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ABSTRACT 

Samadi, A. Analysis of oxysterol species in type 1 and type 2 Diabetes Mellitus 

by LC-MS/MS method. Hacettepe University Institute of Health Sciences, Ph.D. 

Thesis in Biochemistry, Ankara, 2016. Oxidative stress plays an important role in 

the pathophysiology of diabetes mellitus (DM). Oxysterols, which resulted from 

spontaneous or enzymatic oxidation of cholesterol, are potentially non-invasive 

biomarkers of oxidative stress in vivo. The aim of the present study was to evaluate 

oxysterol species (7-ketocholesterol and cholestan-3β,5α,6β-triol) as biomarkers of 

oxidative stress in diabetic patients. 7-ketocholesterol and were quantified by using a 

reliable, sensitive and specific LC-MS/MS method in type 1 (n=26) and type 2 

(n=80) DM patients as well as in healthy controls (n=205). The correlation between 

oxysterols and clinical/biochemical characteristics of the DM patients were also 

determined. Plasma 7-ketocholesterol levels in type 1 DM (42.75±11.54 ng/mL) and 

more clearly in type 2 DM (84.80±43.71 ng/mL) patients were significantly higher 

than those in control subjects (18.97±3.83 ng/mL) (p<0,001). Type 1 and more 

significantly type 2 DM patients also demonstrated high levels of (32.30±8.93 ng/mL 

and 65.69±35.34 ng/mL) compared to healthy controls (10.106±3.94 ng/mL) 

(p<0,001). Positive correlations of oxysterol levels with glucose, HbA1c, serum total 

cholesterol, LDL, VLDL, triglyceride, number of risk factors and BMI were 

observed (p<0,001). Strong significant relations between oxysterols and 

microvascular complications as well as usage of drugs were determined. In 

conclusion, plasma oxysterol levels in DM, particularly in type 2 diabetic patients, 

may yield complementary information in oxidative stress. Oxidative stress is likely a 

causative factor in the development of insulin resistance. Furthermore, our LC-

MS/MS method for determining oxysterols is the only study in diabetic patients so 

far. It is more sensitive and reliable method when compared to GC-MS method. 

More effort is needed to establish the clinical utility of oxysterols as sensitive 

biomarkers of oxidative stress to foresee and monitor the potential complications of 

DM. Key Words: Oxysterols, Diabetes Mellitus, 7-ketocholesterol, Cholestan-

3β,5α,6β-triol, LC-MS/MS, Oxidative stress. 
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ÖZET 

Samadi, A. Tip 1 ve Tip 2 Diabetes Mellitusta oksisterol türlerinin LC-MS/MS 

yöntemi ile incelenmesi. Hacettepe Üniversitesi Sağlık Bilimleri Enstitüsü, 

Biyokimya Doktora Tezi, Ankara, 2016. Oksidatif stres, diabetes mellitusun (DM) 

patofizyolojisinde önemli rol oynamaktadır. Kolestrolün spontan veya enzimatik 

oksidasyonundan kaynaklanan oksisteroller, oksidatif stresin invazif olmayan 

potansiyel biyobelirteçleridir. Bu çalışmanın amacı diyabetik hastalarda oksidatif 

stresin biyobelirteçleri olarak oksisterol türlerini (7-ketokolesterol ve cholestan-3β, 

5α, 6β-triol) değerlendirmektir. Plasma 7-ketokolesterol ve kolestan-3β, 5α, 6β-triol 

düzeyleri tip 1 (n = 26), tip 2 (n = 80) DM hastalarında ve sağlıklı kontrollerde 

(n=205) güvenilir, duyarlı ve spesifik LC-MS/MS yöntemi kullanılarak kantite 

edildi. Oksisteroller ile diabetik hastaların klinik/biyokimyasal özellikleri arasında 

korelasyonlar belirlendi. Tip 1 DM (42.75 ± 11.54 ng/mL) ve belirgin olarak tip 2 

DM (84.80 ± 43.71 ng/mL) hastalarında plazma 7-ketokolesterol düzeyleri, kontrol 

gubuna göre (18.97 ± 3.83 ng/mL) anlamlı derecede yüksek bulundu (p < 0.001). Tip 

1 ve belirgin şekilde tip 2 DM hastalarında, sağlıklı kontrollere (10.106 ± 3.94 

ng/mL) göre yüksek kolestan-3β, 5α, 6β triol (32.30 ± 8.93 ng/mL ve 65.69 ± 35.34 

ng/mL) değerleri saptandı (p<0,001). Plazma oksisterol düzeyleri ile HbA1c, serum 

total kolesterol, LDL, VLDL, trigliserit, risk faktörlerinin sayısı ve VKİ düzeyleri 

arasında pozitif korelasyon tespit edildi (p <0,001). Oksisteroller ile mikrovasküler 

komplikasyonlar ve ilaç kullanımı arasında güçlü anlamlı bir korelasyon saptandı. 

Sonuç olarak, DM'da, özellikle tip 2 diyabetik hastalarda, plazma oksisterol düzeyleri 

ölçümü oksidatif stres hakkında önemli bilgi verebilir. Oksidatif stresin, insülin 

direnci gelişiminde nedensel bir faktör olduğu söylenebilir. Diyabetik hastalarda 

oksisterollerin belirlenmesinde kullandığımız LC-MS/MS yöntemi literatürde 

günümüze kadar bilinen tek araştırmadır. GC-MS yöntemi ile karşılaştırıldığında 

daha duyarlı ve güvenilir bir yöntemdir. DM’da potansiyel komplikasyonları 

öngörmede ve izlemede, oksidatif stresin hassas biyobiyobelirteçleri olarak 

oksisterollerin klinik kulanımı konusunda daha çok bilimsel araştırmalara ihtiyaç 

vardır. Anahtar Kelimeler: Oksisteroller, Diabetes Mellitus, 7-ketokolesterol, 

Cholestan-3β, 5α, 6β-triol, LC-MS/MS, Oksidatif stres. 
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1. INTRODUCTION 

 

Diabetes Mellitus (DM) is a chronic metabolic disorder that affects around 

150,000,000 people in the world. Its prevalence is rising quickly and fast-progressing 

global problem with social, health, and economic consequences. It was initially 

illustrated in the Egyptian papyrus Ebers in 1500 BC. DM has distinctive complications 

that is characterized by chronic hyperglycemia with disturbances of carbohydrate, fat 

and protein metabolism resulting from defects in insulin secretion, insulin action, or both 

(1). 

The chronic hyperglycemia of DM is associated with continuing damage, 

dysfunction, and failure of different organs, mainly the eyes, kidneys, nerves, heart, and 

blood vessels. The difference in the mechanisms for developing the different types of 

diabetes forms the basis of its classification. Previously, the categorization of diabetes 

mellitus was based on clinical findings such as age of onset, so-called juvenile- or adult-

onset diabetes, or treatment procedures, such as insulin-dependent versus non-insulin-

dependent diabetes. In 1999 the National Diabetes Data Group (NDDG) in conjunction 

with World Health Organization (WHO) changed and published new and unified criteria 

for the classification and diagnosis of DM (2). Intensive scientific research worldwide 

has brought new insight into this disease with modern management methods. Oxidative 

stress plays an important role in the pathophysiology of DM and oxysterols which result 

from spontaneous or enzymatic oxidation of cholesterol, are potentially non-invasive 

biomarkers of oxidative stress in vivo. In this study, we aimed to evaluate oxysterol 

species (7-ketocholesterol and cholestan-3β,5α,6β-triol) as sensitive oxidative stress 

biomarkers in type 1 and type 2 DM by LC/MS-MS method and  foresee/monitor the 

potential complications of DM.  
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2. GENERAL INFORMATION 

 

            2.1. Diabetes Mellitus 

            2.1.1. History of Diabetes Mellitus 

 

The story of the earliest recognition of diabetes and the path to the discovery of 

insulin is filled with marvelous insights. DM is one of the first metabolic diseases 

documented by Egyptian manuscript, the Ebers papyrus, from 1500 BC. Medical 

features with distinctive complications producing excessive thirst, polyuria, and severe 

weight loss that ancient Egyptians described almost 3000 years ago exclusively cases of 

what is today known as a DM. The name "Diabetes" was the first description that is 

given by the ancient Greek physician Aretaeus of Cappadocia in the second century (81-

133AD). He was the first to distinguish between what we now call DM and diabetes 

insipidus and conditions causing increased urine output. Later, the term "Mellitus" 

(honey sweet) was added by Thomas Willis an English doctor and a professor of 

anatomy, neurology at Oxford, in 1675 (17th century) after rediscovering the sweetness 

of urine and blood of patients. He revealed (by testing) that the urine of persons with 

diabetes was sweet (3-5). 

  In 1776, another British doctor named Matthew Dobson demonstrated in his 

experiments that serum of individuals with DM actually contains a sweet tasting 

substance that excrete sugar in the urine and thus discovered hyperglycemia (6). He 

noted that the residue of boiling urine to dryness,  a crystalline material, had the 

appearance and taste of brown sugar. Dobson puts forward the theory that the diabetes 

was a systemic disease, rather than one of the kidneys (6,7). Between 1840 and 1860, 

physiologic studies in metabolism began their advance, especially in France under the 

management of Claude Bernard, professor of physiology at Sorbonne University. 

Bernard made numerous discoveries, including the observation that the sugar, which 

appears in diabetic urine was stored in the liver in the form of glycogen.  

 

 

https://en.wikipedia.org/wiki/Diabetes_mellitus
https://en.wikipedia.org/wiki/Ancient_Greece
https://en.wikipedia.org/wiki/Physician
https://en.wikipedia.org/wiki/Aretaeus_of_Cappadocia
https://en.wikipedia.org/wiki/Anatomy
https://en.wikipedia.org/wiki/Neurology
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 The two strongest forces arguing for a “pancreatic “factor in the etiology of diabetes 

were Apollinaire Bouchardat and E.Lancereaux. Bouchardat, was an early pioneer in the 

study of human diabetes (8). Claude Bernard’s clinical experience taught him to 

distinguish at least two diverse types of diabetes: the severe type, in younger persons 

who responded weakly to his regimen and the type in older, obese persons. Lancereaux 

and his colleagues came to the same conclusions about etiology and introduced the terms 

diabete maigre (diabetes of the thin) and diabete gras (diabetes of the foot) for the two 

usual clinical forms of disease (9). Discovery of insulin by Frederick Banting and 

Charles Best was the last step in identifying the substance whose absence had been 

postulated to be responsible for development of diabetes. This milestone, however, was 

preceded by a number of earlier significant advances. In the fifth century AD, Sushruta 

and Charaka, two Indian physicians, were the first to differentiate between the two types 

of DM (3). 

 

 

 

           2.1.2. Diabetes Mellitus Definition 

 

DM is a group of metabolic disorders characterized by hyperglycemia resulting 

from defects in insulin action, insulin secretion, or both. The chronic hyperglycemia of 

DM is associated with dysfunction, long-term damage, and failure of different organs, 

especially the kidneys, eyes, nerves, heart, and blood vessels  that called as 

mikrovascular and makrovascular complications of diabetes (10). A number of 

pathogenic processes are associated with the development of diabetes. These range from 

autoimmune damage of the -cells of the pancreas with consequent insulin deficiency to 

abnormalities that result in resistance to insulin action (10).  
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            2.1.3. Clinical Signs and Symptoms 

 

Symptoms of marked hyperglycemia include polyphagia, polyuria, polydipsia, 

weight loss, urinary tract infections, fatigue and blurred vision. Impairment of growth 

and susceptibility to certain infections may also accompany chronic hyperglycemia (11, 

12). One of the most important complications that associated with diabetes mellitus is an 

increasing risk of developing microvascular and macrovascular (coronary and 

cardiovascular disease) problems that contribute to greater morbidity and mortality of 

patients (13). Long-standing microvascular complications of diabetes include 

nephropathy leading to renal failure, retinopathy with potential loss of vision, peripheral 

neuropathy with risk of foot ulcers, amputations and Charcot joints. Autonomic 

neuropathy causes gastrointestinal, genitourinary, and cardiovascular symptoms and 

sexual dysfunction (11). Diabetic retinopathy may be the most common microvascular 

complication of diabetes (14). Development of diabetic retinopathy or other  

microvascular complications of diabetes depends on both the duration and the  severity 

of hyperglycemia (14). The same as other microvascular complications, development of 

diabetic neuropathy is proportional to both the magnitude and duration of 

hyperglycemia, and some patients may possess genetic attributes that affect their 

predisposition to developing such complications (14). Patients with DM have an 

increased incidence of macrovascular complications such as peripheral arterial, 

cerebrovascular and atherosclerotic cardiovascular disease. Abnormalities of lipoprotein 

metabolism and hypertension are often found in people with DM (11). In its most severe 

forms, ketoacidosis or a non-ketotic hyperosmolar state may develop and lead to stupor, 

coma and, in the absence of effective treatment, death (15-17). 
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            2.1.4. Diabetes Mellitus Diagnostic Criteria 

 

The diagnostic criteria were initially established by the NDDG and WHO in 

1979-80. According to the report in 2010, any one of the following is considered 

diagnostic of diabetes (18). Besides the symptoms of DM (polydipsia, polyuria) the 

plasma glucose measured at any time is ≥ 200 mg / dL or fasting plasma glucose is ≥ 

126mg / dL or oral glucose tolerance test (OGTT) in 2nd hour is ≥ 200 mg / dL.  In each 

case, measurement of glucose concentration should be repeated on a second occasion to 

confirm the diagnosis. Individuals with IFG (impaired fasting glucose) and/or 

IGT(impaired glucose tolerance)  have been referred to as having prediabetes, indicating 

the relatively high risk for the future development of diabetes. IFG and IGT should not 

be viewed as clinical entities in their own right but rather risk factors for diabetes as well 

as cardiovascular disease. These people were defined as having IFG, fasting plasma 

glucose (FPG) levels 110 mg/dL to 126 mg/dL, or IGT [2-h values in the oral glucose 

tolerance test (OGTT) of 200 mg/dL (19).  

IFG and IGT are associated with obesity (especially abdominal or visceral 

obesity), dyslipidemia with high triglycerides and/or low HDL cholesterol, and 

hypertension. Structured lifestyle intervention, aimed at increasing physical activity and 

producing 5–10% loss of body weight, and certain pharmacological agents have been 

demonstrated to prevent or delay the development of diabetes in people with IGT; the 

potential impact of such interventions to reduce mortality or the incidence of 

cardiovascular disease has not been demonstrated to date. 
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            2.1.5. Diabetes Mellitus Clinical Stages 

 

Diabetic patients pass through several clinical stages during development of 

disease. At the beginning, glucose regulation is normal and no abnormality of glycemia 

can be identified even if these individuals undergo an oral glucose tolerance test 

(OGTT). This stage is followed by a period of variable duration in which glucose 

regulation is impaired. Diabetes itself is characterized by either fasting glycemia or 

marked abnormalities of glucose tolerance, or both (20). All patients with diabetes can 

be classified according to clinical stage regardless of the underlying etiology of the 

diabetes. Impaired glucose regulation refers to the metabolic stage intermediate between 

normal glucose homeostasis and diabetes that can be identified by impaired glucose 

tolerance (IGT) or impaired fasting glucose (IFG) (21). 

 IFG and IGT  are not synonymous and may represent different abnormalities of 

glucose regulation. Patients  with either of these states of impaired glucose regulation 

have a high risk of progressing to diabetes (22, 23). IGT can be assessed only if OGTTs 

are carried out, whereas IFG involve fasting glucose concentrations that are lower than 

those required for the diagnosis of diabetes, but higher than those usually found  in 

subjects with normal glucose tolerance. İndividuals with IGT or IFG generally have 

normal or lightly high levels of glycosylated hemoglobin (24). IGT is usually associated 

with the existence of other indicators of the metabolic or insulin resistance syndrome 

(25). 
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Figure 2.1.  Clinical stages and etiologic types of diabetes (26) 

 

 

 

            2.1.6. Classification of Diabetes Mellitus  

 

The difference in the mechanisms for developing the diverse types of diabetes 

forms the basis of their categorization. The current classification includes four main 

categories (16). Previously, the classification of diabetes mellitus was depended on 

clinical findings such as age of onset, so-called juvenile or adult- diabetes, or treatment 

procedure, such as insulin-dependent or non-insulin-dependent diabetes. In 1979 the 

National Diabetes Data Group (NDDG) together with World Health Organization 

(WHO) revised and published new and unified principle for the classification and 

diagnosis of this disease (27). The terms type 1 and type 2 diabetes mellitus replaced the 

previous treatment based terminology, IDDM and NIDDM. The third group includes 

other less frequent types of diabetes that are caused certain specific circumstances and/or 

syndromes. The last group includes diabetes diagnosed throughout pregnancy, called 

gestational diabetes (GD). 
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I. Diabetes mellitus type 1  

A. Autoimmune 

B. Idiopathic 

 

II. Diabetes mellitus type 2 

A. Insulin resistance predominates over the relative defects in hormone secretion 

B. Defects in insulin secretion predominate over the presence of insulin resistance 

 

III. Gestational Diabetes Mellitus  

 

IV. Other specific types of diabetes mellitus 

A. Genetic defects of β-cell function 

1. Chromosome 12, HNF-1 (MODY 3) 

2. Chromosome 7, glycosidase (MODY 2) 

3. Chromosome 20, HNF-4 (MODY1) 

4. Mitochondrial DNA 

5. Others 

B. Genetic defects in insulin action 

1. Type A insulin resistance 

2. Leprechaunism 

3. Rabson-Mendenhall syndrome 

4. Lipotrophic syndrome 

5. Others 

C. Endocrinopathies 

1. Acromegaly 

2. Cushing syndrome 

3. Pheochromocytoma 

4. Hyperthyroidism 

5. Somatostatinoma 

6. Glucagonoma 

7. Aldosteronoma 
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D. Drug or chemical induced 

1. Vactor 

2. Pentamidine 

3. Dilantin 

4. Thyroid hormones 

5. Nicotinic acid 

6. Others 

E. Infections 

F. Other immune-mediated (uncommon) 

G. Other specific genetic syndromes associated with diabetes 
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            Diabetes Mellitus Type 1 

 

Type 1 Diabetes Mellitus (T1DM), well-known as insulin dependent diabetes or 

juvenile onset diabetes is the classical life threatening form of diabetes. This form of 

immune-mediated diabetes usually occurs in infancy and adolescence (<35 years) but 

can happen at any age, with about half the cases being diagnosed in childhood (13).     

Diabetes occurring earlier than the age of 6 months is more likely to be monogenic 

neonatal diabetes rather than autoimmune T1DM (28, 29). It usually counts for 5-10% of 

all cases of diabetes. T1DM is a progressive form of the disease with multifactorial 

etiology that principally associated with cellular mediated autoimmune damage of the 

pancreas β-cells by activating CD4+ and CD8+ T cells and macrophages infiltrating the 

pancreatic islets that usually lead to severe insulin deficiency (30-32). The amount of -

cell destruction is quite variable, particularly in infants and kids, and slower in adults. 

The subsequent lack of insulin leads to increased blood and urine glucose. There are 

some evidences proposing that type 1 diabetes is a virus-triggered (Coxsackie virus 

family or rubella) autoimmune response in which the immune system attacks, virus-

infected cells in conjunction with the beta cells in the pancreas (33, 34). 

The term insulin-dependent is vitally important, because it indicates the fact that 

these individuals depend on insulin treatment for their survival, and will die unless it’s 

given. In patients with T1DM the process of -cell destruction can be recognized earlier 

by the existence of certain auto antibodies (15). These individuals are metabolically 

normal before the disease is clinically revealed. T1DM is usually characterized by the 

presence of anti-GAD, islet cell autoantibodies (ICAs) or insulin autoantibodies (IAAs), 

glutamic acid decarboxylase and autoantibodies to the tyrosine phosphatases IA-2 and 

IA-2α auto antibodies (GAD65), which reflects the autoimmune mechanisms that have 

contributed to -cell destruction (35, 36) At least one or more of these autoantibodies are 

present in almost 90% of the new-onset cases, and thus can be used clinically for 

diagnosing the disease. Patients who have one of more of these antibodies can be sub 

classified as having type 1 immune mediated type 1 diabetes (37). 

https://en.wikipedia.org/wiki/Coxsackie_B4_virus
https://en.wikipedia.org/wiki/Rubella
http://www.thesaurus.com/browse/in%20conjunction%20with
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T1DM has further been classified into type 1A (immune mediated) and type 1B diabetes 

is the form of disease with severe insulin deficiency without evidence of -cell 

autoimmunity and  relatively more common in African and Asian populations (38). Type 

1A diabetes is greatly associated with specific human leukocyte antigen (HLA) and its 

characterized with insulitis (39).There is a novel subtype of Type 1B diabetes called 

“fulminant” type1 diabetes (40). Patients with type 1A diabetes are more prone to have 

other related autoimmune disorders such as Graves’s disease or pernicious anemia (15). 

According to genetic studies there is a strong relation between type 1A diabetes and 

specific haplotypes or alleles at the DQ-A and DQ-B loci in the HLA complex (41). 

The HLA proteins are situated on the cell surfaces that assist the immune system 

to differentiate body's normal cells from alien infectious and non-infectious agents (28). 

A few individuals carry on a different form of T1DM, called idiopathic diabetes that 

does not associate with autoimmunity. It is less prevalent than the autoimmune TIDM, 

and is found in African and Asian populations. The etiology and pathogenesis of this 

form not well understood, but the patients are face with severe insulin deficiency and are 

prone to ketoacidosis in the lack of antibodies to  cells (16, 24). Some interpretive 

studies have been indicated, for the cause of this disease such as genetic susceptibility, a 

diabetogenic trigger, and exposure to an antigen (29). 

 

 

            Pathophysiology and Clinical Features of Diabetes Mellitus Type 1 

 

Diabetes mellitus type 1 main clinical features reflect significant insulin 

deficiency. Generally, the β cell damage is immune mediated and other clinical features 

arise related to other autoimmune processes. The classical clinical picture of type 1 

diabetes mellitus represented by high levels of urination (polyuria), sometimes 

noticeable at night (nocturia), polydipsia, polyphagia excessive thirst, feeling tired all 

the time, unexplained weight loss, loss of muscular bulk, muscle weakness, impairment 

of the visual function, abdominal pain, bowel movement disorders, impairment of the 

https://en.wikipedia.org/wiki/The_Environmental_Determinants_of_Diabetes_in_the_Young
http://www.diabetes.co.uk/symptoms/polyuria.html
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peripheral nerves, with numbness in the extremities. These symptoms result from the 

underlying hyperglycemia that is in turn caused by insufficient insulin functionality (42). 

These pathology features may occur suddenly, even associated with diabetic 

ketoacidosis. The complications of the disease are multiple and various, such as 

infections in different parts of the body, neuropathy nephropathy, ophthalmologic, 

cardiac complications, atherosclerosis (42). 

  Before the clinical symptoms of type 1 diabetes become apparent Some silent 

immune procedures happen. Particularly, autoantibodies are produced and self-reactive 

lymphocytes become activated and infiltrate the pancreas to destroy the insulin-

producing beta-cells in the islets of Langerhans (43, 44). There is two different 

pathophysiologic mechanisms stages in genetically susceptible T1DM patients; first, 

Triggering of autoimmunity resulting in one or multiple islet cell autoantibodies 

associated with gradual -cell killing; and the other stage is, Loss of -cell secretory 

function manifested by the loss of first-phase insulin release (FPIR), reduced C peptide 

levels, then glucose intolerance and finally hyperglycemia (45) (Figure 2-3). 

 

 

Figure 2.2.  Schematic presentation of the natural history of T1DM, showing possible                         

etiopathologic factors and disease markers (16) 
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            Epidemiology of Diabetes Mellitus Type 1 

 

Diabetes mellitus is a vast and spreading problem, and the costs to society are 

high. The incidence of T1D alters in different countries and populations (46, 47). Type 1 

diabetes rarely happens during the first year of life. The age specific prevalence rate of 

diabetes mellitus differs extremely across the normal life span and populations typically 

have different age distributions (15). Relevant comparisons among populations must be 

based on a special age specific rate (48). T1DM is the most frequently faced chronic 

disease of childhood. It is accepted that T1DM prevalence is increasing among children 

all around the world. Reported figures for T1DM incidence in childhood point outs a 

large variety among different populations (49, 50). This variability is explained by 

differences in ethnic background, geographical district and region, and level of industrial 

development (51, 52). 

Turkey contains a variety of communities and located between Europe and Asia. 

In this country data on incidence of T1DM are very limited. The 5th edition of the world 

diabetes atlas, published in 2011 by the International Diabetes Federation (IDF), 

contains no data on the incidence of pediatric diabetes in Turkey (53). The plan of 

occurrence of type 1 diabetes over time can be important evidence in discriminating 

between alternative etiologic hypothesis pattern (15). Solutions and guidelines for this 

disease must be forthcoming because treatment for individuals with T1DM exists and 

should be universally distributed (54). 
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Figure 2.3. Global projections for the diabetes epidemic (55) 

 

 

            2.1.7. Diabetes Mellitus Type 2 

 

Diabetes mellitus type 2, formerly known as non-insulin-dependent diabetes 

mellitus or adult-onset diabetes is a complex metabolic disorder of heterogeneous 

etiology is the most frequent type of diabetes, associated with excess morbidity and 

mortality and it’s a worldwide health crisis (56). This diabetes is often characterized by 

central or visceral obesity. Most of T2DM patients are obese when they develop 

diabetes, and obesity aggravates the insulin resistance (15). In this disorder, 

hyperglycemia is caused by deficiency in insulin secretion and action.  

Type 2 diabetes is associated with complex metabolic disorders such as 

progressive -cell dysfunction and insulin resistance that are significant features of the 

disease (57, 58). Diversity of adipose tissue-derived cytokines, such as leptin, 

adiponectin, retinol-binding protein 4, IL-6, TNF-α, and other inflammatory proteins 

affect insulin sensitivity and low levels of physical activity and aging also contribute to 

insulin resistance. 
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This illness is more frequent after 40 years of age, but now it’s shown to be growing in 

young adults and adolescents due to the increase in obesity (59). There are some 

metabolic alterations associated with T2DM such as hypertension, obesity and 

dyslipidemia (13). Ketoacidosis occurs rarely, but can arise with stress associated with 

another illness such as infection (15). The exact cause of T2DM is not recognized, but 

lifestyle and genetic factors rendering the disease with a very heterogeneous phenotype 

(60). Environmental factors such as toxins, diet and obesity play an important role in the 

development of increases in the rate of T2DM in addition to any genetic component and 

it is becoming more common in developing countries, afflicting younger individuals 

particularly ethnic minorities (3, 13).  

In type 2 diabetes mellitus, unlike type 1, insulin resistance is typically a problem 

of insulin receptors of the cells, which do not respond properly to insulin rather than a 

problem with the production of insulin (13). Elevated fasting glucose, abnormal glucose 

tolerance test, obesity and impaired insulin action are the best predictors of increased 

diabetes risk and progression to diabetes (61, 62). T2DM is occur commonly in women 

who have a previous history of gestational diabetes and in individuals with other 

characteristics of the insulin resistance syndrome, such as hypertension or dislipidemia 

(15).  

 

 

            Pathophysiology and Clinical Features of Diabetes Mellitus Type 2 

 

The typical type 2 diabetic patients are an obese individuals frequently without 

any symptoms (3). The classical clinical picture of type 1 diabetes mellitus represented 

by some hyperglycemic symptoms such as polydipsia, polyuria and fatigue but most of 

patients diagnosed incidentally by screening or during medical examinations conducted 

for unrelated reasons. In T2DM hyperglycemia usually associated with increased levels 

of the gluconeogenic precursors such as lactate, alanine, pyruvate, and glycerol (3). 

Some patients with T2DM diagnosed when they present with infections principally 

urinary tract, and skin infections and genital candidiasis. In some other patients clinical 
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features present with complications of the diabetic condition itself, most commonly 

complications are macrovascular disease manifesting as angina, myocardial infarction, 

stroke, or peripheral vascular disease (63). Obesity is the hallmark of T2DM. Adipose 

tissue expanding in the obese state, thus synthesizes and secretes metabolites and 

signaling proteins such as adiponectin, TNF-, leptin, and visfatin. These factors are 

known to alter insulin secretion and sensitivity and even cause insulin resistance under 

experimental and clinical conditions (64, 65). 

A small fraction of type 2 diabetic patients present microvascular complications 

like retinopathy, maculopathy, neuropathy and nephropathy (16). Therefore, tissue 

damage can be detected clinically at the time of diagnosis in a large percentage of 

patients (66). In type 2 DM retinopathy particularly maculopathy, cataracts, and 

neuropathy are also common conditions that contribute to morbidity (3). The 

progression from normal glucose tolerance (NGT) to type 2 DM involves intermediate 

stages of IFG and IGT, also known as prediabetes. The pathophysiology mechanism 

underlying the progression of these glucose metabolic variations is multifactorial (67). 

Clinical features in obese children and adolescents affected by IGT and type 2 diabetes 

are characterized by severe insulin resistance, which is associated with an increased lipid 

aggregation in visceral compartments, liver and muscle tissues and by reduced 

sensitivity of β-cell of first and second-phase insulin secretion (67, 68). Adolescents 

with type 2 DM are also prone to secondary obesity-related complications, such as 

hypertension, liver disease and metabolic syndrome (69).  
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Figure 2.4. Proposed sequence of the key pathological features of type 2 diabetes (70) 

 

 

            Epidemiology of Diabetes Mellitus Type 2 

 

During the last years, changes in daily lifestyles have led to an impressive raise 

in the prevalence of type 2 DM in virtually every society around the world and it 

becomes a worldwide and international health issue (71, 72). Surprisingly the grow in 

prevalence of type 2 DM is seen in all six inhabited continents of the world (73). 

Increases in urbanization and dietary intake, reduction in physical activity, the rise in 

obesity and the aging of the population are main factors in bringing about this rapid 

change and contributed to a dramatic increase of type 2 DM in many parts of the world 

(74). Type 2 diabetes mellitus affects around 3% of the population or 100 million people 

worldwide (3). 
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There are nearly 150 million people throughout the world suffer from type 2 DM and its 

going to increase and that this number will rise to 300 million by 2025 and costs many 

nations millions of dollars for healthcare (15, 71). The incidence of type 2 DM has now 

been illustrated in different countries, enabling a good understanding of global disease 

patterns. One of the most important, distressing consequences of the diabetes epidemic 

is the emergence of type 2 diabetes in children and adolescents and it brings a serious 

new aspect type 2 DM occurs in all races (75, 76). 

The incidence rate of type 2 DM among children and adolescents varies 

extremely by nationality with the highest rates recognized among youths aged 15–19 

years in minority populations (67, 77). The elevated incidence of type 2 DM in the obese 

pediatric population is paralleled by an increased prevalence of the prediabetes 

conditions. Specially, 25% of children and 21% adolescents with severe intensity of 

obesity, irrespective of ethnicity, were found to have IGT (78). İncreasing  number of 

obese children and adolescents affected by type 2 DM and the fast development of 

glucose homeostasis dysregulation in this age group explain why type 2 DM is 

becoming one of the most important public health crisis. 

 

 

 

            2.1.8. Gestational Diabetes Mellitus (GDM) 

 

Gestational diabetes mellitus (GDM) is a common metabolic disorder that has 

been defined as any degree of glucose intolerance associated with hyperglycemia of 

variable severity with the onset or first recognition (79). This type of diabetes occurs 

especially during the third trimester of  pregnancy. This period of pregnancy is 

accompanied with increased insulin sensitivity and its associated with most common 

maternal and fetal complications of pregnancy, most notably macrosomia (27, 80, 81). 

This clarification does not exclude the possibility that unrecognized glucose intolerance 

may have antedated the pregnancy thus the term hyperglycemia in pregnancy emerges to 

be more appropriate as suggested lately by the endocrine society (82). 
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Patients with GDM have an impaired ability to secrete insulin in contrast to 

normal pregnant women (83). The prevalence of GDM is increasing in many 

populations worldwide as obesity becomes more prevalent (84). Patients with GDM are 

more likely to suffer complications such as preeclampsia, operative delivery and 

stillbirth (85)Postpartum management of women with gestational diabetes is critical 

because in long term period kids born to mothers with this type of diabetes are at greater 

risk of obesity and type 2 DM in future life (86, 87). Most of these risks can be reduced 

by identification of GDM pregnancies therefore reducing the maternal antenatal 

hyperglycaemia (88). Diagnosis of this kind of diabetes is determined by the results of 

an OGTT (3). 

 

            2.2. Diabetes Mellitus and Oxidative Stress 

  

Oxidative stress has been used to describe a condition in which reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) reach extreme levels, either by 

excess production or inadequate removal (89). Excess production of these molecules 

lead to physiological dysfunction, cell death and pathologies such as diabetes, cancer 

and aging of the organism (90). These molecules also affect the insulin signaling 

cascade (91). Researches on DM and oxidative stress suggests that oxidative stress plays 

an important role in the pathogenesis of DM, its complications and progress (89, 92). 

There are two main factors including, hyperglycemia and glucotoxicity that are usually 

considered as principal driving sources in diabetes related oxidative stress (93). 

Oxidative stress is increases due to hyperglycemia, which contributes to the impairment of 

the insulin action and insulin secretion (89). 

Additionally antioxidant mechanisms are decreased in diabetic patients which 

may further enhance oxidative stress (91, 94). Reactive oxygen species are formed 

through glucose auto-oxidation, nonenzymatic glycation of proteins, activation of 

NADPH oxidase and protein kinase C, strengthen of the polyol pathway and 

enhancement of the mitochondrial electron transport chain during hyperglycemia in 
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diabetic patients (89) (Figure 2.5). Furthermore, alteration in antioxidant enzymatic 

systems as superoxide dismutase, catalase and glutathione reductase, impaired 

glutathione metabolism, decreased vitamin c levels decline antioxidant defense 

mechanisms in DM (95). High levels of free radicals and simultaneous decline in 

antioxidant mechanisms lead to damage of cellular organelles and enzymes, increased 

lipid peroxidation, and development of insulin resistance. Therefore, diabetic patients 

have more oxidative cell and organism environments than healthy individuals (91, 96). 

Any disturbance in cellular redistribution of insulin signaling components may 

alter the insulin cascade, a process which is also mediated by NF-κB (97). Stress 

signaling pathways, such as NF-κB activity, are increased by ROS in the -cells of the 

pancreas, which potentially leading to -cell apoptosis (98). Therefore, oxidative stress 

is presently accepted as a likely causative factor in the development of insulin resistance. 

Insulin resistance and hyperglycemia may also lead to altered mitochondrial function 

and insulin action impairment by cytokines in response to metabolic stress (99, 100).  

 

 

 

Figure 2.5. Oxidative stress pathways in diabetes mellitus (89) 
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            2.3. Oxysterols 

 

Cholesterol is present in all over the mammalian tissues. Its also an essential 

structural component of cell membranes. Oxidation of cholesterol leads to the formation 

of a large number of oxidation products known as oxysterols. Oxysterols are structurally 

identical to cholesterol, but with one or more extra oxygen containing functional groups 

on the cholesterol A or B rings or side chain (101). Therefore, oxysterols are -hydroxy, -

keto or -epoxy oxidation products of cholesterol/phytosterols or end products of the 

cholesterol biosynthetic process. They are formed by enzymatic action or auto-oxidation 

and have numerous biological activities (102). 

Some oxysterols thought to be damaging, whereas some others may play 

important physiological roles. Some specific oxysterols have the potential to either 

control cholesterol biosynthesis or directly interfere with normal cellular functions of 

cholesterol (101). Some major oxysterols formed as intermediates in the pathways 

converting cholesterol to bile acids and steroid hormones (103). They are intermediates 

in sterol biosynthesis and they act as signalling elements (104, 105). Oxysterols are also 

bioactive molecules in their own right, being ligands to nuclear receptors and also 

regulators of the processing of steroid regulatory element-binding proteins (SREBPs) to 

their active forms as transcription factors regulating cholesterol and fatty acid 

biosynthesis (106). Oxysterols are also transportable forms of sterol (107). These 

compounds are implicated in the pathogenesis of multiple disease states (106) (Figure 2-

6). 
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Figure 2.6. Oxysterols in various age-related diseases. Based on in vitro studies, animal 

                   studies and clinical investigations (103) 

 

 

Oxysterols can be produced from either the spontaneous or enzymatic oxidation of 

cholesterol (108). Oxysterols can be formed endogenously by (ROS) (109, 110). Most of 

the physiologically important oxysterol species are generated by enzymes in cells by 

mitochondrial or endoplasmic reticulum cholesterol hydroxylases belonging to the 

cytochrome P450 (CYP) family (111, 112). Table 2.1 shows some major oxysterols.  
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Table 2.1. Nomenclature and origin of oxysterols 

 

Abbreviation                       Common name                                    IUPAC name                                

Principle source 

 
22(R) OHC                   22(R)- hydroxycholesterol                        Cholest-5-en-3β,22(R)-diol 

24(S) OHC                    24(S)- hydroxycholesterol                        Cholest-5-en-3β,24(S)-diol 

25 OHC                         25- hydroxycholesterol                             Cholest-5-en-3β,25-diol 

27 OHC                         27- hydroxycholesterol                             Cholest-(25R)-5-ene-3β,27-diol 

4β OHC                         4β- hydroxycholesterol                             Cholest-5-ene-3β,4β-diol 

7α OHC                         7α- hydroxycholesterol                             Cholest-5-en-3β,7α-diol 

7β OHC                         7β- hydroxycholesterol                             Cholest-5-en-3β,7β-diol 

7 KC                              7- ketocholesterol                                      Cholest-5-en-3β-ol-7-one 

5α6α                              5α,6α- Epoxy cholesterol                          Cholestan-5α,6α-epoxy-3β-ol 

5β6β EC                        5β,6β- Epoxycholesterol                           Cholestan-5β,6β-epoxy-3β-ol                           

Zymo*                            Zymosterol                                               5α-cholesta-8,24-dien-3β-ol 

Desmo*                          Desmosterol                                             3β-hydroxy-5,24-cholestadiene 

7DHC*                           7- dehydrocholsterol                                Cholesta-5,7-dien-3β-ol 

 

 

*Other sterols which are regulators of cholesterol homeostasis 

 

 

Knowledge of the mechanisms for oxysterols specially 7-ketocholesterol (7-KC) 

generation and metabolism may provide therapeutic drug targets (108). 7-KC is a good 

marker of autoxidation (113, 114). Inquiry and analysis of oxysterols are challenging on 

account of their low abundance in biological systems in comparison to cholesterol, and 

due to the propensity of cholesterol to undergo oxidation in air to generate oxysterols 

with the same structures as those present endogenously (106). 

 

 

            2.3.1. Formation of oxysterols 

There are some routes by which oxysterols are derived from cholesterol. 

Biological oxysterols can be divided, in general, into two main categories; those 

oxygenated on the side chain and those oxygenated on the sterol ring structure. The side 

chain oxygenated oxysterols are mostly formed enzymatically while the ring oxygenated 

oxysterols usually have a non-enzymatic origin (115).  
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A few exceptions to this rule are 25-hydroxycholesterol and 7α-hydroxycholesterol 

which can be produced by both enzymatic and non- enzymatic routes (101).  

 

 

            Enzymatic Oxidation 

 

The side chain oxygenated oxysterols are mostly formed enzymatically. The 

hydroxylation of cholesterol side chain take place with the activity of mitochondrial or 

endoplasmic reticulum cholesterol hydroxylases belonging to the cyp family (Figure 2.7) 

(104, 107).  

The major oxysterols that arise enzymatically are: 

 24(S)-hydroxycholesterol (24(S) OHC). It is synthesized in the central nervous 

system (CNS) by the action of cholesterol 24-hydroxylase enzyme (CYP46A1). 

It is the key route for cholesterol excretion from neuronal tissues and therefore 

plays an important role in CNS sterol homeostasis and efflux (116).  

 27-hydroxycholesterol (27 OHC). It is synthesized in the liver and several non-

hepatic cells by sterol 27-hydroxylase (CYP27A1). It is an intermediate in the 

alternative and bile acid synthesis pathway. 27 OHC is further oxidized by 

CYP27A1 to 3β- hydroxy-5-cholestenoic acid (117). 

 7α-hydroxycholesterol (7α OHC). It is also synthesized in the liver by 

cholesterol 7α- monooxygenase (CYP7A1) and serves as an intermediate in the 

classic bile acid synthesis pathway (117). 

 4β-hydroxycholesterol (4β OHC). It is produced by a drug metabolizing enzyme 

taurochenodeoxycholate 6-alphahydroxylase (CYP3A4) in the liver and is 

induced in patients on certain anti- epileptic drugs (118, 119).  

 25-hydroxycholesterol (25 OHC). It is produced by cytochrome P450 enzyme. It 

is a regulator of the sterol regulatory element binding protein (SREBP) pathway 

for cholesterol dependant transcriptional regulation (112). 

  24(S), 25- epoxycholesterol. It is derived from a shunt of the mevalonic acid 

pathway of cholesterol biosynthesis (120). 
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Figure 2.7. Structures and CYP enzymes of some enzymatically produced oxysterols       

                   (101) 

          

 

 

            Non Enzymatic Oxidation 

 

ROS such as hydroxyl radical can directly attack cholesterol leading to hydrogen 

elimination at the C7- location. The generated carbon centered radical further reacts with 

molecular oxygen and forms a cholesterol peroxy radical. This species recruits further 

nonoxidized lipids, starts a chain reaction to produce stable cholesterol hydroperoxides 

(121). 
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 In existence of trace levels of transition metals, the hydroperoxides go through non- 

enzymatic breakdown and further reactions to make more stable hydroxy products like 

7α-hydroxycholesterol (7αOHC), 7β-hydroxycholesterol (7β OHC) and 7-KC 

(122)(Figure 2-2). These oxysterols have important cytotoxic and pro-apoptotic 

properties (123)The epimeric 5,6(α/β)-epoxycholesterols may be produced by a non-

radical reaction involving the non-enzymatic interaction of a hydroperoxide with the 

double bond. This process occurs in low-density lipoproteins (LDL) and macrophages 

(124). 

 

 

 

 

Figure 2.8. Structures and formation of some non enzymatically produced oxysterols     

                    (101) 
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Figure 2.9. Structure and formation of some important oxysterols (101) 

 

 

 

 

 Figure 2.10. Structure and origin of selected common oxyster 
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Figure 2.11. Non enzymatic and enzymatic cholesterol oxidation products (103) 

 

 

Furthermore, oxysterols are also present in a variety of foodstuffs due to lipid oxidation 

reactions caused by heating treatments, contact with oxygen and exposure to sunlight 

(125). Oxysterols exist, particularly in cholesterol-rich foods such as dairy products, 

eggs, dried egg powder, clarified butter, meat products, and dried fish (125, 126). They 

are absorbed in the gut and transported into the circulation within chylomicrons. These 

compounds absorbed more quickly in the intestines, compared to cholesterol. They have 

a faster plasmatic clearance, and they are quickly collected by tissues (127). 
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            2.3.2. Cellular and blood Levels, Metabolism and Elimination of Oxysterols 

 

Oxysterols can be found in the blood circulation within lipoproteins and in the 

cell membrane of healthy tissues at very low levels relative to a large excess of 

cholesterol (generally 103-106 fold) (101, 107). We can find the highest levels of 

oxysterols in low density lipoproteins (LDLs) and to a lesser extent in high density 

lipoproteins (HDLs) and very low density lipoproteins (VLDLs) (128). Oxysterols are 

hydrophobic in nature like cholesterol and confined within cell membranes (101). 

Oxysterols have considerable effects on the membrane structure due to little structural 

differences relative to cholesterol (129). 

In vivo oxysterols the same as cholesterol, are mainly present as esters with fatty 

acids. Lecitin cholesterol acyl transferase (LCAT) and Acyl CoA cholesterol acyl 

transferase (ACAT) are also responsible for esterification of oxysterols as well as 

overloaded cholesterol in cells and in circulation (130, 131). Oxysterols are present in 

mammalian tissues at very low concentrations (102). They have a shorter biological 

half-life than cholesterol  and also be considered a way to route the cholesterol molecule 

for catabolism (102). Oxysterols can exit cells more easily due to their increased polarity 

relative to cholesterol. The first step of cholesterol metabolism is oxidation to an 

oxysterol (107). Precursors of cholesterol can also be oxidized to oxysterols (132). Most 

of the enzymatic pathways which metabolize cholesterol are also able to act on 

oxysterols (115). The main routes for oxysterol metabolism are shown in figure 2-12. 

Both ACAT and LCAT enzymes are efficiently esterify oxysterols in cells and plasma, 

respectively (101). Sterol 27-hydroxylase (CYP27A1) can act on cholesterol and several 

ring-oxygenated sterols (133).  

For instance, CYP27A1 metabolizes 7-KC to 27- hydroxylated 7-KC which 

further metabolizes to water soluble metabolites which are less toxic and are more easily 

eliminated from the cell than 7-KC (133). 11-hydroxysteroid dehydrogenase type 1 

(11-HSD1 or CYP11b), another P450 enzyme, is best known for its role in oxysterol 

metabolism (108). 
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Sulfotransferases (SULTs) are a superfamily of enzymes, within which the SULT2 

subgroup specifically sulfate the 3b-hydroxyl group of steroids and sterols. Several 

oxysterols are also substrates for the cholesterol sulfotransferase enzyme (134) and are 

changed to sulfate esters at the 3-hydroxyl group or at the side-chain by sulfotransferases 

or glucuronides for elimination (134, 135). 

 

 

 

 

Figure 2.12. Modes of metabolism of oxysterols (136) 

 

 

Oxysterol elimination is like cholesterol. They are eliminated directly from cells to 

lipophilic acceptors via membrane lipid transporters including ATP- binding cassette 

transporters, subfamily A or G, member 1 (ABCA1 or ABCG1) and by the as yet 

undefined efflux activity of scavenger receptor BI (SRBI) (137). Oxysterol synthesis is 

also an important part of steroid hormone and bile acid synthesis and important in the 

immune response to pathogens (106). The first step in steroid hormone biosynthesis is 

oxidation of cholesterol to 22R-hydroxycholesterol (22R-HC) and to 20R,22R-

dihydroxycholesterol (20R,22R-diHC) and ultimately to pregnenolone by the enzyme 

CYP11A1 (138). 
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            2.3.3. Physiological Activities and Biological Roles of Oxysterols 

 

Oxysterols are biologically dynamic regulators of cholesterol biosynthesis 

through their action as ligands to nuclear receptors and G protein coupled receptors, in 

addition to signaling molecules involved in inflammatory and immune responses (102). 

Lipid-protein interactions are very important for the cellular activities of oxysterols 

particularly in the regulation of key proteins in the cholesterol metabolism (139). The 

physiological roles of steroid hormones in the body are well known. Oxysterols have 

steroidal structures and regulatory effects on cellular membrane interactions via 

receptor-ligand binding, activation of signal transduction and morphogenesis. These 

interactions can cause apoptosis induction as well as cytotoxicity (104, 140). In general, 

oxysterol actions can be divided into three different categories that include LXR 

membrane dynamics, protein interactions, and nuclear receptor binding (141). 

Oxysterols also regulate the functioning of the immune system (142). The innate 

immune system regulates adaptive immunity via oxysterols. Macrophage derived 

oxysterols suppress IgA production by B cells.  

Upon activation of their toll-like receptors, macrophages also produce 25-

hydroxycholesterol that is found in trace amounts in normal plasma (143). Oxysterols 

are associated with many physiological processes such as the regulation of cholesterol 

homeostasis (132, 144). They are also signaling molecules that maintain cellular and 

body lipid homeostasis and determine cell fate (102). These compounds can stimulate 

the differentiation of mesenchymal cells, monocytes, keratinocytes, lens epithelial cells, 

and osteoblasts (145, 146). Today it was well established that some oxysterols have 

damaging biological activities such as induction of cell death, pro-oxidative and pro-

inflammatory activities (147, 148). Therefore, they can lead to the initiation and 

development of important diseases including neurodegenerative diseases. Some 

oxysterols, such as 7-KC and 7b-hydroxycholesterol are major components of oxidized 

low-density lipoproteins (oxLDLs) (114). Oxysterols are integrated into biological 

membranes, and different oxysterols have distinct impacts on membrane lipid packing 

(149, 150). Modification of membrane biochemical properties by oxysterols plays an 
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important role in cytotoxicity induced by these compounds (151). The physiological 

roles of some specific oxysterols are as intermediates in bile acid synthesis, in sterol 

transport between tissues and in the regulation of gene expression (101). Some 

oxysterols have important useful activities in osteogenesis, and are potent modulators of 

critical signalling pathways capable of preventing osteoporosis (152). Some studies 

report that oxysterols are potent inducers of apoptosis (153). Oxysterols  can also induce 

necrosis or oncosis on various cell types (154, 155). 

 

 

 

            Role of Oxysterols in Cholesterol Homeostasis 

 

Oxysterols contribute considerably in keeping cholesterol levels under control by 

serving as sensors and regulators. 3-hydroxy-3-methyl glutaryl-CoA reductase (HMG- 

CoA reductase) is a principal enzyme in cholesterol biosynthesis (156)Oxysterols 

including 24(S), 25-epoxy cholesterol and 27 OHC speed up the HMG-CoA reductase 

degradation as a feedback regulation of high cholesterol levels (157).  

SREBP is synthesized as an inactive precursor in the endoplasmic reticulum (ER) and is 

bound to SREBP cleavage activating proteins (SCAP) which acts as a sensor of 

cholesterol levels in the ER membranes. This pathway controls the cellular machinery 

for cholesterol biosynthesis and uptake (158). Low cellular cholesterol levels under a 

critical threshold are sensed by SCAP, which causes a change in conformation and 

escorts SREBP from the ER to the Golgi for proteolytic activation and ultimate 

activation of cholesterol biosynthesis. When levels of cholesterol and its oxysterol 

metabolites are adequate or elevated, the SCAP/SREBP complex is taken in the ER by 

insulin- induced gene Insig. It has been established that similar to cholesterol binding to 

SCAP, oxysterols, mainly 25 OHC and 24(S), 25- epoxycholesterol bind directly to 

Insig proteins (159). Liver X receptors (LXRs) are nuclear transcription factors that 

serve as a security regulator to limit free cholesterol in tissues that are experiencing high 

cholesterol fluctuations (160). Oxysterols play a critical role in cholesterol homeostasis 
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in the brain, which contains 25% of the whole body cholesterol, mainly in unesterified 

form. Cholesterol itself cannot cross the blood brain barrier and its efflux from the brain 

is brought about by conversion to 24 OHC (116, 161). 

 

 

 

            Role of Oxysterols in Signaling and Development 

 

It has been revealed that oxysterols are essential in the Hedgehog (Hh) signaling 

pathway which plays a critical role in embryonic development (162). Osteoinductive 

effects as well as inhibitory effects on differentiation of bone marrow stromal cells into 

adipocytes are shown by side chain oxygenated oxysterols like 20(S)- 

hydroxycholesterol and 22 OHC via activation of Hh signaling pathway (163, 164). 

Some cytoplasmic oxysterol- binding proteins (OSBPs) have been associated with lipid 

metabolism, cell signaling and vesicle transport (165).  

 

 

 

            Role of Oxysterols in Inflammation and Immunity 

 

Some of oxysterols like 7-KC, 25 OHC and 7β OHC are reported to inspire 

proinflammatory signals and enhance inflammatory mediator expression like 

interleukin- 8 (IL-8) and monocyte chemoattractant protein-1 (MCP-1) by macrophages 

and other cell types (166, 167). It has been shown that activation of LXR by endogenous 

oxysterols down-regulate the expression of interleukin-6 (IL-6), cycloxygenase-2 (COX-

2), inducible nitric oxide synthase and matrix metalloproteinase 9 (MMP-9) in 

macrophages (168, 169). Because of their association in several immune and 

inflammatory pathways, oxysterols have been suggested to involve in atherosclerosis 

lesion development and inflammation in metabolic disorders.   
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            Role of Oxysterols in Cytotoxic and Pro-apoptotic Activities 

 

Oxysterols such as 25 OHC, 5β,6β EC, 7-KC and 7β OHC are able to induce 

apoptosis by the two accepted pathways; mitochondrial (intrinsic) and the death receptor 

(extrinsic) pathways (123). Mìtogen activated protein kinases (MAPKs) which are 

implicated in apoptosis and cytotoxic effects have been reported to be modulated by 7- 

KC and 5β,6β EC (170). Oxysterols also implement cyotoxicity and apoptosis by 

interfering with lipid rafts, regulating the balance between pro- apoptotic Bak/Bax 

proteins and anti- apoptotic proteins of Bcl-2 family, and by inhibition of ROS (171, 

172). A summary of physiological and pathological effects of oxysterols are shown in 

figure 2.13. 

 

 

 

 

Figure 2.13. Physiological and pathological effects of oxysterol 
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            2.3.4. Methods for Oxysterol Analysis 

 

Oxysterol analysis has been performed by several analytical techniques; 

however, there are a small number of reliable estimates of cellular and subcellular 

oxysterol levels. This is principally due to the complication related to making precise 

measurements of extremely low concentrations of oxysterols in biological samples in the 

presence of a large excess of cholesterol (173). Furthermore, in case of non-

enzymatically produced oxysterols, even small amounts of cholesterol autoxidation 

throughout storage, sample preparation and analysis can make impressive changes in the 

levels of oxysterols being measured (174). An extra feature that has been ignored during 

oxysterol analysis is that oxysterols are mostly present as esters in vivo. With the above 

considerations, there are few dependable reports of in vivo oxysterol levels (175).  

Levels of oxysterols have been analyzed using conventional techniques such as 

thin layer chromatography (TLC) and high performance liquid chromatography (HPLC) 

with UV detection which are useless owing to the presence of high background 

cholesterol. TLC is an easy technique which can be employed for the separation of 

synthetic reaction mixtures (107). Complicated mixtures of oxysterols have been 

separated using HPLC however low analyte levels and absence of a strong chromophore 

in most oxysterols makes UV detection not sensitive enough to measure biological 

levels of oxysterols (176). Complex liquid chromatography  methods involving 

enzymatic alteration of oxysterols to yield stuffs having better UV absorbance have been 

developed (177). In the last years, mass spectrometry methods have been favored over 

the usual techniques due to their capability to solve the problems of isomeric variation 

between oxysterols and high cholesterol background (178). Gas chromatography mass 

spectrometry (GC-MS) was the earliest and widely used method for oxysterol 

estimation.  
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The GC-MS methods involve complex sample extraction steps, including saponification 

for the release of free forms of esterified oxysterols, solid phase extraction (SPE) 

followed by derivatization of multiple functional groups prior to analysis (179). GC-MS 

techniques have provided attractive findings on oxysterols however, their labor 

exhaustive, time consuming nature momentum for liquid chromatography-mass 

spectrometry (LC-MS) and liquid chromatography-tandem mass spectrometry (LC-

MS/MS) method developments. Several LC-MS and LC-MS/MS studies of oxysterols 

have been carried out.  

The most significant benefit of these techniques over GC-MS is that 

derivatization of the analyte to a volatile form is not a prerequisite (167). The 

fundamental sample preparation of LC-MS/MS analysis depends on whether the target is 

free or total oxysterol. More than 70% of most oxysterol compounds in human plasma 

are esterified to fatty acids, so the majority of methods has focused on total levels. Since 

cholesterol is present in blood plasma at more than 1000X higher concentrations than 

most oxysterols, even 0.1% oxidation can lead to huge increases in oxysterols levels 

(178,180). 

Subsequent of LC separation oxysterols can be also analyzed by means of either 

the electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI) 

methods (181-183). The ESI method  was the first LC-MS interface to be applied, but 

has been mainly replaced with the initiation of the APCI interface which demonstrates 

better ionization (142). A major complexity and difficulty of LC–MS/MS analysis is that 

some groups of oxysterols are isobaric compounds with the identical molecular ion 

which have the propensity to give similar mass spectra. This makes the recognition of 

unknowns difficult and necessitates the need for chromatographic resolution of oxysterol 

isobars prior to MS detection (142). 
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           2.4. Liquid chromatography- Tandem mass spectrometry (LC-MS/MS) 

 

Liquid chromatography-mass spectrometry- mass spectrometry (LC-MS/MS), is 

a sensitive analytical technique used for the separation, recognition and quantitation of 

different compounds in one sample. This technique involves the interfacing of a 

powerful separation method, high performance liquid chromatography (HPLC) with a 

great and powerful detection method of mass spectrometry- mass spectrometry 

(MS/MS). High specificity and sensitivity coupled with the ability to handle complex 

mixtures makes LC-MS/MS a highly precise method in laboratories for different 

compounds such as protein, peptide, and oligonucleotide analysis, drug discovery and 

clinical drug testing. Following separation by the LC system, mass spectrometers work 

by first converting the analyte molecules into an ionized state by an ion source. 

Ionization is accomplished within the system interface which nebulizes the sample 

solvent, charges the droplets and then desolvates the charges particles generating ionized 

analytes. The ions are further separated and analyzed according to their mass to charge 

(m/z) ratio in a mass analyzer and are then quantified by the detector. The output is in 

the form of a mass spectrum, which is a plot of the abundance of the produced ions as a 

function of the m/z ratio (184, 185) (Figure 2-16.3-1). 

 

 

 

Figure 2.14. Schematic diagram showing working of MS/MS 
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The ion source serves to ionize the analyte molecule into molecular ions and separate 

them from the mobile phase. The Atmospheric Pressure Ionization (API) and 

Electrospray ionization (ESI), are the most commonly used ionization techniques. 

Atmospheric pressure chemical ionization (APCI), and Atmospheric pressure 

photoionization (APPI) are also available. The other ionization methods include Matrix-

assisted laser desorption (MALDI) and Fast Atom Bombardment (FAB). The ionization 

technique used in this thesis is the ESI. 

 

 

Figure 2.15. The basic components of mass spectrometer. 

 

 

            2.4.1. The Mechanism of Electrospray Ionization 

 

When an analyte is transferred from solution to the gas phase via ESI, the analyte 

solution undergoes three major processes. These are (a) production of the charged 

droplets from the high-voltage capillary tip where the analyte solution is injected; (b) 

repeated solvent evaporation (from the charged droplet) and droplet disintegration. It 

results a very small charged droplet, which is able to produce the charged analyte; (c) 

finally a mechanism by which the gas-phase ion is formed (186) (Figure 2-16). 
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A) Production of Charged Droplets; When the analyte solutionis pumped through the 

high-voltage capillary (emitter), an electrochemical reaction of the solvent occurs which 

causes an electron flow to or from the metal capillary depending on its polarity (187). In 

absence of any redox active analyte,  the oxidation of the solvent occurs in thepositive 

ion mode and reduction of the solvent occurs in the negative ion mode (188, 189). These 

redox reactions provide positive or negative ions in the solutions depending on the 

polarity of the emitter electrode. Generally polar solvents such as water, methanol, 

acetonitrile which simply go through electrochemical reactions in the spraying nozzle, 

are used in the ESI-MS experiments (189). 

 

B) Coulomb Explosion and Disintegration of the Charged Droplets; The charges in 

the droplets are spread on its surface with central spacing to minimize the potential 

energy (190). There are two forces acting in opposite directions in the charged droplets. 

One is surface tension of the charged droplet, which tries to keep the spherical shape of 

the droplet, and the other is coulomb force of repulsion among the like charges on the 

surface, which tries to break down the circular shape of the charged droplet (191). The 

solvent evaporation happens when the droplets cross the space among spraying nozzle 

and the heated capillary. Accordingly the mass and the size of the droplet decreases until 

it reaches the point (192).  

 

C) Formation of Gas-Phase Analyte Ions from the Charged Droplets;  

 

 

Two standard mechanisms involving charge residue model and ion evaporation model 

have been planned to account for the structure of gas-phase analyte ions from very small 

highly charged ES droplets, and those are charge residue model (CRM) (193).  
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Figure 2.16. Schematic representation of the electrospray ionization process (186) 

 

 

            2.4.2. Mass Spectrometry 

 

During the last decades mass spectrometry has progressed rapidly. Mass 

spectrometry’s characteristics have raised it to an outstanding position among analytical 

methods due to its detection limits, unequaled sensitivity, speed and diversity of its 

applications (194). Mass Spectrometry is an analytic technique that utilizes the degree of 

deflection of charged particles by a magnetic field to find the relative masses of 

molecular ions and fragments. Mass spectrometry is based upon the motion of a charged 

particle, called an ion, in an electric or magnetic field. The mass to charge ratio (m/z) of 

the ion effects this motion (195). The first step in the mass spectrometric analysis of 

compounds is the production of gas-phase ions of the compound, by electron ionization. 

The molecular ion normally undergoes fragmentation and the mass spectrum of the 

molecule is produced. It provides this result as a plot of ion abundance versus mass-to-

charge ratio. There are four types of mass analyzer that could be used for LC/MS. These 

are: quadrupole, time-of-flight, ion trap and fourier transform-ion cyclotron resonance 

(FT-ICR or FT-MS). Each has disadvantages and advantages depending on the 

requirements of a particular analysis. 
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A quadrupole mass analyzer consists of four parallel rods arranged in a square. The 

analyte ions are directed down the center of the square. The voltages applied to the rods 

generate electromagnetic fields. These fields determine which mass-to-charge ratio of 

ions can pass through the filter at a given time. Quadrupoles tend to be the simplest and 

least expensive mass analyzers (196). 

Quadrupole mass analyzers can operate in two modes: 

 Scanning mode 

 Selected ion monitoring (SIM) mode 

 

In scan mode, the mass analyzer monitors a range of mass-to-charge ratios. In SIM 

mode, the mass analyzer monitors only a few mass-to-charge ratios. SIM mode is 

significantly more sensitive than scan mode, but provides information about fewer ions 

(196)Scan mode is typically used for qualitative analyses or for quantitation when all 

analyte masses are not known in advance. SIM mode is used for quantitation and 

monitoring of target compounds. 

 

 

 

 

Figure 2.17. The quadrupole mass analyzer can scan over a range of  mass-to- 

chargeratios    
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             Diagram of a Mass Spectrometer 

A mass spectrometer always contains the following elements, as illustrated in 

Figure 18. A sample inlet to introduce the compound that is analysed, an ionization 

source to produce ions from the sample, one or several mass analysers to separate the 

various ions, a detector to ‘count’ the ions emerging from the last analyser, and finally a 

data processing system that produces the mass spectrum in a suitable form.  

 

 

Figure 2.18. Basic diagram for a mass spectrometer with two analysers and feedback 

                     control carried out by a data system. 
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Some of the key terms and abbreviations; 

 

Analyte: A specific chemical moiety being measured, which includes intact drug, 

biomolecule or its derivative, metabolite, and/or degradation product in a biologic 

matrix. 

Analytical run (or batch): A set of analytical and study samples with appropriate 

number of standards and QCs for their validation. 

Biological matrix: A distinct material of biological origin including blood, serum, 

plasma, urine, feces, saliva, sputum, and various discrete tissues. 

Quality control (QC) sample: A spiked sample used to monitor the performance of a 

bioanalytical method and to assess the integrity and validity of the results of the 

unknown samples analyzed in an individual batch. 

Internal standard (IS): Test compounds that structurally similar analog or stable 

isotope labelled compound which added to calibration standards, QCs and unknown 

samples at a known and constant concentration to facilitate correction for experimental 

variability during sample preparation and analysis. 

Calibration/Standard Curve (Linearity): The relationship between instrument 

response and known analyte concentrations is called as calibration curve. For a multi- 

analyte study, for each analyte a calibration curve should be generated. The calibration 

standards should be prepared in the same matrix as the intended samples under study. 

The number of standards used for constructing a calibration curve depends on the 

probable range of analytical values and the nature of the analyte/response relationship. A 

calibration curve should consist of a blank matrix sample processed without internal 

standard, a blank matrix sample processed with internal standard, and five to eight non-

zero standard points covering the expected range or analyte concentration. 
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3. Materials and Methods 

3.1. Chemicals 

 

1.   3-hydroxy-5-cholestene-7-one-d7 (7 ketocholesterol-D7), (Avanti, Catalog No 

T700046P) 

2.      3-hydroxy-5-cholestene-7-one (7 ketocholesterol), (Avanti, Catalog No 700015P) 

3.       3,5,6- Trihydroxycholestane, (Toronto, Catalog No T795100) 

4.      3,5,6- Trihydroxycholestane,D7, (Toronto, Catalog No T795102) 
 

5.      N-(3-Dimethyl Amino Propyl)-N’- ethyl Carbodiimid Hydrochloride (EDC) 

(Sigma, E1769) 

6.       N,N-Dimethylglycine hydrochloride (DMG) (Sigma, D6382) 

7.       4-(Dimethylamino) pyridine, Reagent Plus, (DMAP) (Sigma,107700) 

8.      Chloroform, Chromasolv(R) Plus, for HPLC, >=99.9%, Contains 0.5-1.0% Ethanol  

as stabilize (Merck) 

9.        Hexane Chromasolv for HPLC, >97.0% (Merck) 

10.      Methanol Chromasolv ,Gradinet Grade, for HPLC, >99.9% (Merck) 

11.    Human Recovered Plasma, Charcoal-Dextran Stripped Anticoagulants available: 

(ACD,  EDTA, Heparin)-UNIT, Sterile Filtered, (Frozen) (Zenbio, Catalog No  

SER-PLE-CDS) 

12.    Formic acid LC-MC Ultra, eluent additive for UHPLC-MS (Sigma, Catalog No 

56302 Fluka ) 

13.      Ammonium formate  for HPLC, ≥99.0% (Sigma, Catalog No,17843) 

14.      Acetonitrile, LC-MS Ultra Chromasolv (Sigma, Catalog No, 34967) 
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3.2. Equipment and Instruments 

 

1.     LC-MS/MS (Shimadzu model 8040) 

2.     Ependorf centrifuge (Abott) 

3.     Water bath (Nuve B5) 

4.     HPLC Glass inserts (Sigma) 

5.     Centrifuge (Labofuge 200 Heraeus) 

6.     Evaporator (Univapo 150 H) 

7.     Vaccum fornace (Kendro B6420) 

8.     Glass test tubes (10 ml) (Fisher Scientific)   

9.     Orbital shaker (Heidolph tetramax 101) 

10.    LC-MS/MS Column, Symmetry C18 (3-5µm, 21*50 mm) (WAT 200650) 

11.    Precision scale (Shimadzu ATX 224) 

 

 

            3.3. Study Groups 

 

Eighty type 2 and 26 type 1 diabetic patients who were referred to Hacettepe 

University, Faculty of Medicine, Department of Internal Medicine, Endocrinology Unit, 

were enrolled for the study. A detailed interview addressing personal, family history, 

demographic information and physical examination was performed. One hundred twenty 

six healthy controls were also included into the study. The individuals with chronic 

inflammatory and metabolic diseases, Alzheimer's, and hepatic disorders were excluded. 

The study protocol adhered to the Declaration of Helsinki Guidelines and was approved 

by the Ethics Committee of Hacettepe University (GO 15/662). All patients provided 

written informed consent. 

 

 

 



46 
 

     

 

            3.4. Sample collection 

 

Blood samples were obtained from patients with a confirmed diagnosis of type 1 

and type 2 DM.  Bloods were collected in ethylenediaminetetraacetic acid dipotassium 

salt (EDTA-K2) containing tubes. Blood samples were transferred to the Clinical 

Pathology Laboratory of Hacettepe University Hospitals on ice within 10-15 minutes. 

The samples were centrifuged at 13000 rpm for 10 minute and plasma were collected 

and then immediately stored at -80ₒC. 

 

            3.5. Measurement of biochemisty profiles 

Biochemical characteristics of the patients  were measured in the morning after 

12 h of fasting. The biochemistry profiles measured by Beckman Coulter AU 680, and 

special kits and reagents for each biochemical parameters. HbA1c was measured by 

HPLC (Shimadzu DGU-20A 3R). The intra-assay coefficient was 0.9% and the inter-

assay coefficient was 2.2%. 

 

            3.6. Oxysterol Analysis 

The oxysterol analysis was performed by using LC-MS/MS system (Shimadzu 

Scientific Instruments, 8040). The plasma levels of cholestan-3β,5α,6β-triol and 7-

ketokolesterol were measured. The LC system consists of two, dual head, LC10 ADVp 

high pressure solvent pumps joined by a high pressure mixing tee, a DGU 14A solvent 

degassing unit, a SIL 20A autosampler, a CTO column oven and an in series SPDM10A 

photodiode array (PDA detector). The mass spectrometries were connected in series 

with a 2010A single quadrupole detector with interchangeable ESI. The system is 

controlled via a computer. Nitrogen supply for the MS detector was provided by a 

regulated venting from a liquid nitrogen tank. 
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3.6.1. Optimization of Chromatographic Conditions and Mobile Phase Gradient 

 

HPLC separation is crucial because many oxysterols are isobaric molecules that 

present same precursor and product ion fragments. For optimization of LC method 

evaluation of columns, mobile phases, additives and temperature are necessary. 

Optimum flow rate and mobile phase gradient was searched for achieving the highest 

resolution between peaks for 7-KC and cholestan-3β,5α,6β-triol, to obtain a better 

separation. Efficient evaluation of flow rate, percentage of ACN (at the beginning and 

during the gradient) and temperature of column oven was carried out by altering one 

parameter at a time, in order to decide upon the combination which gave best 

chromatographic resolution. 

There are two kinds of columns used in this method; normal phase column and 

reverse phase column. Normal phase column provides good separation, but low 

reproducibility of oxysterol species (non derivatized) and it is sensitive to pH changes. 

The reverse phase column is suitable for derivatized oxysterols. After derivatization, the 

polar group attached increases the hydrophilicity of the molecules changing the retention 

properties of the molecule in the column. The column that was selected for this analysis 

was  a reverse phase column, Symmetry C18 (3-5µm, 21*50 mm) (C/N 5020-01742) 

(Sigma Aldrich, St.Louis, MO). Reverse phase column achieved a good separation of 

these molecules. Methanol (MeOH) and acetonitrile (ACN) are commonly used for 

separation of different molecules in LC method. MeOH is suggested for steroids and it is 

more polar compared to ACN. However, ACN achieves a better separation compared to 

MeOH (Figure 3-1). MeOH induces high back pressure in the column. In addition, 

prediction of retention time with MeOH is so difficult. The mobile phase consisted of 

two solvents: Solvent A and Solvent B.  
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           Mobile phase:  

 

 Solvent A:(1 mM ammonium formate, pH= 3)  

 Solvent B: Acetonitrile; ACN:1 mM ammonium formate (95:5) , pH=3. 

To prepare 1 mM ammonium formate, 63 mg  ammonium formate was dissolved 

in 1 L water and the pH was adjusted to 3 by formic acid. For preparation of 

mobile phase B, we mix 50 mL of mobile phase A with 950 mL ACN and after 

that pH was adjusted to 3 by formic acid. 

 

 

 

Figure 3.1. Separation with ACN in contrast with MeOH. 

 

The mobile phase consisted of Solvent A and Solvent B. The chromatographic run was 

performed with a gradient that is shown graphically in Figure 3-2.  
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Figure 3.2. Linear gradient representation of mobile phases used during sample analysis 

The column oven temperature was maintained at 45⁰C. This temperature provide a better 

separation in contrast to room temperature (Figure 3-3) 

 

 

Figure 3.3. Separation of in a plasma sample with and without  column heater. 

 

The sample injection volume was 7.5 μL and the total run time was 7 minutes per 

sample. Optimized HPLC parameters are shown in table 3-1. 
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Table 3.1. The HPLC parameters 

Parameter Value Setting Units 
Total Flow  Binary gradien Binary gradien mL/min 

Pump A pressure  115 - bar 

Pump B pressure 112 - bar 

Pump A Degassing -94 - kPa 
Oven Temperature  45 45 C 

Nebulizing Gas Flow  3.0 3.0 L/min 

Drying Gas Flow  15.0 15.0 L/min 

DL Temperature  250 250 C 
Heat Block Temperature 450 450 C 
CID Gas 230 230 kPa 
Room Temperature 29 - C 
IG Vacuum 1.4e - 003 Pa 
PG Vacuum 7.3e + 001 Pa 

 

 

            3.6.2. Preparation of Solutions  

 

 Stock Solutions of Standard: 

Stock solutions of 7-KC and cholestan-3,5,6-triol were prepared (1mg/mL) 

by dissolving the powdered form of the standards in HPLC grade methanol. 

Stock solution of 7-KC and cholestan-3,5,6-triol was diluted 1:200 using 

HPLC grade methanol and water to prepare an intermediate stock concentration. 

All stock standards were stored at -20oC.  

 Working standard solution: Working solution of internal standard was prepared 

from the intermediate stock. 10µg/mL of cholestan-3β,5α,6β-triol-d7 and 

10µg/mL of 7-KC-d7 was prepared in methanol (IS). 

 Calibration Standard Working Solutions: Commercial human plasma 

defibrinated and delipized diagnostic grade plasma was used for preparation of 

calibration standards. Calibration curves were generated for two oxysterols; 7-

KC and cholestan-3β,5α,6β-triol. The calibration range was decided based on 

approximate biological levels of the oxysterols in a normal healthy human and 
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pathological levels in Niemann-Pick type C disorder where oxysterols are 

observed very high and used as biomarkers of this disease. A primary mixture of 

8 calibration standards (8-Mix calibrator) was prepared from the stock solutions 

of the standards as shown in Table 3.2. These standard calibrators prepared by 

single additions of intermediate stock solutions. After preparation standards were 

aliquotated and stored at -80 oC.  

 

 

 

Table 3.2. Preparation of calibration standard working solutions (in 1 L) 

 

 

Calibrators 

 

7-KC and 

cholestan, 

3,5,6-Triol      

7-KC and 

cholestan, 

3,5,6-Triol       

5000 ng/mL 

7-KC and 

cholestan 

3,5,6-Triol       

500 ng/mL 

7-KC and 

cholestan 

3,5,6-Triol       

50 ng/mL 

CAL 1 3.125 ng/mL - - 62.5 mL 

CAL 2 6.25 ng/mL - 12.5 mL - 

CAL 3 12.5 ng/mL - 25 mL - 

CAL 4 25 ng/mL - 50 mL - 

CAL 5 50 ng/mL - 100 mL - 

CAL 6 100 ng/mL 20 mL - - 

CAL 7 200 ng/mL 40 mL - - 

CAL 8 400 ng/mL 80 mL - - 
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 Preparation of Quality Control Samples  

 

Quality control (QC) samples were prepared with pooled plasma samples to establish the 

mean concentration of endogenous cholestan-3,5,6-triol and 7-KC by the LC-ESI-

MS/MS method. The low, and high plasma quality control (LQC, HQC) samples were 

prepared by spiking known amounts of standards of cholestan-3,5,6-triol and 7-KC 

to yield an endogenous level 40/40 ng/mL and endogenous level 150/150 ng/mL, 

respectively. A primary 2 mix of QC samples was prepared identically, but separately 

from the stock solutions of the standards. After preparation of QC samples they were 

aliquoteted in ependorf tube and stored at -80 oC. 

 

 

            3.6.3. Sample Preparation 

 

Sample preparation consists of three phases. Phase 1 includes three steps, protein 

precipitation, separation and drying. Phase 2 is derivatization phase and phase 3 is 

sample cleaning. Study samples, QCs and standards, were aliquotted into 2 ml ependorf 

tubes. The LC-MS/MS assay was designed only to measure free or unesterified 

oxysterols, saponification of plasma samples during sample preparation, which is 

necessary for measurement of total oxysterol species, was not required. Removal of this 

step avoids the identified degradation of oxysterols that happen during the alkaline 

hydrolysis procedure and the possibility for overestimation of total oxysterol 

concentrations. There are a variety of different protocols for the preparation in literature, 

we used the protocol developed by Xuntian Jiang et al (197). 

Phase 1; For calibration standards, QC samples and diabetic patient plasma 

samples, 50 μL of sample was added to a 2mL ependorf tube. Internal standard working 

solution (300 μL, 20 ng/mL) was added to all samples, except blank matrix samples to 

which 250 μL of MeOH was added. Ependorf tubes were vortexed for 30 seconds, and 

then centrifuged for 10 min at 13000 rpm at room temperature. After centrifugation, the 
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supernatants were transferred to clean 2 mL ependorf tubes, then the organic layer was 

evaporated to dryness at 35°C in a Multi-Well Evaporation Systems (Univapo 150).  

Phase 2; This phase is called the derivatization phase. Twenty µL of 0.5 M DMG/2M 

DMAP in chloroform and 20 µL of 1M EDC in chloroform were added to the extracted 

samples. After that mixtures were capped and vortexed, then heated for 1 h at 45°C in a 

water bath. After the water bath the color of ependorfs should be dark yellow. This color 

shows that we have a good derivatization. Two hundred fifty µL H2O and 500 µL 

hexane were added to the derivatized samples, and samples were shaked on an orbital 

shaker for 5 minutes at 1000 rpm 

The samples were centrifuged for 10 min at 13000 rpm at room temperature. 

Five hundred µL hexane were added on to the supernatant The samples were shaked on 

an orbital shaker for 5 minutes at 1000 rpm. The samples were again centrifuged for 10 

min at 13000 RPM. The supernatants (hexane) were evaporated. After evaporation 300 

µL %80 MeOH were added. The samples were vortexed for 20 seconds and transferred 

into 1.5 mL HPLC autosampler vials with 0.25 mL limited volume conical vial inserts 

and subject to analysis on the LC-MS/MS.  

Phase 3; It is a sample cleaning phase by LC. This step do not increase the signal in 

MS/MS but reduce the dirty on source cone.  
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            3.6.4. Optimization of MS/MS Source Settings 

 

The mass spectrometry conditions involved the ESI interface in positive ion 

mode and selective ion monitoring (SIM) was chosen. The optimized parameters are 

summarized below in Table 3.3. 

 

Table 3.3. Mass spectrometric parameters 

Parameter Optimized set value 

IG vacuum 1.4e - 

Detector voltage 0.0 kV 

Temperature Limit 85°C 

DL temperature 250°C 

Nebulizing gas flow 3.0 L/min 

Heat block 450 °C 

 

For increasing mass spectrometry detection of cholestan-3,5,6-triol and 7-KC, the 

oxysterols were changed into DMG esters. Introduction of the DMG improved 

dissociation efficiency in Q2 quadrupole (collision cell), greatly enhancing the overall 

response for the oxysterols. The multiple reaction monitoring (MRM) mass transitions 

of 7-KC and cholestan-3,5,6-triol were shown in table 3.4. 

m/z of DMG esters of 7-KC and cholestan-3,5,6-triol in M+H+ were 486.0 

and 591.5, respectively. m/z of 7-KC D7 and cholestan-3,5,6-triol D7 in M+H+ were 

493.0 and 598.5, respectively. Product iyons were as follows: 

       - m/z  104: protonated DMG 

       - m/z 383: oxysterol fragment resulting from loss of DMG 

       - m/z 488.5: oxysterol fragment resulting from loss of DMG 
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Table 3.4. Mass transitions of 7-KC and cholestan-3β,5α,6β-triol 

 

DMG 

derivatives 

Parent 

ion 

Product ion 

7-KC 486.0 104 

486.0 383 

7-KC D7 493.0 104 

 

 

 

 

 

 

 

 

 

The MRM mass transitions for oxysterol-DMG derivatives were m/z 591.5 → 104 

(quantifier) and 591.5 → 488.5 (qualifier) for cholestan-3,5,6-triol and m/z 486 → 

383 (quantifier) and 486 → 104 (qualifier) for 7-KC. 

Figure 3.4. shows the product ion spectra and fragmentation patterns of DMG 

derivatives of 7-KC with collision. 

Cholestan-

3β,5α,6β-triol 

591.5 104 

591.5 488.5 

Cholestan-

3β,5α,6β-triol 

D7 

 

598.5 

 

104 
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Figure 3-4. Product ion spectra and fragmentation pattern of DMG derivative of 7-KC.   

                    (197) 

  

Figure 3.5. shows the product ion spectra and fragmentation patterns of DMG 

derivatives of cholestan-3,5,6-triol with collision. 

 

 

Figure 3-5. Product ion spectra and fragmentation pattern of DMG derivative of 

cholestan-3,5,6-triol (197) 
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            3.6.5. Precision, Accuracy and Sensitivity 

 

Within-run accuracy and precision were determined by analyzing two replicates 

of QC samples at two levels, including LQC and HQC for each analyte along with a set 

of calibrators. Accuracy was expressed as percent deviation from the nominal 

concentration and precision was expressed in terms of percent coefficient of variation 

(CV%). Between-run precision and accuracy was determined by replicating the above 

‘within-run’ analysis on different days. Precision was considered acceptable if the 

interpolated concentration at each QC level was within 15% of nominal value, except for 

the LLOQ, where it could be less than 20% of the nominal. The acceptance criteria for 

precision was that at each concentration level, % CV should not exceed 15%. 

 

 

            3.7. Statistical Analyses 

 

Statistical analyses were performed with the IBM SPSS for Windows Version 

22.0. Numerical variables were summarized as mean±standard deviation and categorical 

variables as frequencies and percentages. Normality of the continuous variables was 

evaluated by Kolmogorov Smirnov test. Homogeneity of variances were tested by 

Levene test. Differences between the groups according to continuous variables were 

determined by independent samples t test or one way ANOVA. Pairwise comparisons 

were done by Tukey HSD or Games Howell test. Categorical variables were compared 

by Pearson chi square test. Relation between the continuous variables were determined 

by Pearson or Spearman correlation coefficient. Factors affecting 7-KC and were 

determined by multiple stepwise linear regression analysis. A p value less than 0,05 was 

considered as significant. 
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            4. RESULTS 

            4.1. Calibration curves 

 

All calibration curves were created by plotting the ratio of analyte area/IS area on 

the y-axis versus calibrator analyte concentration on the x-axis. Calibration points were 

obtained using calibrators at 8 levels (C1 to C8). A calibration curve was accepted if 

back calculated concentrations of the C8-C2 calibration standards were within ±15% of 

the nominal value and the C1 was within ±20 %. At least 75 % standards should meet 

this criteria. The calibration curves, as shown in figure 4.1, for 7-KC and were linear 

over a range of injected calibrators (r2 = 0.997). 

 

 

 

Figure 4.1. The calibration curves for 7-KC and cholestan-3β,5α,6β-triol 

 

            4.2. Mass spectra of plasma 7-KC and cholestan-3β,5α,6β-triol  

 

Figure 4.2 and 4.3 showed the mass spectra/mass fragmentograms of of 7-KC 

and cholestan-3β,5α,6β triol. The parent ion for 7-KC was 486.5(m/z) and the parent ion 

for 7-KC D7 was 493.5 (m/z). The parent ion for and D7 were 591.5 (m/z) and 598.5 

(m/z) respectively. The peaks for product ions were also observed as 383 (m/z) 

(quantifier) and 104 (m/z) (qualifier) for 7-KC.  
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The peaks for product ions were 104 (m/z) (quantifier) and 488 (m/z) (qualifier) for 

cholestan-3β,5α,6β-triol.  Analysis of all plasma samples showed peaks of 7-KC and at 

the same retention time with the standards.  

 

 

 

Figure 4.2. Mass spectra/mass fragmentograms of 7-KC 

 

 

 

Figure 4.3. Mass spectra/ mass fragmentograms of cholestan-3β,5α,6β triol 
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           4.3. Demographic data including oxysterols of the study groups and controls 

Demographic data of the clinical and biochemical characteristics of subjects such 

as age, body mass index (BMI), glucose, HbA1c, total cholesterol, triglyceride as well as 

oxysterols from the studied groups and controls were compared and presented in Table 

4.1. 

Table 4.1. Clinical and biochemical profiles of the studied groups 

 Healthy 1 

 <40  

Healthy 2 

≥40  

Type 1 DM Type 2  DM P Value 

Female: Male 55:53 47:50 16:10 47:33 0.421 

Age 24.2±9.0 56.3±10.8 27.46±7.2 56.2±10.1 <0.001¥ 

BMI (kg/m2) 20.9±1.4 21.6±1.9 25.75±5.19 32.85±4.64 <0.001*Ϯ¥ 

Total cholesterol 

(mg/dL) 156.1±20.1 163.8±26.2 

205.65±17.59 228.94±39.64 <0.001*Ϯ¥ 

LDL (U/L) 
89.2±11 100.8±14.5 

127.2±27.45 139.50±38.09 <0.001*Ϯ 

HDL  (U/L) 43.8±5.6 49.1±7.0 46±12.24 46.83±12.65 0.202 

VLDL (U/L) 26.4±5.6 30.3±7.6 40.65±10.78 50.30±29.03 <0.001*Ϯ 

Triglyceride(mg/dL) 
124.7±6.1 127.1±7.3 

187.38±143.18 222.09±87.19 <0.001 Ϯ 

Glucose (mg/dL) 
76.8±5.8 83.9±7.4 

204.54±74.99 176.98±49.13 <0.001*Ϯ 

HbA1c 4.1±0.1 4.2±0.2 7.91±1.38 7.99±1.72 <0.001*Ϯ 

ALT (U/L) 18.6±5.1 22.6±6.4 22.73±18.66 28.09±21.66 0.014 

AST (U/L) 19±3.8 22.5±5.9 23.15±16.96 24.54±13.15 0.011 

Number of risk 

factors - - 

3,1±0,7 4,4±1,2 <0,001¥ 

7-Ketocholesterol 

(ng/ml) 18.33±3.76 19.72±2.47 

42.75±11.54 84.80±43.71 <0.001*Ϯ¥ 

Cholestan-3β,5α,6β 

triol (ng/ml) 9.39±3.17 10.62±2.77 

32.30±8.93 65.69±35.34 <0.001*Ϯ¥ 

7K/cholesterol 
10.72±3.88 12.05±2.71 

20.51±3.83 35.99±15.06 <0.001*Ϯ¥ 

3/cholesterol 
5.64±2.91 6.99±2.73 

15.50±3.08 27.67±12.29 <0.001*Ϯ¥ 

7K/LDL 
18.57±6.34 19.54±4.34 

33.92±6.86 62.09±31.18 <0.001*Ϯ¥ 

3/LDL 
9.75±4.91 11.16±3.75 

25.57±5.06 48.02±25.78 <0.001*Ϯ¥ 

-Data are expressed as mean ± SD; BMI: Body Mass Index 

-* Healthy <40 years - Type 1 different 

-Ϯ Healthy ≥40 years - Type 2 different 

 -¥ Type 1 - Type 2 different 
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Significant differences exist for BMI, total cholesterol, 7-KC and cholestan-3β,5α,6β triol 

between all groups (type 1 DM-healthy, type 2 DM-healthy, type 1 DM-type 2 DM). 

The concentrations of glucose, HbA1c, LDL and VLDL were significantly increased in 

both types of DM compared to the control groups. There exists a significant difference 

for the number of risk factors between type 1 and type 2 DM. 

The patients with type 2 DM showed higher concentrations of total cholesterol, 

BMI, 7-KC and cholestan-3β,5α,6β-triol compared to patients with type 1 DM. The 

patients with type 2 DM showed higher concentrations of triglycerides compared to 

healthy controls.   

Plasma 7-KC levels in patients with type 1 DM (42.75±11.54 ng/mL) and type 2 

DM (84.80±43.71 ng/mL) were significantly higher than those in control subjects 

(18.97±3.83 ng/mL) (p<0.001). Type 1 and type 2 diabetic patients also demonstrated 

high levels of cholestan-3β,5α,6β-triol (32.30±8.93 ng/mL and 65.69±35.34 ng/mL) 

compared to healthy controls (10.106±3.94 ng/mL) (p<0.001). Significant high levels of 

both oxysterols were observed in type 2 DM compared to type 1 DM. 

Since 7-KC and cholestan-3β,5α,6β-triol are the non-enzymatic oxidation 

products of cholesterol, 7-KC and cholestan-3β,5α,6β-triol concentrations were 

normalized to cholesterol and LDL as 7KC/Cholesterol, cholestan-3β,5α,6β 

triol/Cholesterol, 7KC/LDL and cholestan-3β,5α,6β triol/LDL. We obtained the same 

significant high patterns as plasma 7-KC and cholestan-3β,5α,6β-triol alone.   

Plasma 7-KC and cholestan-3β,5α,6β-triol levels were higher in type 1 and type 2 

diabetic groups than in the control subjects, more clearly in type 2 DM,  as shown in 

Figure 4.4 and Figure 4.5.  
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Figure 4.4.  Plasma 7-KC  levels in  type 1, type 2 diabetic patients and controls 

 

 

Figure 4.5. Plasma  levels in  type 1, type 2 diabetic patients and controls 
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4.4. Correlations of oxysterol levels with biochemical parameters and coronary 

multiple risk factors in the study groups  

To clarify the relationship between 7-KC, and coronary multiple risk factors, 

patients with type 1 and type 2 DM were divided into 6 groups with one or more risk 

factors (defined as multiple risk factor group). The risk factors was defined as LDL>130, 

BMI>30, hypertension (systolic blood pressure >130 mmHg, diastolic blood pressure > 

85 mmHg), obesity (male: waist ≥102 cm; female: waist ≥88 cm), smoking, TG>150, 

HDL< 35 in male, <45 in female based on the criteria of the National Cholesterol 

Education Program (NCEP) as shown in table 4.2. Healthy volunteers were defined as 

no diabetes and no coronary risk factors. 

Table 4.2. Coronary disease risk factors based on the criteria of national 

cholesterol education program 

 

Risk Factors Definition 

Hypertension Systolic blood pressure ≥ 130 

mmHg, diastolic blood pressure 

≥85 mmHg 

Hypertriglyceridemia Triglyceride ≥1.50 (mg/dL) 

LDL LDL ≥ 130 

HDL HDL Male < 35, Female:<45 Kadın 

Smoking Yes 

Obesity Male:waist≥102 cm; female: waist≥ 

88 cm 

 

Strong positive correlations of plasma 7-KC and cholestan-3β,5α,6β-triol levels with 

glucose, HbA1c, and number of coronary risk factors were observed in type 2 DM. 

Positive correlations of oxysterols with total cholesterol were also observed. There exist 

correlations between oxysterols and triglyceride, LDL, VLDL (Table 4.3). No 

correlation was observed between oxysterols and HDL, ALT, AST levels and BM 
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Table 4.3. Correlations between oxysterols and biochemical parameters as well as BMI, 

waist circumference and number of risk factors in type 2 diabetic patients 

 

 7-Ketokolesterol Cholestan-3β,5α,6β-triol 

Correlation 

coefficient 

P Value Correlation 

coefficient 

P Value 

Age -0.038 0.735 -0.034 0.764 

BMI (kg/m2) 0.131 0.246 0.036 0.751 

Waist cm 0.068 0.549 -0.048 0.673 

Abdomen cm 0.270 0.015 0.201 0.074 

LDL 130 mg/dL 0.445 <0.001 0.425 <0.001 

HDL 40-60 mg/dL -0.088 0.438 -0.088 0.435 

Total Cholesterol 200 

mg/dL 
0.680 

<0.001 
0.725 <0.001 

VLDL 40 mg/dL 0.438 <0.001 0.419 <0.001 

TG 150 0.490 <0.001 0.414 <0.001 

Glucose 70-100 0.999 <0.001 0.878 <0.001 

HbA1c 4-6.5 0.998 <0.001 0.877 <0.001 

ALT 35 U/L 0.039 0.734 -0.008 0.943 

AST 35 U/L 0.061 0.592 0.037 0.745 

Number of Risk Factors 0.968 <0.001 0.867 <0.001 

 

 

In type 1 diabetic patients we  found  strong positive correlations between 

oxysterols and glucose, HbA1c, serum total cholesterol, number of coronary risk 

factors.Positive correlations also exists between plasma between oxysterols and 

triglyceride, LDL, VLDL. Correlation with BMI was also found. (Table 4.4). Negative 

correlations, but not significant, were found between oxysterols and HDL, ALT, AST. 

(Table 4.4). 
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Table 4.4. Correlations between oxysterols and biochemical parameters as well as BMI, 

waist circumference and number of risk factors in type 1 diabetic patients 

 

 7-Ketocholesterol Cholestan-3β,5α,6β-triol 

Correlation 

coefficient 

P Value Correlation 

coefficient 

P Value 

Yaş 0.166 0.417 0.362 0.069 

BMI (kg/m2) 0.468 0.016 0.411 0.037 

Waist cm 0.253 0.213 0.155 0.449 

Abdomen cm 0.341 0.088 0.238 0.242 

LDL 130 mg/dL 0.686 <0.001 0.659 <0.001 

HDL 40-60 mg/dL -0.025 0.902 -0.134 0.515 

Total Cholesterol 200 mg/dL 0.901 <0.001 0.900 <0.001 

VLDL 40 mg/dL 0.685 <0.001 0.627 0.001 

TG 150 0.638 <0.001 0.617 0.001 

Glucose 70-100 1.000 - 0.887 <0.001 

HbA1c 4-6.5 0.998 <0.001 0.896 <0.001 

ALT 35 U /L -0.015 0.940 -0.135 0.512 

AST 35 U/L -0.187 0.360 -0.281 0.164 

Number of Risk Factors 0.748 <0.001 0.874 <0.001 

 

 

Figure 4.6. shows that as cholesterol increases, 7-KC also increases in type 2 

diabetic patients. The same as 7-KC, with increase of total cholesterol, cholestan-

3β,5α,6β-triol increases too (Figure 4.7). An interesting finding that we have found 

strong positive correlations between these oxysterols and glucose and HbA1c (Figures 

4.8 and 4.9). We have also found high positive correlations between number of risk 

factors and 7-KC and cholestan-3β,5α,6β-triol. 
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Figure 4.6. Positive correlation between 7-KC and total cholesterol 

 

 

 

Figure 4.7. Positive correlation between cholestan-3β,5α,6β-triol and total cholesterol 
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Figure 4.8. Positive correlation between 7-KC and HbA1c 

 

 

 

Figure 4.9. Positive correlation between cholestan-3β,5α,6β-triol and HbA1c 
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Figures 4. 10 and 4.11 show the positive correlations of oxysterols with number of risk 

factors. Diabetic patients who are carrying all the risk factors demonstrated higher levels 

of oxysterols compared to patients who have less risk factors.  

 

 

Figure 4.10. Positive correlation between 7-KC and number of risk factors 

 

 

Figure 4.11. Positive correlation between cholestan-3β,5α,6β-triol and number of risk    

                     factors 
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4.5. Correlations of oxysterol levels with demographic data, microvascular 

complications and usage of drugs in the study groups  

 

Microvascular complications were defined as nephropathy, retinopathy, and 

neuropathy in diabetic patients. We found correlations between plasma oxysterol levels 

and microvascular complications as well as smoking in type 1 diabetic patients. (Table 

4.5).  

 

Table 4.5. Evaluation of the correlation between 7-KC, cholestan-3β,5α,6β-triol and  

demographic data, microvascular complications and usage of drugs of type 1 diabetic 

patients 

 

 7-Ketocholesterol Cholestan-3β,5α,6β-triol 

Mean ± SD P value Mean ± SD P value 

Presence of 

microvascular 

complication 

No 36.7±6.4      <0.001 27.5±5.2 <0.001 

Yes 56.3±8.6 43.2±4.8 

Gender F 40.0±9.9 0.352 29.7±8.0 0.250 

M 44.5±12.5 33.9±9.3 

Smoking  No 34.3±4.5 <0.001 25.3±3.0 <0.001 

Yes 52.6±9.0 40.5±5.9 

Family story No 42.0±9.2 0.698 31.7±7.8 0.682 

Yes 44.2±15.6 33.4±11.2 

Hypertension No 36.5±17.9 0.858 30.8±14.1 0.173 

Yes 35.8±14.1 26.6±11.5 

Use of statin No 35.9±13.5 0.936 28.6±11.8 0.384 

Yes 36.2±17.7 26.1±13.2 

Use of insulin No 34.2±13.9 0.389 25.8±11.6 0.249 

Yes  37.2±15.8 29.0±12.7 

Antihypertensive 

drug use 

No 34.6±14.5 0.386 28.0±12.0 0.800 

Yes 37.5±15.7 27.3±12.8 

Aspirin use No 35.7±15.8 0.706 27.8±12.9 0.832 

Yes 37.2±12.4 27.1±10.1 

Oral 

hypoglycemic 

Drug 

No 38.2±16.0 0.228 29.4±11.7 0.246 

Yes 34.1±14.1 26.2±12.7 

Antihypertensive 

+ Oral 

hypoglycemic 

No 37.2±15.5 0.264 29.0±12.1 0.145 

Yes 33.1±13.9 24.6±12.4 
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Table 4.6. Evaluation of the correlation between 7-KC, cholestan-3β,5α,6β-triol and  

demographic data, microvascular complications and usage of drugs of type 2 diabetic 

patients 

 

 7-Ketocholesterol Cholestan-3β,5α,6β-triol 

 Mean ± SD P value Mean ± SD P value 

Presence of 

microvascular 

complication 

No  - - - 

Yes 84.4±44.6 65.7±35.3 

Gender F 84.4±44.6 0.931 61.9±34.6 0.254 

M 85.3±43.1 71.1±36.1 

Smoking  No 56.1±18.1 <0.001 42.2±20.0 <0.001 

Yes 119.9±40.1 94.4±28.1 

Family story No 83.8±43.3 0.714 63.9±35.2 0.420 

Yes 88.0±45.9 71.4±36.1 

Hypertension No 74.7±39.5 0.270 64.3±34.7 0.851 

Yes 87.7±44.7 66.1±35.8 

Use of statin No 113.0±39.3 <0.001 89.2±30.3 <0.001 

Yes 48.5±5.8 35.4±6.0 

Use of insulin No 79.0±40.5 0.323 59.8±33.3 0.216 

Yes  88.9±45.8 69.8±36.5 

Antihypertensive 

drug use 

No 85.5±50.2 0.932 72.3±37.9 0.325 

Yes 84.5±41.6 63.4±34.4 

Aspirin use No 82.9±44.1 0.456 65.0±35.4 0.736 

Yes 91.9±42.6 68.3±36.0 

Oral hypoglycemic 

Drug 

No 113.0±39.3 <0.001 89.2±30.3 <0.001 

Yes 48.5±5.8 35.4±6.0 

Antihypertensive + 

Oral hypoglycemic 

No 102.3±43.2 <0.001 80.8±33.7 <0.001 

Yes 48.4±6.2 34.3±5.6 

 

 

All type 2 diabetic patients were having at least one microvascular complication in our 

study. Type 2 diabetic patients who were not using statins, antihypertention and/or oral 

hypoglycemic drugs showed increased oxysterol levels.  (Table 4.6). cholestan-3β,5α,6β-

triol and 7-KC levels in type 2 diabetic patients. We have also found a high positive 

correlation between hypertension and statin users and 7-KC plasma levels in type 1 

diabetic patients (Table 4.5). Smoking type 2 diabetic patients also showed higher levels of 

oxysterols (Table 4.6).  
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Table 4.7. Factors affecting 7-KC and cholestan-3β,5α,6β-triol in type 2 DM group 

(Multiple stepwise regression analysis) 

 

 Factor  Regression coefficient        

(95% CI) 

P Value R2 

7-KC HbA1c  21.13 (19.81 – 22.46) <0.001 0.988 

Statin Use -7.37 (-11.27 – -3.46) <0.001 

Number of Risk 

Factors 

4.00 (1.60 – 6.39) 0.001 

Cholestan-

3β,5α,6β 

triol 

Number of Risk 

Factors 

12.34 (7.42 – 17.25) <0.001 0.773 

Total cholesterol 0.26 (0.14 – 0.39) <0.001 

Smoking 19.42 (8.43 – 30.40) 0.001 

 

 

Factors that are taken into stepwise regression analysis were ; abdomen, LDL, total 

cholesterol, triglyceride, glucose, HbA1c, number of risk factors, smoking and use of 

statin (Table 4.7). According to this table 1 unit increase in HbA1c causes an average 

increase of 21.13 units in 7-KC. In statin users, 7-KC average is lower by 7.37 

units.When the number of risk factors increases by one unit, 7-KC increases by an 

average of 4 units. The use of statin, HbAlc, and the number of risk factors have 

accounted for 98.8% of the changes in 7-KC. As we can get from the data 1 unit increase 

in total cholesterol results in an average increase of 0.26 units in Cholestan-3β5α,6β-

triol. In smokers, the average of cholestan-3β is 19.42 more. When the number of risk 

factors increased by 1 unit, average of cholestan-3β increased by 12.34 units. Total 

cholesterol, smoking and risk factors accounted for 77.3% of the change in cholestan-

3β5α,6β triol. 
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5. DISCUSSION 

 

Oxysterols, which are a large and diverse group of compounds, promote cell 

death, inflammation, immuno-suppression, cell proliferation, cytokine production, and 

platelet activation as well as considered as bioactive lipids recently (101, 104, 198). In 

the last decades, numerous endogenous mediators have been investigated to better 

understanding of DM and other metabolic syndromes. Among these, bioactive lipids 

such as bile acids, endocannabinoids, ceramides, sterol intermediates in cholesterol 

synthesis and their metabolites and finally oxysterols are clearly of interest (132, 199). 

Oxysterols are suggested as valuable markers for lipid peroxidation and DM has been 

proposed to be a state of increased free radical activity, high oxidant stress causing lipid 

peroxidation (200-202). In the elderly, increased lipid peroxidation contribute to 

increased oxysterol formation which favors the development of cardiovascular diseases 

and could trigger type 2 diabetes mellitus (202). In this study, we evaluated oxysterol 

species (7-ketocholesterol and cholestan-3β,5α,6β-triol) as sensitive oxidative stress 

biomarkers in type 1 and type 2 DM by LC-ESI-MS/MS method. Their correlations with 

demographic data, clinical and biochemical parameters of type 1 and type 2 diabetic 

patients were also investigated. It is also known that oxysterols have cytotoxic and 

proinflammatory effects, therefore they could be related to complications of DM (200). 

The relationships between oxysterols and microvascular complications as well as usage 

of drugs were also searched. Besides these, we used a highly sensitive and reliable LC-

ESI-MS/MS method to evaluate and measure plasma oxysterols levels.  

Plasma 7-KC and cholestan-3β,5α,6β-triol levels in type 1 and more clearly in 

type 2 diabetic patients were significantly higher than those in healthy subjects. To date, 

very few studies indicate that oxysterols contribute to the development of DM (105, 

203). Endo et al. observed higher levels of 7-KC in type 2 DM compared to non-diabetic 

patients that was parallel with our study (204). They had a similar number of type 2 DM 

patients and healthy controls as our study, and their findings strongly supported our 

results.  
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The difference and may be an advantage of our work is that we included type 1 

DM patients and investigate one more oxysterol type, cholestan-3β,5α,6β triol. Guan et 

al. also reported higher levels of 7-KC by GC-MS in type 2 DM (205). More than 4-fold 

increase of 7-KC with HPLC were determined in diabetic rat tissues after injection of 

streptozotocin. The authors mentioned much greater increase for oxysterols compared to 

malondialdehyde, thiobarbituric acid reacting substances (TBARS) which have been 

widely used as oxidative stress biomarkers in DM (206). Abo et al. also reported 

significantly higher levels of plasma and erythrocyte 7-KC in diabetic patients (207). We 

also found more increased levels of oxysterols according to those reports in DM patients 

by using GC-MS which also indicated the sensitivity of LC-MS/MS compared to other 

chromatographic methods. From these findings together with our results, we conclude 

that 7-KC and cholestan-3β,5α,6β-triol may be used as potential markers of oxidant 

stress in DM especially in type 2.  

We found more increase in 7-KC levels compared to cholestan-3β,5α,6β-triol in 

both types of DM. Among oxysterols 7-KC is produced non-enzymatically via a free 

radical mediated mechanism (104). 7-KC is also formed from 7α-hydroxycholesterol by 

a NADP-dependent dehydrogenase in the liver microsome. One reason could be that 

both non-enzymatic and enzymatic production of 7-KC contribute to high levels of 7-

KC in DM patients. Cholestane-3,5,6-triol is formed from 5,6-epoxycholesterol by 

the enzyme cholesterol epoxide hydrolase (106). The involvement of a disruption of 

redox homeostasis in diabetic patients and rat heart is supported by increased levels of 

7α-hydroxycholesterol and 7-KC which describes our findings that 7-KC was observed 

higher than cholestan-3β,5α,6β-triol (208). 

It is tempting to speculate that some oxysterols, especially those resulting from 

lipid peroxidation, may play a role in the development of this disease (105). Proflin-1, 

which is increased in the diabetic endothelium, is up-regulated by 7-KC via oxysterol 

binding protein 1 (209). Additionally, in the insulinoma cell line MIN6, which is derived 

from a transgenic mouse expressing the large T-antigen of SV40 in pancreatic beta cells, 

different effects of 7-KC have been observed including a decrease of insulin secretion 

into the culture medium (210). Thus, in addition to being biomarkers of oxidative stress, 
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oxysterols may have a role in the pathophysiology of DM with their cytotoxic and 

proinflammatory effects (139). It has been suggested that the imbalance of oxidative 

stress leads to impaired glucose uptake (211, 212). Antioxidant depletion and reactive 

oxygen species could impair the insulin-mediated PI3-kinase activation, which results in 

impaired glucose transporter 4 translocation and defective insulin-mediated glucose 

uptake (213). Oxidative stress leads to the activation of multiple cascades of serine 

kinases and protein tyrosine phosphatases, which are involved in the insulin signaling 

pathway and is linked to insulin resistance (212, 213). Oxidative stress is reported to 

enhance oxidative products such as malondialdehyde and glyoxal in the body and these 

products cause diabetic problems (214). With those findings, we could speculate that 7-

KC may be used as an early systemic marker of oxidative stress in insulin resistance, 

which should be elucidated in future studies.  

Positive correlations of plasma 7-KC and cholestan-3β,5α,6β-triol levels with 

glucose, HbA1c, number of coronary risk factors triglyceride, LDL,VLDL, were found 

in both types of DM. We know that oxysterols resulting from spontaneous or enzymatic 

oxidation of cholesterol. The increased plasma levels of cholesterol can be regarded as 

an oxidation substrate to oxidative stress, especially by endothelial cells and activated 

monocytes (215). We also determined that as cholesterol increases, oxysterols increases 

too. Our data are also consistent with data by Murakami et al., who showed a high 

percentage of the total cholesterol predominantly oxidized at the position 7 (7α-

hydroxycholesterol, 7β-hydroxycholesterol and 7-ketocholesterol) in the blood plasma 

of type 2 diabetic patients (203). There are also reports speculating that plasma oxysterol 

levels might represent a useful marker of oxidative stress in patients with hyperlipidemia 

(203). In our study, 7-KC and cholestan-3β,5α,6β-triol was significantly higher in 

diabetic patients when serum LDL was high. It is likely that oxidative stress may 

enhance the production of oxidized LDL, and oxidation of cholesterol in LDL may be 

promoted, consequently increasing 7-KC level (216, 217). The same hypothesis is 

notable for the positive correlation of VLDL with oxysterols in our study. Tremblay-

Franco et al. measured variations of oxysterol levels in the serum of healthy, obese, and 

patients with metabolic syndrome. They found a significant increase in 7β-
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hydroxycholesterol and 7-KC levels (218). In a cross-sectional study, the results of 

female adolescents were divided based on their insulin resistance or their obesity status, 

absolute plasma levels of 7-hydroxycholesterol, 7-hydroxycholesterol, and 7-KC 

were increased in obese, compared with normal weight adolescents (219). Those 

findings supported and explained the positive correlation of oxysterols with triglyceride 

and waist circumference in our study. Besides, we showed that patients with type 2 DM 

presented higher levels of 7-KC and cholestan-3,5,6-triol than the type 1 DM and 

healthy controls. Our study together with 2 studies clearly showed that in the context of 

metabolic syndrome, oxysterol levels are mostly altered relative to control subjects. 

Indeed, as mentioned before, relation of insulin resistance and oxysterol is another 

important feature.  

Since oxysterols are cholesterol oxidation products, we normalized both of the 

oxysterol types to cholesterol and LDL. We obtained significant high levels of glucose 

and HbA1c in study groups whom their  plasma 7-KC and cholestan-3β,5α,6β-triol were 

high. These data suggest that oxysterols may control glucose homeostasis through 

different pathways and some of the proposed pathophysiological mechanisms are 

described above. Moreover, we can suggest that an imbalance of oxidative stress leads to 

impaired glucose uptake.  

Although researchers showed that oxysterols inhibit endothelial nitric oxide 

synthase and nitric oxide production, another report suggested that the activation of 

hyperglycemia-dependent nuclear factor kappa B (NF-κB) observed in patients with DM 

could increase nitric oxide production via inducible nitric oxide synthase (220, 221). 

Guan et al., reported the decrease of 7-KC by administration of fluvastatin, which was 

parallel with our results (205). Further studies are needed to clear the underlying 

mechanisms in DM complications in terms of oxysterols.  

Laboratory analysis of oxysterols in biological materials is not easy because of 

the presence of diverse compounds having structures closely related to cholesterol and 

because of great differences between their concentrations and the concentration of 

cholesterol (203). The present study describes a LC-ESI-MS/MS approach, for 
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determining oxysterols, which may overcome some GC-MS limitations reported for 

analyzing oxysterol species. In a study by Ferderbar et al., they did not observe elevated 

levels of 7-KC in the plasma of type 1 and type 2 diabetic subjects (221). These 

discordances may be related to the different analytical methodologies and protocols used 

in the different studies. The difference between the present study and previous studies on 

measuring oxysterol species is sensitivity and excellent selectivity of our LC-ESI-

MS/MS method. It is worth mentioning that our  LC-MS/MS method for analyzing 

cholesterol oxidation products is more sensitive and reliable than other methods, 

working on this subject. 

 In this study, we found a positive correlation between 7-KC, cholestan-

3β,5α,6β-triol and glycated hemoglobin, suggests that their generation is related to the 

intensity of glycation and/or glycoxidation. Our regression analysis has shown that a one 

unit increase in HbA1c causes an average increase of 21.13 units at 7-KC. According to 

regression analysis, any changes in HbA1c, account for 98.8% of the change in total 7-

KC. Actually, some in vitro studies have shown that incubation of erythrocytes with 

elevated levels of glucose results in increased membrane lipid peroxidation (222). In 

hyperglycemia induced oxidative stress, it can be expected that the poorer the glycemic 

control, the higher the formation of oxysterols is. A hyperglycemia-dependent Nuclear 

factor kappa B (NF-κB) activation was observed in patients with diabetes mellitus (213). 

Ferderbar, S., et al also showed positive correlation between some oxysterols and 

glycated hemoglobin (221). We have also found that there is a positive correlation 

between glucose and 7-KC, cholestan-3β,5α,6β-triol. Collectively, these data suggest 

that oxysterols may control glucose homeostasis through different pathways. It has been 

suggested that the imbalance of oxidative stress leads to impaired glucose uptake (212). 

Antioxidant depletion and reactive oxygen species could impair the insulin-mediated PI3 

kinase activation, which results in impaired glucose transporter 4 translocation and 

defective insulin-mediated glucose uptake (213). Therefore, it is speculated that 7-KC 

may be an early systemic marker of oxidative stress in insulin resistance, which must be 

elucidated in future studies. In our study some of patients with type 2 diabetes were 

being treated with oral hypoglycemic drugs, aspirin, insulin and metmorphin and some 
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of them were receiving statins or antihypertensive (ACE inhibitors) drugs. These drugs 

have other beneficial effects that could be involved in the decrease of the oxidative 

stress in diabetes. It is interesting to point out that statins and oral 

hypoglycaemic+antihypertensive drugs in type 2 diabetic patients reduced the levels of 

7-KC and cholestan-3β,5α,6β-triol. In statin users, the average of 7-KC was 7.37 units 

lower. Guan et al also reported the decrease of 7-KC by administration of fluvastatin 

(205). 

No significant correlation was observed between insulin aspirin and metmorphin 

uses in type 2 diabetic patients and oxysterols. Significant correlation was not observed 

between insulin use and 7-KC and cholestan-3β,5α,6β-triol. We also found that that 7-

KC and cholestan-3β,5α,6β-triol was  increased in proportion to the number of coronary 

risk factors. 7-KC and cholestan-3β,5α,6β-triol levels was significantly higher in the 

multiple risk factor group than non-multiple risk factors group that was parallel to Endo, 

Kei, et al studies (204). As for the mechanism of increase in 7-KC due to multiple risk 

factors, we speculated that oxidative stress might be involved. When the number of risk 

factors increases by one unit, 7-KC increases by an average of 4 units. Both type 2 DM 

and concomitant occurrence of coronary risk factors such as metabolic syndrome are 

typical diseases showing elevated oxidative stress (223, 224). 

Oxidative stress is reported to increase oxidative products such as glyoxal and 

malondialdehyde in the body and these products cause diabetic complications (214). We 

found that 7-KC and cholestan-3,5,6-triol may be regulated by multiple risk factors 

and these results suggest a possible relationship between these oxysterols and coronary 

heart disease. When the number of risk factors increases by one unit, and 7-KC increases 

by an average of 12.34 and 4 units respectively. Since lipid peroxidation products seems 

to be closely related to the complications of diabetes, oxysterols such as 7-KC and 

cholestan-3,5,6-triol may represent helpful and valuable biomarkers in the clinical 

follow-up of diabetic patients for coronary heart disease.  
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We have found increased plasma concentration levels of 7-KC and cholestan-3β,5α,6β-

triol in both type 1 and type 2 daiabetic patinets who were smokers. In smoker diabetic 

patients, the average of was 19.42 units higher than non smoker patients. Mol, Marc 

JTM, et al. also found a positive correlation between smoking and increase in cholesterol 

oxidation products (225). This finding strengthens evidence of other findings in this 

area. These findings are relevant because development of type 2 diabetes is another 

possible consequence of cigarette smoking, besides the better-known increased risk for 

cardiovascular disease. In diabetes care, smoking cessation is of utmost importance to 

facilitate glycemic control and limit the development of diabetic complications (226). 

As a final point, 7-KC and cholestan-3,5,6-triol may represent helpful and 

valuable biomarkers for oxidative stress, mainly in type 2 DM. Both type 2 DM and 

concomitant occurrence of metabolic syndrome signs showed elevated levels of 

oxysterols suggesting that  an imbalance of oxidative stress leads to impaired glucose 

uptake. Oxidative stress is likely a causative factor in the development of insulin 

resistance. Plasma oxysterol levels might represent useful markers of oxidative stress in 

patients with hyperlipidemia and in context of metabolic syndrome. 

 They could be used as early markers in developing type 2 DM. The underlying 

mechanisms should be clarified with future works. Our study is the second report so far 

describing oxysterol production in patients with type 1 DM. Systemic increase in the 

levels of cholesterol oxidation products seems to be a reliable biomarker of cholesterol 

oxidation in tissues, which may be useful in routine clinical practice. According to 

clinical studies, in vitro experiments and animal models, there are some evidences that 

several oxysterols resulting either from cholesterol autoxidation or enzymatic oxidation 

of cholesterol are involved in DM. 

 

 

 

 



79 
 

     

   

             Highlights 

 

 Significant elevated levels of 7-KC and cholestan-3β,5α,6β-triol were observed 

in type 1 and more clearly in type 2 diabetic patients. 

 Oxysterols can be used as sensitive biomarkers in the evaluation of oxidative 

stress in both types of DM, more clearly in type 2 DM. 

 Positive correlations of plasma 7-KC and cholestan-3β,5α,6β-triol levels with 

glucose, HbA1c, number of coronary risk factors, triglyceride, LDL,VLDL, were 

found in both types of DM. 

 Positive correlation between 7-KC, and glycated hemoglobin suggests that their 

generation is related to the intensity of glycation and/or glycoxidation.  

 7-KC and cholestan-3β,5α,6β-triol increased in proportion to the number of 

coronary risk factors. Oxysterols may represent helpful and valuable biomarkers 

in the clinical follow-up of diabetic patients for coronary heart disease. 

 We have found increased plasma concentration levels of 7-KC and cholestan-

3β,5α, 6β-triol in both type 1 and type 2 diabetic patients who were smokers. 

 Statins and oral hypoglycemic+antihypertensive drugs in type 2 diabetic patients 

reduced the levels of 7-KC and cholestan-3β,5α,6β-triol which suggest other 

beneficial effects of these drugs that could be involved in the decrease of the 

oxidative stress in diabetes. 

 Plasma oxysterol levels might represent an useful marker of oxidative stress in 

patients with hyperlipidemia and in context of metabolic syndrome.  

 Oxidative stress is likely a causative factor in the development of insulin 

resistance.  

 Our study is the second report so far describing oxysterol production in patients 

with type 1 DM. 

 LC-ESI-MS/MS method is a highly sensitive and specific, thus a reliable method 

for analyzing cholesterol oxidation products. 
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 Further investigations are required for the mechanisms of how oxysterols 

contribute to DM. 

 Better knowledge of the biological activities of oxysterols of the interest permits 

the improvements in new therapeutic strategies. 
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