no association between rs1800625
or rs2070600 and AGEs.69 The level of AGEs can be
reasonably expected to be associated with glycemic status,
which is elevated in diabetes, rather than gene polymorphisms.
The TNF-α levels increase upon AGE−RAGE signaling,
followed by NF-κB activation.1 No association between
rs1800625 or rs2070600 and the TNF-α level was observed
in this study. Thus, the carrier genotypes of rs1800625 and
rs2070600 may not affect the TNF-α levels despite these SNPs
being associated with type 2 diabetes. The TNF-α level was
not associated with type 2 diabetes and diabetic nephropathy
in this study. This result is the same as previously found70 but
contradictory to several other reports.71−73 Further, the carrier
genotypes of rs1800625 and rs2070600 were not associated
with FBG and HbA1c despite being associated with type 2
diabetes. Also, MDA (a marker for oxidative stress), insulin,
HOMA-IR, and CRP were neither elevated in any disease
groups nor associated with any type 2 diabetes-associated
SNPs as analyzed by one-way ANOVA and unpaired Student’s
t-test, respectively. Logistic regression analysis revealed that
rs1800625 might increase the fasting insulin level, and a higher
fasting insulin level is linked to insulin resistance and type 2
diabetes.74 In this study, HOMA-IR was found to be negatively
associated with rs1800625, which could be due to the
maintenance of blood glucose level in subjects with high
insulin levels undergoing oral hypoglycemic drug treatment.
However, recent studies suggest that hyperinsulinemia is a
causal factor for glucose intolerance.74 Therefore, hyper-
insulinemia may predict the future risk of type 2 diabetes.
CRP, an inflammatory marker, showed a weak positive
association with rs1800625. Elevated CRP level is positively
associated with the risk of type 2 diabetes development.75−77

While MDA showed a weak negative association and blood
urea showed a weak positive association with rs1800625 in

logistic regression analysis, these results must be verified in a
larger cohort to check if the association is due to poly-
morphism or by chance. Also, HDL was found to be negatively
associated with rs2070600 in logistic regression analysis. The
association results for rs3134940, rs3131300, and rs9391855
are the same as the corresponding SNPs in complete linkage
disequilibrium (Table S6). Although we have found a weak
association of SNPs with insulin and CRP in this study, SNPs
are generally not used as diagnostic markers to detect insulin
resistance in clinical settings compared to measuring insulin or
CRP. In fact, the measurement of blood glucose is sufficient to
diagnose diabetes. However, SNPs or other markers such as
insulin or CRP could be helpful in predicting the risk of
development of type 2 diabetes, and both of these parameters
are associated with SNP rs1800625.

5. CONCLUSIONS
In this study, we used the Oxford Nanopore Technology-based
DNA sequencing to detect the SNPs in the RAGE gene, which
play a significant role in the progression of diabetes and its
complications. The nanopore sequencing method detected 33
RAGE polymorphisms with high accuracy for SNP detection,
as validated by PCR-RFLP. Therefore, the application of
nanopore sequencing can be extended to identify disease-
specific genetic variations in clinical settings. Five of the RAGE
gene polymorphisms detected, i.e., rs1800625, rs3131300,
rs3134940, rs2070600, and rs9391855, were associated with an
increased type 2 diabetes risk. The usefulness of these five
RAGE SNPs as type 2 diabetes risk prediction markers requires
to be studied in a larger cohort, which would also facilitate the
study of the less frequent RAGE SNPs for their association
with type 2 diabetes and its complications.
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