
 

 

 

 

MACROMOLECULAR CHARACTERIZATION OF ADIPOSE TISSUES IN 

INBRED OBESE MOUSE MODELS 

 

 

 

A THESIS SUBMITTED TO 

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

OF 

MIDDLE EAST TECHNICAL UNIVERSITY 

 

 

 

BY 

 

 

İLKE ŞEN 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR 

THE DEGREE OF MASTER OF SCIENCE 

IN 

BIOLOGY 

 

 

 

AUGUST 2012 

 



ii 

 

 

Approval of the thesis: 

 

MACROMOLECULAR CHARACTERIZATION OF ADIPOSE TISSUES 

IN INBRED OBESE MOUSE MODELS 

 

submitted by İLKE ŞEN in partial fulfillment of the requirements for the degree 

of  Master of Science in Biology Department, Middle East Technical 

University by, 

 

Prof.Dr.Canan Özgen                             _________________ 

Dean, Graduate School of Natural and Applied Sciences  

 

Prof. Dr. Musa Doğan                  __________________ 

Head of Department, Biology Dept., METU 
 

Prof. Dr. Feride Severcan              __________________ 

Supervisor, Biology Dept., METU 

 
 

 

Examining Committee Members: 

 

Prof.Dr.Feride Severcan                        __________________ 

Biology Dept., METU 

 

Prof. Dr. Sevgi Haman Bayarı                       __________________ 

Physics Education Dept.,  Hacettepe University       
 

Assist.Prof.Dr.Sreeparna Banerjee                            __________________ 

Biology Dept., METU    

 

Assist.Prof.Dr. Tülin Yanık                                                 __________________ 

Biology Dept., METU 
 

Dr. Ayça Doğan                          __________________ 

       

Date:    ___03.08.2012       __ 



iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I hereby declare that all information in this document has been obtained 

and presented in accordance with academic rules and ethical conduct. I also 

declare that, as required by these rules and conduct, I have fully cited and 

referenced all material and results that are not original to this work. 

 

 

 

 

 

 

                                                                                 Name, Last name : İLKE ŞEN 

                                                                                 Signature : 

 

 

 



iv 

 

 

ABSTRACT 

 

 

 

MACROMOLECULAR CHARACTERIZATION OF ADIPOSE TISSUES 

IN INBRED OBESE MOUSE MODELS 

 

 

 

ŞEN, İlke 

M.Sc., Department of Biology 

Supervisor: Prof.Dr. Feride SEVERCAN 

Co-Supervisor: Assist. Prof. Dr. Sreeparna BANERJEE 

 

 

August 2012, 110 pages 

 

 

Obesity is a metabolic disorder that results in elevated levels of free fatty acids 

and triglycerides in the blood circulation, which further leads to accumulation of 

lipids within various tissues. Like in other similar metabolic disorders, obesity is 

thought to be originated from structural and regulatory changes in 

macromolecular assemblies. This current study aims to investigate the effects of 

obesity on macromolecular alterations in order to characterize Berlin fat mouse 

inbred (BFMI) lines which arenew models for the obesity research that may 

contribute to understanding of spontaneous obesity without induction of a high 

fat diet. Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR) 

spectroscopy was used to characterize content and structure of macromolecules 

in male and female control (DBA/2J) and BFMI lines; namely BFMI856, 

BFMI860 and BFMI861, in two different adipose tissues; inguinal fat (IF) which 

is subcutaneous adipose tissue (SAT), gonadal fat (GF) which is visceral adipose 
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tissue (VAT). Structural and compositional alterations in proteins, lipids, 

saturated and unsaturated lipid contents, nucleic acid, collagen and glycogen 

contents and variations in the lipid chain length were determined. BFMI860 and 

BFMI861 lines were found to be the most affected lines since they showed the 

indications of lipid peroxidation and insulin resistance more severely as they had 

lower glycogen content  in all tissues and lower unsaturated lipid content 

especially in IF adipose tissues. Moreover, structural changes in lipids were 

observed especially in male GF adipose tissues of BFMI856 and BFMI861 lines. 

Protein content decreased significantly specifically in female IF adipose tissues 

but no change was observed in the structure. Furthermore, BFMI852 line was 

found to be affected different than other lines and had an effect on especially 

female IF. To conclude, obesity induced changes differ in BFMI lines according 

to the gender, adipose tissue type and distinctness in the strains.    

 

 

Keywords: Obesity, BFMI, adipose tissue, IF, GF, FTIR spectroscopy, 

macromolecule 
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ÖZ 

 

 

 

İNBRED OBEZ FARE MODELLERİ ADİPOZ DOKULARININ 

MAKROMOLEKÜLER KARAKTERİZASYONU 

 

 

 

ŞEN, İlke 

Yüksek Lisans, Biyoloji Bölümü 

Tez Yürütücüsü: Prof.Dr. Feride SEVERCAN 

Ortak Tez Yürütücüsü: Assist. Prof. Dr. Sreeparna BANERJEE 

 

 

Ağustos 2012, 110 sayfa 

 

 
 

Obezite, serbest yağ asitlerinin ve trigliseritlerin kan dolaşımındaki miktarlarının 

artması ile birçok dokuda lipit birikimine sebep olan metabolik bir rahatsızlıktır. 

Diğer hastalıklara benzer olarak obezitenin de, dokulardaki moleküllerin ve 

membran gibi makromoleküler toplulukların yapısal ve regülatör değişimleri 

sonucu oluşan bazı işleyiş bozukluklarından kaynaklandığı düşünülmektedir.  Bu 

çalışma, obezitenin makromoleküler değişimleri incelemeyi ve Berlin fat mouse 

inbred (BFMI) ırklarını karazkterize etmeyi amaçlamıştır. Obezite 

çalışmalarında kullanılmak üzere oluşturulan bu yeni fare modelleri, yüksek yağ 

içerikli diyet ile tetiklenmemiş kendiliğinden oluşan obezitenin anlaşılmasına 

katkıda bulunacaktır. Bu amaç doğrultusunda, Attenuated Total Reflectance- 

Fourier Transform Infrared (ATR-FTIR) spektroskopi tekniği kullanılarak 

BFMI852, BFMI856, BFMI860, BFMI861 (BFMI) ve kontrol DBAJ farelerinin 

subkütan adipoz doku olan (SAT) inguinal (IF) ve viseral adipoz doku (VAT) 
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olan gonadal (GF) adipoz dokularındaki makromoleküllerin yapı ve içeriği 

karakterize edilmiştir. Protein, doymuş ve doymamış lipit, nükleik asit, kolajen 

ve glikojen miktar ve yapısındaki değişimler ve lipid zincir uzunluğundaki 

farklılıklar belirlenmiştir. Özellikle dişi ve erkek fare IF adipoz dokusunda 

doymamış yağ ve glikojen içeriği en az belirlenen ve dolayısı ile lipit 

peroksidasyonu ve insulin direnci belirtilerini en belirgin gösteren BFMI860 ve 

BFMI861 ırkları en çok etkilenen ırklar olarak belirlenmiştir. Buna ek olarak, 

lipitlerde oluşan yapısal değişikliklerin en çok BFMI856 ve BFMI861 ırklarının 

erkek fare GF adipoz dokularında oluştuğu tespit edilmiştir. Protein içeriğinin 

spesifik olarak dişi fare IF adipoz dokularında azaldığı belirlenmiş fakat 

proteinlerin yapısında anlamlı bir değişim bulunamamıştır. Ayrıca, BFMI852 

ırkının diğer BFMI ırklarından daha farklı etkilendiği ve bu ırkta özellikle dişi 

fare IF adipoz dokusunun etkilendiği tespit edilmiştir. Sonuç olarak, BFMI 

ırklarının adipoz dokularında obeziteden kaynaklanan etkinin cinsiyete, adipoz 

doku tipine ve ırklarda görülen farklılıklara bağlı olarak değiştiği saptanmıştır.       

  

 

Anahtar sözcükler: Obezite, BFMI, adipoz doku, IF, GF, FTIR spektroskopi, 

makromolekül  
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

This current study aims to investigate the effects of obesity on macromolecular 

alterations in order to characterize 10 week old BFMI mice, new models for 

obesity research, which will contribute to understanding of spontaneous obesity 

without induction of a high fat diet. For this purpose, Attenuated Total 

Reflectance - Fourier Transform Infrared (ATR-FTIR) spectroscopy was used to 

characterize content and structure of macromolecules in female and male control 

(DBA/2J) and BFMI lines; namely BFMI852, BFMI856, BFMI860 and 

BFMI861, in two different adipose tissues; inguinal fat (IF) which is a 

subcutaneous adipose tissue (SAT) and gonadal fat (GF) which is a visceral 

adipose tissue (VAT). 

 

1.1 Obesity 

  

Obesity arises from the imbalance between energy intake and energy consumed 

with the effect of genetic susceptibility and environmental factors, which further 

leads to secondary metabolic disorders such as insulin resitance, hypertension, 

hyperlipidemia, cardiovascular diseases and many other diseases (Figure 1). 

Since, there is an increment in consumption of high fat included food intake and 

decrease in the physical activity in modern lifestyle, obesity is becoming one of 

the major health problems in the world (Reaven, 1997; Weisberg et al, 2003). 

There is a variety in body fat distribution and metobolic profile in obese patients 

according to the heterogenous property of obesity (Ibrahim, 2010). According to 

World Healt Organisation (WHO)  approximately 1.6 billion people in all around 

the world were found to be overweight and 400 million of them were in obese 

state in 2005. Also, it is expected that approximately 2.3 billion people will 
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Figure 2. BMI values and classification of obesity  

 

1.1.2 Causes of Obesity 

 

Environmental factors such as excessive dietary calories and lack of physical 

activity are the major facors that may lead obesity. Moreover, endocrine disorders, 

some medications, psychiatric illness can also make contribution to the formation 

of obesity (Gupta et al, 2011).  

In addition to these factors, genetic susceptibility is an important factor for 

obesity, which may arise from a single gene mutation. Leptin and leptin receptor, 

pro-opiomelanocortin (POMC) and melanocortin-4 receptor (MC4R) are 

important genes and if there is a mutation in these genes monogenic obesity 

occurs (Andreasen & Andersen, 2009). Furthermore, growing evidences show that 

single-nucleotide polymorphisms (SNP) may also have a role in obesity. As an 

example, obesity-associated gene (FTO) was the first gene found with a genome-

wide association (GWA) study for identifying a SNP located in the fat mass and 

its association with increase risk of obesity (Frayling et al, 2007). Moreover, 

recent association studies have been giving promising results for the new findings 

of gene mutations and these studies elucidate to the understanding of  the genetic 

backround of the obesity (Speliotes et al, 2010). 

 

BMI Classification  

18.5–24.9 Normal weight 

25.0–29.9 Overweight 

30.0–34.9 Obese 

34.9- 39.9 Morbid Obese 

40.0 and above Super Obese 
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Figure 3 Multifactorial causes of obesity (Balaban & Silva, 2004) 

 

1.2 Adipose Tissue 

 

1.2.1 Distribution and Localization of Adipose Tissue 

 

Adipose tissue is an essential, complex and metabolically active endocrine organ 

which is distributed in a variety of locations in the body different than the other 

organs (Figure 4) (Cinti, 2005; Kershaw & Flier, 2004).  
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Figure 5. Different cell types in adipose tissue (Fruhbeck, 2008) 

 

1.2.2 Adipose Tissue Cytotypes 

 

Adipose tissue depots are composed of two cytotypes. These cytotypes are white 

adipose tissue (WAT) and brown adipose tissue (BAT). Their amounts in body 

represent variety according to the strain, gender, age, nutritional environmental 

factors. These adipose tissues are separated due to their colours since there is a 

difference on the histological composition of WAT and BAT. WAT is composed 

of white adipoctytes whereas BAT is constituted from brown adipocytes (Figure 

6) (Cinti, 2006). 
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1.2.2.2 Brown Adipose Tissue 

 

Brown adipocytes have a completely different role than white adipocytes in the 

adipose organ since they are responsible for thermogenesis. They transfer the 

energy achieved from nutrition to thermal energy (Cannon & Nedergaard, 2004; 

Klaus et al, 1991). Uncoupling protein 1 (UCP1) which is only expressed in BAT 

is responsible for this transformation of the energy that is not used in oxidative 

metabolism (Cannon et al, 1982). Noradrenaline is responsible for the activation 

of  beta-3-adrenoceptors which induce BAT to produce heat. When BAT is not 

stimulated adrenergically, it loses most of its brown characteristics and 

transdifferentiate into WAT like adipocytes due to the transformation of brown 

mitochondria into white mitochondria (Cinti, 2006; Cinti, 2008). This 

morphological transformation occurs with the activation of leptin gene activation 

and UCP-1 gene inhibition but it is reversible (Cancello et al, 1998).  In rodents, 

BAT phenotype in adipose tissues is very important for the prevention of many 

metabolic diseases such as obesity and diabetes (Cinti, 2006). 

.  

1.2.3 Adipocytes 

 

Adipocytes which are the major cellular component of adipose tissue have an 

important role in energy homeostasis as they are the main storage depots of the 

free fatty acids (FFAs) as triglycerides (TG) droplets and after food intake release 

FFAs into circulation in order for the regulation of energy status during the fasting 

state (Ahima, 2006; Hajer et al, 2008; Ibrahim, 2010). They also secrete 

adipokines for the regulation of immunity, thermogenesis, feeding and 

neuroendocrine function (Ahima, 2006).  

 

1.2.3.1 Adipocyte Differentiation and Function 

 

Adipocytes are formed by the differentiation of pre-adipocytes which are 

originated from a multipotent stem cell and have the potential for the generation 

of new adipocytes during the entire life of the organism (Otto & Lane, 2005).  
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Newly formed smaller adipocytes act as buffers during satiety since they absorb 

FFAs and TGs which are energy-rich molecules having important metabolic 

functions. In addition, fatty acids are one of the major membrane components in 

the cells. They can influence membrane fluidity and moreover they can affect 

functions of receptor and channels. Their excess accumulation and storage as TGs 

are seen in obesity. Moreover hormone-like effects of fatty acids and derivatives 

of fatty acids have been correlated with the regulation of gene expression profiles 

in preadipocytes and so, they affect adipocyte proliferation and differentiation 

directly (Duplus et al, 2000; Garaulet et al, 2006). Adipocytes cannot function 

properly as they grow larger (hypertrophy). Insulin has an important role in the 

regulation of adipocyte fat content, since it is a powerful inhibitor of hormone 

sensitive lipase (HSL) which is responsible for the hydrolysis of TGs to FFAs and 

an important activator of lipoprotein lipase (LPL) for enhancing FFA uptake by 

providing hydrolysis of TGs in triglyceride-rich lipoproteins such as very low-

density lipoprotein-cholesterol (VLDL-c) and chylomicrons during postprandial 

phase (Hajer et al, 2008). Although, smaller adipose cells are more insulin 

sensitive, large adipocytes become insulin resistant and since they also gain 

hyperlipolytic property, they cannot respond to the anti-lipolytic effect of 

insulin.These complications lead to metabolic disorder obesity (Freedland, 2004; 

Garaulet et al, 2006; Ibrahim, 2010; Rajala & Scherer, 2003). 

 

1.2.4 Adipose Tissue as an Endocrine Organ 

 

Adipose tissue has been considered as an endocrine organ in recent years since it 

is involved in the secretion of wide range of protein factors and number of 

pathways as a connection of adipose tissue metabolism with the immune system 

in addition to its role in energy storage. During obesity, due to the expand in 

adipose tissue mass and adipocyte size, adipocytes are induced to secrete 

chemokines which attract monocytes as a starting point of low-grade 

inflammation (Weisberg et al, 2003). Then, the macrophages witihn the adipose 

tissue secrete cytokines. However, these cytokines make a paracrine effect on this 

tissue that causes low-grade inflammation with a decreased sensitivity to insulin 

among the adipocytes nearby (Schenk et al, 2008).  WAT plays a critical role in 
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the formation of low-grade systemic inflammation (Federico et al, 2010). WAT 

includes many secretory cells and all the releasing molecules from these cells 

represent the secretome (Trayhurn & Wood, 2004). The adipocyte secretome 

comprises a variety of lipids and proteins. At first, these proteins were termed as 

“adipocytokines” but later on “adipokines” were assigned (Trayhurn et al, 2011). 

However, their role in regulation of obesity-related inflammation and metabolism 

is not well understood (Gesta et al., 2007 ; Wozniak et al., 2009 ; Juge-Aubry et 

al., 2005). As well as, adipokines have autocrine and paracrine effects on adipose 

tissue, they participate in the endocrine cross-talk of adipose tissue with other 

tissues such as skeletal muscle and liver (Hevener & Febbraio, 2010; 

Hotamisligil, 2006; Trayhurn et al, 2011). During obesity adipokine amounts 

change  as adipocytes become dysfunctional (Figure 7) (Fruhbeck, 2008; Haugen 

& Drevon, 2007; Kershaw & Flier, 2004; MacDougald & Burant, 2007; Ouchi et 

al, 2000; Trayhurn & Wood, 2004). 

 

 

 

Figure 7. Adipokines released from adipose tissue during obesity (Fruhbeck, 

2008) 
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1.2.5 Visceral and Subcutaneous Adipose Tissue 

 

It has been shown that the regional fat distribution is more important than overall 

fat content related to obesity linked metabolic disorders (Oka et al, 2010). In 

adults, approximately more than 80% of total body fat consists of subcutaneous 

adipose tissue (SCAT) in the body and nearly 10–20% constituted from visceral 

adipose tissue (VAT) in adults (Abate et al, 1995). The type of adipocytes, 

lipolytic activity of the adipocytes, endocrine functions and their response to 

insulin and to the other hormones vary between SCAT and VAT (Ibrahim, 2010). 

Although, abdominal obesity is detected by the accumulation of both SCAT and 

VAT in the body, excessive accumulation of VAT seems to play more important 

role in the pathogeny of obesity (Freedland, 2004). 

 

1.2.5.1 Subcutaneous Adipose Tissue (SCAT) 

 

The abdominal SCAT is located under the skin and top of the abdominal 

musculature and SCAT which is stored in the femerogluteal regions,  

predominantly forms the lower body fat and they are drained into the caval vein 

(Lafontan & Berlan, 2003; Montague & O'Rahilly, 2000; Rytka et al, 2011; 

Wajchenberg, 2000). Differentiation capacity of SCAT preadipocytes is greater 

than VAT preadipocytes since preadipocyte differentiation into lipid storing 

mature adipocytes is regulated by peroxisome proliferators activated receptor 

(PPAR) which is a nuclear hormone receptor. The differentiation pathway is 

stimulated by this receptor when it is activated by natural ligands (such as 

prostaglandin metabolites) or synthetic ligands (such as thiazolidinediones 

(TZDs)) (Adams et al, 1997; Hauner et al, 1988) and the number of newly formed 

small adipocytes within SCAT increases. These new adipocytes become more 

willing to uptake TGs and FFAs. Therefore newly formed adipose tissues 

including these new and smaller adipocytes which are more sensitive to insulin 

behave like great buffers that stores circulating fatty acids and TGs during 

posprantial period (Frayn, 2002; Miyazaki et al, 2002). This regulation supplies 

protection to the body by preventing the accumulation of TGs and FFAs within 

non-adipose tissues and so that protect organism from type 2 diabetes and so  
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metabolic syndrome (Danforth, 2000; Frayn, 2002). However, if they reach their 

full capacity, they can never act as a protective SCAT adipocyte anymore. Excess 

accumulation of lipids witihin these tissues make these protective adipocytes 

dysfunctional (Freedland, 2004; Hajer et al, 2008).  

 

1.2.5.2 Visceral Adipose Tissue 

 

Visceral adipose tissues (VAT) depots are densely located at abdominal viscera 

beneath the abdominal muscles distributed in mesentery and omentum body 

cavity. Also, small amount of VAT is located retroperitoneally. VAT constitutes 

approximately 20 percent of total body fat in men and 5 to 8 percent in women 

(Freedland, 2004). VAT is different from the adipose tissue SAT presented in 

subcutaneous areas in the body since visceral adipocytes are metabolically more 

active and have more lipolytic activity than subcutaneous adipocytes (Arner, 

1995; Lemieux & Despres, 1994).  In addition to, VAT is thought to have a role in 

lypolysis of central SCAT results in acceleration in the release of peripheral FFAs 

(Freedland, 2004). VAT is also thought to play an important role in the expression 

of inflammatory cytokines and secretion of wide range of hormones responsible 

for the metabolic complications of obesity since it has unique position near portal 

circulation (Bjorntorp, 1990; Freedland, 2004; Ibrahim, 2010; Oka et al, 2010; 

Rytka et al, 2011). 

 

1.2.5.3 Physiological and Functional Differences Between VAT and SCAT 

 

Adipocytes in VAT includes large, more dysfunctional adipocytes with a greater 

amount when it is compared to SCAT which has insulin-sensitive, smaller 

adipocytes that are more willing to store FFAs and TG preventing their 

accumulation in non-adipose tissues (Marin et al, 1992; Misra & Vikram, 2003) 

BMI and waist circumference anthropometric indices which are used for the 

diagnosis of obesity, have higher correlation with SCAT than VAT. Moreover, 

both VAT and SAT are responsible for the regulation of the blood pressure in 

both sexes (men and women) independently (Ibrahim, 2010). 
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In addition to, VAT is more sensitive to the catecholamine (hormone has a role in 

lypolytic activity) induced lipolysis and less susceptible to the anti-lipolytic action 

of insulin so that  VAT has higher rate of glucose uptake due to insulin stimulation 

and becomes more insulin-resistant than adipocytes in SCAT (Abate et al, 1995; 

Arner, 1999; Frayn, 2000). According to this, visceral abdominal obesity 

expressive subjects have lower glucose oxidation and disposal, also they have 

greater lipid oxidation in comparison to the subjects having peripheral obesity 

(Ibrahim, 2010).  VAT and SCAT have different capacity to produce and secrete 

adipokines. One of the major adipokine leptin is expressed in particular levels 

according to the size of adipose tissue. Leptin levels increase as the storage of TG 

in adipose tissue increases (Tritos & Mantzoros, 1997). Since SCAT adipocytes 

can store more TGs, they are the major source of leptin hormone (Wajchenberg, 

2000). Another important adipokine adiponectin is more abundantly expressed in 

VAT in comparison to SCAT (Freedland, 2004; Motoshima et al, 2002). It has 

been also thought that although, VAT has more effect on adiponectin plasma 

levels,  SCAT adipocytes are the major adiponectin sources in subjects having 

obesity and insulin resistance. In addition, plasma adiponectin levels are 

negatively correlated with body weight significantly (Hajer et al, 2008). There are 

more infiltrated inflammatory cells within VAT than SCAT. Therefore, more pro-

inflammatory cytokines such as TNF-a, IL-6 and CRP are observed in VAT in 

comparison to SCAT (Weisberg et al, 2003). Redundant levels of inflammatory 

markers are observed in abdominal obesity. C-reactive protein (CRP) which is one 

of the most important inflammatory markers,  is correlated with WC and 

abundantly found in VAT during obesity (Pepys & Hirschfield, 2003). Also, VAT 

contains higher levels of MCP-1 compared to SCAT (Pou et al, 2007). After liver, 

adipose tissue is a significant source of angiotensinogen that has a role in the 

regulation of blood pressure and this peptide hormone is higly expressed in VAT 

in comparison to SCAT (Dusserre et al, 2000). Furthermore, PAI-1 levels 

increases during obesity and PAI-1 expression is higher in VAT compared to 

SCAT (Figure 8) (Alessi et al, 1997). 
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Figure 8. Comparison of visceral and subcutaneous adipose tissue functions 

(Freedland, 2004) 

 

1.3 Adipose and Non-adipose tissues Affected During Obesity and Their 

Relation with Metabolic Complications 

 

“Obesity is due to a chronic positive energy balance, which increases the amount 

of TGs in adipose tissue” (van Herpen & Schrauwen-Hinderling, 2008). Increase 

in the amount of the adipose tissue may also lead the formation of other diseases 

rather than metabolic complications of obesity such as exophthalmus, and Crohn’s 

disease (Klein et al, 2007; Westcott et al, 2005). However, TGs may also be 

stored in non-adipose tissues such as liver, muscle, pancreas and heart. Excessive 

deposition of TGs in these tissues during obesity is termed as ectopic fat 

deposition or steatosis. And excessive accumulation of these lipids within the non-

adipose tissues may lead to cell dysfunction or cell death, which is called 

lipotoxicity (Schaffer, 2003; Unger & Orci, 2001). 

 

Lipid accumulation and the storage of these lipids in adipocytes during obesity 

induce hyperplasia (increased cell number) and hypertrophy (increased cell size), 
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which lead the formation of dysfunctional adipocytes (Couillard et al, 2000; 

Sjostrom & William-Olsson, 1981). Since the subcutaneous adipose tissue storage 

capacity is limited due to the increase in hypertrophy progresses, excess lipids 

also accumulate in the visceral adipose tissue stores. This process results in free 

fatty acid and pro-inflammatory adipokine secretion into the portal vein. These 

factors contribute to the ectopic lipid accumulation in different tissues (Figure 9) 

(van Herpen & Schrauwen-Hinderling, 2008). Accumulation of lipids in skeletal 

muscles results in muscle insulin resistance, and in hepatocytes (hepatic steatosis) 

hepatic insulin resistance and non-alcoholic steatohepatitis  (Ferris & Crowther, 

2011; Mendez-Sanchez et al, 2007). Moreover, excess accumulation of lipids 

results in pancreatic β cells failure and cardiomyopathy in heart muscle cells 

(Figure 5) (van Herpen & Schrauwen-Hinderling, 2008).  

 

 
 

Figure 9. Lipid accumulation in non-adipose tissues and its relation with the 

metabolic diseases (van Herpen & Schrauwen-Hinderling, 2008) 
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1.4 Adipocyte Stress in Obesity 

 

Adipose tissue may induce many stress factors in obesity such as oxidative, 

endoplasmic reticulum (ER) and mitochondrial stresses (Mittra et al, 2008). 

 

1.4.1 Oxidative Stress 

 

Oxidative stress is defined as an accumulation of oxidative products caused by the 

impaired balance between antioxidant capacity and free radical production. 

Reactive oxygen species (ROS) includes oxygen molecules with or without 

unpaired electrons and they are highly reactive within tissues. There should be 

low concentrations of ROS, free radicals and other nitrogen species for normal 

cell redox status, intracellular signaling and cell function (Vincent & Taylor, 

2006). It has been shown that excess free radicals and high concentrations of ROS 

damage DNA, proteins, carbohydrate, lipids and constitute alterations in cell 

function in many pathological conditions (Sies, 1997; Yu, 1994) and that is why 

oxidative stress has an important role in relation with many diseases (Brownlee, 

2001; Vendemiale et al, 1999). In diabetes, oxidative stress causes impairment in 

glucose uptake in fat and muscle cells (Maddux et al, 2001; Rudich et al, 1998) 

and also affects pancreatic β cells by decreasing insulin secretion from these cells 

(Matsuoka et al, 1997). Moreover, oxidative stress was found to be increased in 

other metabolic diseases such as hypertension and atherosclerosis (Nakazono et 

al, 1991; Ohara et al, 1993) In obesity, oxidative stress in accumulated fat is an 

indicator of obesity related metabolic syndrome. It was found in a study that obese 

mice produce increased level of ROS in lipid accumulated fat tissue but not in 

muscle and liver (Furukawa et al, 2004). Increase in ROS production in lipid 

accumulated adipocyte causes elevated oxidative stress and increased oxidative 

stress in dysfunctional lipid accumulated adipocytes causes dysregulated 

adipokine production. Furthermore, ROS secretion into peripheral blood from 

these dysfuctional adipocytes leads to impaired insulin secretion by β cells and 

induction of insulin resistance in skeletal muscle and adipose tissue. Therefore, 

oxidative stress in adipose tissue involves in the pathogenesis of several diseases 

such as atherosclerosis and hypertension and acts as a causative effect of the 
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transcription, which leads the activation of IRE1α leads to the activation of c-Jun 

N-terminal kinase (JNK). JNK activity results in several downstream effects, such 

as obesity induced inflammation (release of adipokines), insulin resistance and 

apoptosis leading cell death (Figure 11) (Mittra et al, 2008). Conversely, it may 

also be possible that obesity induced inflammation can activate UPR and another 

possible reason may be the oxidative stress as a causative factor of obesity-related 

ER stress previously shown in the studies that ROS can activate the UPR 

(Furukawa et al, 2004; Gregor & Hotamisligil, 2007; Holtz et al, 2006) 

 

1.4.3 Mitochondrial Stress 

 

Mitochondria is responsible for the energy transformation but it also has many 

impotant metabolic functions such as cellular proliferation and apoptosis, 

hormone synthesis and regulation of redox state of the cells. Although,  

mitochondria have an efficient phosphorylation process, some electrons may 

prematurely reduce oxygen and eventually leads formation of the toxic free 

radicals.  Moreover, in some conditions, uncoupling proteins (UCPs) enable 

protons to re-enter the mitochondrial matrix, which leads high level production 

of free radicals by mitochondria (Fernandez-Sanchez et al, 2011). Formation of 

the free radicals from these processes lead to mitochondrial dysfunction. In 

obesity, over-production of ROS due to the impairments in electron transport 

chain in mitochondria and release of inflammatory cytokines, and 

antioxidant defenses have been reported. Together with these factors, increased 

FFA and glucose levels causes increment in substrate oxidation and secondary 

increase in the formation of ROS and eventually mitochondrial stress (Figure 11) 

(Martinez, 2006; Mittra et al, 2008). 
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have shown that, females have a greater energy expenditure of  than males 

because they have higher thermogenic activity and a greater oxidative capacity 

with a more effective antioxidant mechanism (Catala-Niell et al, 2008; Valle et al, 

2005). 

 

1.6 BFMI Lines As New Mouse Models For Obesity 

 

Animal models enable scientists to investigate diseases and treatments with 

eliminations of the variety of factors such as genetics, individual disease 

characteristics and life style (Nissen-Meyer et al, 2008). Up till now, for the 

studies on characterication of the metabolic diseases such as obesity and insulin 

resistance, different kinds of animal models were generated and used. Some of 

them are;  Zucker rats having  (fa/fa) mutation that causes abnormalities in leptin 

receptors leading spontaneous obesity (Phillips et al, 1996) , leptin deficient 

(Lepob/Lepob) mice  (Zhang et al, 1994), C/EBP-α transcription factor knock-out 

Cebpa mouse models and PPARγ2 transcription factor knock-out Pparg mice 

having abnormalities in adipocyte (Lefterova & Lazar, 2009), Agpat2 knock-out 

mice (Cortes et al, 2009) and Cav1 knock-out mice (Razani et al, 2001).  

 

The Berlin fat mouse inbred line (BFMI) is a new animal model which is affected 

by obesity due to hyperphagia and altered lipid metabolism (Meyer et al, 2009; 

Neuschl et al, 2010; Wagener et al, 2006). BFMI mice do not develop type II 

diabetes even they were fed with high-fat diet, although they are affected by 

severe obesity (Hantschel et al, 2011). These lines are genetically complex mice 

which are not generated by knock-out mutations as a causative effect for the 

generation of spontaneous obesity phenotype. That is why, according to their 

polygenic nature underlying obesity phenotypes, the BFMI lines (BFMI852, 

BFMI856, BFMI860, BFMI861) are excellent models for the study of obesity 

induced changes in humans (Brockmann et al, 2009; Wagener et al, 2006).  

 

When these lines were compared with each other, BFMI860 line was found to 

have the highest fat percentage and different than the other lines, it was found to 

have the highest amount of total WAT. Moreover, BFMI860 line in female mice 
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represented much more obese phenotype than the other lines. However, according 

to the differences due to the gender, male mice was found to have higher body 

weight than female mice. Since BFMI861 line was found to have the smallest 

reproductive fat depots, these mice line had the least amount of WAT and male 

mice in this line had lower body weight than female mice. Furthermore, BFMI861 

line was found to have the highest blood glucose concentration amoung the BFMI 

lines and BFMI856 line had the lowest blood glucose concentration (Wagener et 

al, 2006). Additionally, in a study BFMI three types of adipose tissues and liver 

tissue were investigated by hematoxylin and eosin staining method and 

hypertrophy (enlargement of adipose tissues) and increase in fat accumulation in 

liver were determined even in mice fed with standart breeding diet compared to 

control B6 mice line (Figure 12) (Wagener et al, 2010). 

 

 

 

 

 



23 

 

 

Figure 13. An electromagnetic wave 

 

When an electromagnetic radiation interacts with a matter, the waves can be 

absorbed, emitted or scattered. And, if the waves are absorbed, molecules within 

the matter are excited to a higher energy level. The excited molecule may gain a 

quantum of energy which is equal to the difference between the energy levels of 

the molecule described by the laws of quantum mechanics. Electronic energy 

levels achieved from the spacial distributions of the electrons are represented by 

an energy-level diagram in Figure 14. Electrons in the ground state have the 

lowest energy level and all other electrons except the ones in the ground state are 

in excited states (Campbell & Dwek, 1984). 

 

 

 

Figure 14. Typical energy-level diagram showing the ground, excited states and 

vibrational levels. Long arrow represents a possible electron transition between 
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the ground state and the fourth vibrational level of the first excited state. Short 

arrow represents a vibrational transition within the ground state (Freifelder, 1982).  

 

“For most purposes, it is convenient to treat a molecule as if it possesses several 

distinct reservoirs of energy.” The total energy is given by: 

 

Etotal = Etransition + Evibration + Erotation + Eelectronic+ Eelectron spin orientation+ Enuclear spin 

orientation  

 

The energy (E) of the electromagnetic wave is formulized by the following 

equation as: 

E= h. υ 

 

where h the is Planck’s constant and its value is equal to 6.63 · 10
-34

 J s and υ is 

the frequency of the electromagnetic radiation applied. 

 

λ = c/ υ 

 

where λ is the wavelength of the radiation, c is the speed of wave in vacuum and 

its value is equal to 3.0x108 ms
-1

. These two equations mentioned above are used 

for the identification of the wavenumber as a spectral unit which is denoted by ν 

with a unit cm
-1

. 

 

ν = wavenumber = (1/ λ)  

 

E = h. υ = h.c/ λ = h.c.ν 

 

According to these formulas given above, wavenumber and frequency values are 

proportional to energy directly. The plot representing the energy which is 

absorbed, scattered or emitted as a function of λ, υ or ν is termed “spectrum”. 

All of the spectroscopic techniques are based on the interaction of electromagnetic 

radiation and matter. Monitoring of the absorption and emission of the 
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1.7.1.1 Fourier Transform Infrared (FTIR) Spectroscopy 

 

Fourier transform infrared (FTIR) spectroscopy has found increasing favor in 

laboratories recently. This method is based on the ideas of the interference of 

radiation between two beams to yield an interferogram. An interferogram is a 

signal produced as a function of the change of pathlength between the two beams. 

The two domains of distance and frequency are interconvertible by the 

mathematical method Fourier transformation. The basic optical component of 

FTIR instrument is the Michelson interferometer. The basic components of an 

FTIR spectrometer are shown schematically in Figure 18. 

 

 

 

Figure 18. Components of FTIR Spectroscopy (Stuart, 1997) 

 

The radiation emerging from the source is passed through an interferometer to the 

sample before reaching a detector. Upon amplification of the signal, in which 

high-frequency contributions have been eliminated by a filter, the data are 

converted to a digital form by an analog-to-digital converter and then transferred 

to the computer for Fourier transformation to be carried out. Michelson 
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interferometer consists of two perpendicularly plane mirrors, one of which can 

travel in a direction perpendicular to the plane. A semi-reflecting film, the 

beamsplitter, bisects the planes of these two mirrors. The beansplitter material has 

to be chosen according to the region to be examined. Materials such as 

germanium or iron oxide are coated on to an infrared-transparent substrate such as 

potassium bromide or caesium iodide to produce beamsplitters for the mid-or 

near-infrared regions. Thin organic films, such as poly(ethylene terephthalate), are 

used in the far-infrared region. If a collimated beam of monochromatic radiation 

of wavelength λ is passed into an ideal beamsplitter, fifty percent of the incident 

radiation will be transmitted to the other mirror. The two beams are reflected from 

these mirrors, then returning to the beamsplitter where they recombine and 

interfere. Fifty percent of the beam reflected from the fixed mirror is transmitted 

through the beamsplitter and fifty percent is reflected back in the direction of the 

source. The beam which emerges from the interferometer at 90° to the input beam 

is called transmitted beam and this is the beam detected in FTIR spectrometry. 

The mathematics of the conversion of an interference pattern into a spectrum is 

done by using the Fourier transformation method.  

 

The essential equations which relate the intensity falling on the detector, I (δ), to 

the spectral power density at a particular wavenumber, are the cosine Fourier 

transform pairs. These pairs are interconvertible by Forier transformation method. 

The essential experiment for obtaining an FTIR spectrum is to produce an 

interferogram with and without a sample in the beam and then transform these 

interforegrams in to spectra of the source with samle absorptions and the source 

without sample absorptions. The ratio of the former and the latter corresponds to a 

double-beam dispersive spectrum. Finally a plot of absorbance against 

wavenumber (cm
-1

) is achieved by the deconvolution of the computer (Stuart, 

1997).  

 

1.7.1.1.1 Attenuated Total Reflectance (ATR) – FTIR Spectroscopy  

Attenuated Total Reflectance (ATR) spectroscopy utilises the phenomenon of 

total internal reflection. A beam of radiation entering a crystal will undergo total 

internal reflection when the angle of incidence at the interface between the sample 
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and the ctystal is greater than the critical angle. The critical angle is a function of 

the refractive indices of the two surfaces. The beam penetrates a fraction of a 

wavelength beyond the reflecting surface and when a material which selectively 

absorbs radiation is in close contact with the reflecting surface and when a 

material which selectively absorbs radiation is in close contact with the reflecting 

surface, the beam loses energy at the wavelength where the material absorbs. The 

resultant attenuated radiation is measured and plotted as a function of the 

wavelength by the spectrometer and gives rise to the absorption spectral 

characteristics of the sample (Figure 19) (Stuart, 1997). 

 

 

 

Figure 19. A multiple reflection ATR system (Wang et al, 2007). 

 

The crystals used in ATR cells are made from materials which have low solubility 

in water and are very high refractive index. The physical properties of ATR 

crystals are given in Table 1. Among these ATR crystals, diamond and zinc 

selenide are the most convenient ones for the usage in the mid-IR region since 

these crystals are relatively cheaper than the other materials and resistant to many 

chemicals such as acids and alkalis. According to the water resistant property of 

these crystals which can be cleaned easily, enables to study and analyze wet or 

aqueous samples. 
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Table 1. Physical properties of commonly used ATR crystal materials 

 

Material 
Wavelength 

(cm
-1

) 

Refractive 

Index 
Observations 

CaF2 1150 – 50.000 1.4 
Very hard, for high pressure 

application 

ZnSe 500 – 20.000 2.4 Hard, brittle, insoluble in water 

ZnS 830 – 17.000 2.2 
Insensitive to thermal and 

mechanical shocks 

NaCl 625 – 40.000 1.5 Soft, cheap, not water resistant 

KRS-5 250 – 17.000 2.4 Soft, slightly water soluble 

Ge 550 – 5.000 4.0 Hard, brittle, chem. stable 

 

1.7.1.1.2 The Advantages of FTIR Spectroscopy  

 

The advantages of FTIR spectroscopy are; 

- FTIR spectroscopy is a rapid, sensitive and non-destructive technique which can 

be used in order to obtain structural, functional and compositional information 

about the system (Aksoy et al, 2012; Cakmak et al, 2003; Haris & Severcan, 

1999; Melin et al, 2000),  

- FTIR spectroscopy increases signal to noise ratio by signal averaging the 

numbers of scans per sample (Stuart, 1997), 

- Samples can be prepared very easily in a short time either in gaseous, liquid, or 

solid states, 

- Very small amounts of the samples is sufficient for the analysis (Mendelsohn & 

Mantsch, 1986), 

- Any kind of material such as solutions, suspensions, inhomogeneous solids 

viscous liquids or powders can be used in FTIR spectroscopy and also analysis 

can be applied to these variety of systems  (Colthup et al, 1975) and also kinetic 

and time-resolved studies can be done with this technique (Haris & Severcan, 

1999; Mantsch, 1984; Mendelsohn & Mantsch, 1986), 

- FTIR spectroscopy can be used for biological samples obtained from several 

environments, 

- Spectral data can be obtained rapidly and qualitative interpretation can be done, 



31 

 

- FTIR spectroscopy is a cheaper technique in comparison to other spectroscopic 

techniques especially NMR spectroscopy, X-ray crystallography, ESR and CD 

spectroscopy (Diem, 1993), 

- Measurements can be done without any need of external calibration (Ci et al, 

1999; Rigas et al, 1990),  

- Any changes in the functional groups of the macromolecules in the system can 

be detected simultaneously within the same spectrum (Garip et al, 2007; Kneipp 

et al, 2000),  

- And, the software used for FTIR spectroscopy allows the storage of the achieved 

data permanently, which enables user to make manipulations on the data together 

with quantitative calculations (Ci et al, 1999; Manoharan et al, 1996; Rigas et al, 

1990; Yano et al, 1996).  

 

1.8 Aim of the Study 

 

Obesity arises from the imbalance between energy intake and energy consumed 

with the effect of genetic susceptibility and environmental factors, which further 

leads to secondary metabolic disorders such as insulin resitance, hypertension, 

hyperlipidemia, cardiovascular diseases and many other diseases. It is 

characterized by adipocyte hypertrophy, the expansion of visceral adipose tissues 

(VAT) and subcutaneous adipose tissue (SAT) mass in the body, and alterations 

in cellular biology, such as disturbed glucose and lipid metabolism. Despite the 

fact that information on this subject is still lacking, these alterations are expected 

to be based on variations in macromolecular content, structure and function. 

The Berlin fat mouse inbred line (BFMI) is an important new model for obesity 

which has a complex genetic background and generates spontaneous obesity, even 

on standard breeding diet 

 

In the literature, there are many studies based on the complications of obesity on 

various tissues. However, contradictory results were found in these studies, which 

remained insufficient to elicit the effect of obesity on different adipose tissues and 

gender effect in obesity. Therefore, this current study aims to investigate the 

effects of obesity on macromolecular alterations in order to characterize BFMI 
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mice models for obesity research, which will contribute to understanding of; 

spontaneous obesity without induction of a high fat diet, macromolecular 

alterations in different adipose tissues and gender effect in obesity. For this 

purpose, Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

spectroscopy was used to characterize content and structure of macromolecules in 

male and female control (DBA/2J) and BFMI lines; namely BFMI856, BFMI860 

and BFMI861, in two different adipose tissues; IF which is SAT, GF which is 

VAT. 
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CHAPTER 2 

 

 

MATERIALS AND METHODS 

 

 

 

2.1 Animal Models 

 

All experimental protocols regarding treatment of animals were approved by the 

German Animal Welfare Authorities (approval no. G0171/10). Founder animals 

of the Berlin Fat Mouse lines were originally purchased from several pet shops in 

Berlin, Germany.  

 

The selection process composed of several phases. Firstly, animals were selected 

according to their low protein content over 23 generations when they were 60 

days-old . In the second phase, animal selection was done according to theit low 

body weight and high fat content at the age of 42 days. At the final phase, 9 week-

old mice which had high fatness phenotype were selected.  Thus, the Berlin Fat 

Mouse line was created. By using this new line, 20 families were produced  per 

generation with the mating ratio of one male to three females. This period 

continued for 10 generations. After that, 40 families per generation were achieved 

with the mating ratio of one male to two females. In each generation, 40 breeding 

pairs of BFMI line were kept between 24
th

 to 50
th

 generation. After 50th 

generation, 30 breeding pairs were selected and maintained for each generation. 

By selection during 58 generations, BFMI line’s inbred derivates were generated 

and these lines were created by brother and sister mated randomly chosen sib-

pairs of the selected lines (Wagener et al, 2006). For characterization, male and 

female BFMI852, BFMI856, BFMI860 and BFMI861 inbred lines have been used 

after six generations of inbreeding.  
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As controls female and male DBA/J2 mouse line was used, which is an unselected 

commercially available inbred line that is often used as standard mice showing a 

wildtype-like phenotype. Moreover, DBA/2J showed the highest weight gain in 

response to a high fat diet among 43 inbred strains (Hageman et al, 2010; Svenson 

et al, 2007). Therefore, DBA/2J is one of the most suitable inbred lines for the 

usage as control in studies with BFMI mice lines (Svenson et al., 2007; Hageman 

et al., 2010).  

  

2.2 Feeding and Husbandry Conditions  

 

Mice were maintained under conventional conditions and controlled lighting with 

a 12:12h light/dark cycle at a temperature of 22±2°C and a relative humidity of 

65%. They were reared in groups of two to three mice in macrolon cages with a 

350 cm
2
 floor space (E. Becker & Co (Ebeco) GmbH, Castrop-Rauxel, Germany) 

and with bedding type S 80/150, dust-free (Rettenmeier Holding AG, 

Wilburgstetten, Germany). All mice had ad libitum access to food and water. 

After weaning at the age of 3 weeks, animals were fed with a rodent standard 

breeding diet (SBD). The SBD (V1534-000, ssniff R/M-H, Ssniff Spezialdiäten 

GmbH, Soest/Germany) contains 12.8 MJ/kg of metabolisable energy and biggest 

amount from carbohydrates with 58% (33% from proteins and 9% from fat). The 

SBD derived its fat from soy oil (Hantschel et al., 2011). 

 

2.3 Sample Collection 

 

Inguinal fat and gonadal fat adipose tissues of the 10 week-old mice were 

dissected and directly transferred to an plastic tube, snap-frozen in liquid nitrogen 

and then stored at -80 degrees until further examination. 

 

2.4 Experimental Groups 

 

Female and male mice were separated into 5 groups which consisted of control 

group, DBA/J2 mice (n=6) and four obese groups, BFMI852 (n=6), BFMI856 

(n=6), BFMI860 (n=6), and BFMI861 (n=6) mice. For each tissue, female and 
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male mice groups were both investigated. 30 female and 30 male mice per each 

adipose tissue (60 samples for IF and 60 samples for GF), totally 120 samples 

were analyzed.  

 

2.5 FTIR spectroscopic sample preparation, data acquisition and analysis 

 

ATR-FTIR spectroscopy technique was used in this study in order to achieve 

information about the relative amounts of macromolecules (lipid, protein, 

carbohydrates, and nucleic acids and collagen) and dynamics and structural 

properties of these macromolecules within the IF and GF adipose tissues were 

detected. Using ATR-FTIR spectroscopy technique, before taking the samples 

from atmospheric CO2 and H2O absorption bands in the spectrum to eliminate the 

ambient air sample was taken and the spectrum obtained through a computer 

program mathematically substracted. This process was repeated for all spectra. 

Thus, the effect of atmospheric water vapor samples were eliminated on the 

spectrum bands.  

 

ATR-FTIR spectra of adipose tissues were obtained using a Universal ATR 

accessory (Perkin-Elmer Inc., Norwalk, CT, USA) that is attached to a Perkin-

Elmer Spectrum 100 FTIR spectrometer (Perkin-Elmer Inc., Boston, MA, USA) 

equipped with a MIR TGS detector. Collection of spectra and all data 

manipulations were carried out using Spectrum One software (Perkin-Elmer). The 

interfering spectrum of air was recorded together as background and substracted 

automatically. A small amount of tissue samples were cut and placed directly on 

the Diamond/ZnSe (Di/ZnSe) crystal plate of the Universal ATR unit of the FTIR 

spectrometer and scanned in 4000-650 cm
-1

 region for 50 scans with a resolution 

of 4 cm
-1

 at room temperature. Three different aliquots of each sample were 

scanned, all of which gave identical spectra. While carrying out the detailed data 

analysis, the non-normalized average spectra of these replicates were considered. 

In order to remove the noise, the spectra were first smoothed with the thirteen 

point smooth factor by using Savitzky-Golay smooth function. Then the 

determination of the mean values for the peak positions and band area values were 

performed using Spectrum One software. The band positions were measured 
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using the wavenumber corresponding to the center of weight of each band. The 

bandwidth values of specific bands were calculated as the width at 0.75x height of 

the signal in terms of cm
-1

. After detailed analysis, the spectra were baseline 

corrected and normalized with respect to specific bands for visual demonstration. 

 

2.6  Statistics 

 

The results were expressed as ‘mean ± standard error of mean (SE)’. The 

differences in variance were analyzed statistically using one-way ANOVA test. 

Tukey’s test was used as a post-hoc test and the results of each group were 

compared with each other. The p values less than or equal to 0.05 were considered 

as statistically significant (such as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001). The 

degree of significance was denoted by * for the comparison of control DBA/J2 

line with BFMI lines, by # for the comparison of BFMI852 with other BFMI 

lines, by ‡ for the comparison of BFMI856 with other BFMI lines and by † for the 

comparison of BFMI860 with other BFMI lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 

 

 

CHAPTER 3 

 

 

RESULTS 

 

 

 

This study was carried out to investigate obesity induced changes on different 

adipose tissues inguinal fat (IF) and gonadal fat (GF) of the BFMI lines, 

BFMI852, BFMI856, BFMI860, BFMI861 and characterize these lines according 

to the macromolecular alterations within these tissues by using ATR-FTIR 

spectroscopy technique.  

 

3.1 General FTIR Spectrum and Band Assingment of the Adipose Tissues 

 

In this current study, 5 (five) experimental groups; Control DBA/J2 (n=6), 

BFMI852 (n=6), BFMI856 (n=6), BFMI860 (n=6), BFMI861 (n=6) were used.  

Totally 120 samples including 30 samples for female GF, 30 samples for female 

IF, 30 samples for male GF and 30 samples for male IF, were examined by ATR-

FTIR spectroscopy. Figure 20 shows the representative infrared spectra of control 

groups of IF and GF adipose tissues in the 4000-950 cm
-1

 region. The main bands 

are labelled in the figures and detailed band assignments are given in Table 2 

(Bozkurt et al, 2010; Cakmak et al, 2006; Cakmak et al, 2011; Jackson et al, 1998; 

Lyman & Murray-Wijelath, 1999; Melin et al, 2000; Movasaghi et al, 2008; Ozek 

et al, 2010; Rigas et al, 1990; Takahashi et al, 1991; Toyran et al, 2006; Wong et 

al, 1991). Figures 20-25 show the average spectrum of  GF and IF adipose tissue 

of control DBA/J2 and obese BFMI860 line in the 4000-950 cm
-1

 , 3050-2800 cm
-

1
 and 1800-950 cm

-1
 regions, respectively. All average spectra were baseline 

corrected and normalized to amid A band and spectra were presented in the 

figures only for visual demonstration for the the band assignment in control 

groups and discrimination of the obese and control spectra.
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Table 2. General band assignment of FTIR spectrum of adipose tissues 

 

Band 

No 

Wavenumber  

(cm
-1

) 
Definition of the spectral assignment 

   

1 3307 

Mainly N–H stretching (amide A) of amide 

groups of proteins, with the little contribution 

from O–H stretching of polysaccharides and 

intermolecular H bonding 

2 3009 
Olefinic=CH stretching vibration: unsaturated 

lipids, cholesterol esters 

3 2957 

CH3 anti-symmetric stretching: lipids, protein side 

chains, with some contribution from 

carbohydrates and nucleic acids 

4 2924 

CH2 anti-symmetric stretching: mainly lipids, 

with some contribution from proteins, 

carbohydrates, nucleic acids 

5 2873 

CH3 symmetric stretching: protein side chains, 

lipids, with some contribution from carbohydrates 

and nucleic acids 

6 2854 

CH2 symmetric stretching: mainly lipids, with 

some contribution from proteins, carbohydrates, 

nucleic acids 

7 1743 Ester C=O stretch: triglycerides 

8 1642 Amide I (protein C=O stretching) 

9 1551 Amide II (protein N–H bend, C–N stretch) 

10 1456 CH2 bending: lipids 

11 1400 COO
-
 symmetric stretching: fatty acids 

12 1343 CH2 side chain vibrations of collagen 

13 1237 

Sulfate stretch from proteoglycans, collagen 

amide III vibration with significant mixing with 

CH2 wagging vibration from the glycine backbone 

and proline sidechain  

14 1160 
CO–O–C asymmetric stretching: phospholipids, 

triglycerides and cholesterol esters 

15 1083 

PO2
- 
symmetric stretching: nucleic acids and 

phospholipids. C–O stretch: glycogen, 

polysaccharides, glycolipids 

16 1052 C–O stretching: polysaccharides (glycogen) 

17 971 
C–N+–C stretch: nucleic acids, ribose-phosphate 

main chain vibrations of RNA 
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3.2 Comparisons of the Band Wavenumber and Band Area Values of Control 

and Obese Mice 

 

Numerical comparisons of the wavenumber and band area values of these selected 

bands for adipose tissues were given in Table 3-10. 

 

3.2.1 C-H Region (3025-2800 cm
-1

) 

 

Bands located at the 3025-2800 cm
-1

 region arise from the C-H stretching 

vibrations of the olefinic HC=CH groups, theCH3 anti-symmetric streching 

vibrations, the CH2 anti-symmetric streching vibrations, the CH3 symmetric 

streching vibrations and the CH2 symmetric streching vibrations (Bozkurt et al, 

2010; Cakmak et al, 2006; Ozek et al, 2010; Severcan et al, 2005; Severcan et al, 

2000a). Alterations in the CH2 anti-symmetric, the CH2 symmetric and CH3 anti-

symmetric stretching vibration band wavenumber and band area values in this 

region represent changes in lipid structure and content. Alterations in the CH3 

symmetric streching vibration band intensity and band area values give 

information about the changes in protein structure and protein content (Bozkurt et 

al, 2010; Cakmak et al, 2011; Mantsch, 1984). 

 

Band located around 3010 cm
-1

 arises from the C-H bond stretching vibrations of 

HC=CH groups in unsaturated lipids. Band area and wavenumber of the olefinic 

band gives information about unsaturation of hydrocarbon chains (Bozkurt et al, 

2010; Cakmak et al, 2003; Cakmak et al, 2011; Melin et al, 2000; Ozek et al, 

2010; Severcan et al, 2005; Takahashi et al, 1991). According to the area values 

of this band, there was an increase in unsaturated lipid content in GF of BFMI860, 

BFMI861 female mice. In female IF, BFMI852, BFMI856, BFMI860 and 

BFMI861 had significantly lower concentration of unsaturated lipid with respect 

to the control DBA/2J mice. In male IF, there was a significant decrease in 

unsaturated fat content in BFMI852, BFMI860 and BFMI861 in comparison to 

the control group. Especially, in male IF tissues, BFMI860 line represented the 

lowest band area value (Table 7-10). The decrease in the olefinic band area was 

thought to be originated from the increase in lipid peroxidation due to the 
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decrease in the unsaturated fatty acid content within the tissues (Bozkurt et al, 

2010; Bruch & Thayer, 1983; Cakmak et al, 2011; Curtis et al, 1984).  

 

Band wavenumber shift to the lower values in the olefinic band is an indicator of 

an increase in the order of unsaturated fatty acid structures located in the 

membrane (Bizeau et al, 2000; Severcan & Haris, 2003). As it is also seen in 

Table 3-6, there was no significant change in the wavenumber values of olefinic 

band in BFMI lines in both sexes and tissues in comparison to control. However, 

significant alterations were observed in the CH3 ve CH2 anti-symmetric stretching 

band wavenumber values. The CH3 anti-symmetric streching band gives structural 

and functional information about methyl groups in lipid acyl chains and moreover, 

from the CH2 anti-symmetric and symmetric streching bands, structural and 

functional information about lipid acyl chains can be achieved (Takahashi et al, 

1991). In the CH3 anti-symmetric streching band wavenumber value, there was a 

significant decrease in BFMI856 line in both male and female GF. In female IF of 

BFMI852 and BFMI856 lines, significant decrease was observed in comparison to 

the control group as an indicator of an increase in lipid order. According to the 

area values of the CH3 anti-symmetric stretching band, there was an increase in 

BFMI856 line in female and male GF and also in male IF adipose tissues 

compared to the control, which is an indicator of higher amount of methyl groups 

in the lipids in BFMI856 line. In addition, BFMI861 line represented the lowest 

band area value in the same adipose tissues among all lines including the control 

as an indicator of lower amount of methyl groups in the lipids belonging to these 

adipose tissues. 

 

Furthermore, in the CH2 antisymmetric streching band, value of wavenumber 

decreased significantly in BFMI852, BFMI856 and BFMI861 lines in male GF 

adipose tissue. The CH2 anti-symmetric and symmetric band positions give 

information about lipid acyl chain flexibility and so, information about 

conformational disorders of the lipids can be obtained from these bands (Bozkurt 

et al, 2010; Casal & Mantsch, 1984; Umemura et al, 1980).  
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Moreover, the CH3 symmetric streching band is comprised of mainly proteins 

with a contribution of lipids (Bozkurt et al, 2010; Cakmak et al, 2011). There was 

no significant change in wavenumber value of this band in both tissues and sexes. 

However, BFMI856 line had the highest band area value among all BFMI lines 

and control line in GF tissue of male mice. 

 

3.2.2 Fingerprint Region (1800-950 cm
-1

) 

 

Band located around 1743 cm
-1

 in fingerprint region of the spectra of BFMI lines 

and control group GF and IF adipose tissues arise from ester C=O stretching of 

triglycerides (Nara et al, 2002). There were not any significant changes in band 

area and wavenumber values in all BFMI lines in female IF and GF adipose 

tissues.However, BFMI860 in male IF and BFMI856, BFMI860 lines in male GF 

represented significant increase in band area value as an indicator of increment in 

triglyceride content compared to control DBA/J2 group. In addition, BFMI856 

and BFMI861 lines in GF adipose tissues of male mice showed significantly 

lower band wavenumber values in comparison to the control, which indicated that 

structural changes might occur in triglycerides due to obesity.  

 

The amide I band which is located at  1642 cm
-1

 wavenumber in fingerprint 

region, originates from proteins consist of C=O stretching vibrations at the rate of 

80%, C-N stretching vibrations at the rate of 10% and N-H bending vibrtaions at 

the rate of 10%, the amide II band which is located at 1551 cm
-1

 wavenumber, 

also derives from proteins with the rate of 60%  N-H bending  and 40% C-N 

streching vibrations (Bozkurt et al, 2010; Cakmak et al, 2006; Dogan et al, 2007; 

Haris & Severcan, 1999; Ozek et al, 2010; Stuart, 1997; Takahashi et al, 1991; 

Wong et al, 1991). In Tables 3-10, area and wavenumber values of the amide I 

and amide II bands are given. Changes in wavenumber values of the amide I and 

amide II bands give information about alterations in protein secondary structures 

(Garip et al, 2010; Haris & Severcan, 1999; Jackson et al, 1998; Lyman & 

Murray-Wijelath, 1999). There was no change observed in the amide I 

wavenumber value in both sexes and adipose tissues compared to the control. 

However, in female GF adipose tissue, BFMI856 line had a higher wavenumber 
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value at the amide II band in comparison to the control. This increase indicated 

that there might be alterations in the protein secondary structure in GF adipose 

tissue of BFMI856 line. Moreover, according to the area values of the amide I and 

amide II bands, there was a significant decrease in all BFMI lines in female IF 

with respect to the control group. This decrease indicated that in female IF, all 

BFMI lines had lower protein content significantly compared to the control 

(Bozkurt et al, 2010; Ozek et al, 2010). 

 

The CH2 bending band located around 1456 cm
-1

, mostly consists of lipids with a 

little contribution of proteins and gives information about lipid structure and lipid 

content (Simsek Ozek et al, 2010). Wavenumber value of the CH2 bending band 

did not change in BFMI lines with respect to the control group. However, when 

band area values were taken into consideration, there was a decrease in all BFMI 

lines, significantly in BFMI852 in female GF. BFMI852 line showed the lowest 

band area value in both female and male GF tissues. In males, BFMI860 line 

represented the highest band area value in both tissues.  

 

The COO
-
 symmetric streching band located at 1400 cm

-1
, arises from fatty acids 

and aminoacids (Cakmak et al, 2006; Movasaghi et al, 2008). According to the 

wavenumber value of this band, BFMI856 line represented a significant decrease 

in male GF adipose tissue in comparison to the control. This alteration was the 

indicator of structural changes in fatty acids and aminoacids in BFMI856 line. 

There were alterations also in the band area values. In female IF, significant 

decrease was observed in BFMI852, BFMI860, BFMI861 lines with respect to 

control. Especially, BFMI861 line showed the lowest band area value among all 

BFMI lines and compared to the control mice in both sexes and adipose tissues, 

which indicated a significant decrease in aminoacid and fatty acid content of the 

adipose tissues of BFMI861 obese line.   

 

The CH2 side chain vibration band which is located around 1343-1345 cm
-1 

arises 

from collagens (Camacho et al, 2001; Gough et al, 2003; West et al, 2004). 

Wavenumber value of this band can be used for observing the order of triple helix 

structure of collagens (Bozkurt et al, 2010; West et al, 2004). However, there was 
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no significant change in the wavenumber value of this band in all BFMI lines in 

both IF and GF compared to control. Also, area value of this band gives 

information about the concentration of collagens within the tissues. In male GF, 

BFMI860 line and in female IF, BFMI852 and BFMI861 lines represented a 

decrease in area value of this band with respect to control. This decrease in the 

band area value indicated lower content of collagen within the tissues and mice 

lines mentioned above. 

 

Bands located at 1300-1000 cm
-1

 in the spectra of IF and GF adipose tissues 

mostly consist of absorbance of P=O bonds of phosphate (PO2
-
) groups within 

nucleic acids and phospholipids (Bozkurt et al, 2010; Cakmak et al, 2006; 

Cakmak et al, 2011; Diem et al, 1999; Dovbeshko et al, 2000). These bands give 

important information about head groups of membrane phospholipids (Bozkurt et 

al, 2010; Cakmak et al, 2011; Mendelsohn & Mantsch, 1986). In PO2
- 
symmetric 

streching band which was located around 1237 cm
-1

, there was no significant 

difference in wavelength values in all lines in both adipose tissues compared to 

the control group. However, in the area value of this band, there were significant 

alterations as seen in Tables 7-10. In female IF, there was a significant decrease in 

all BFMI lines except BFMI860 line and in male GF and IF, BFMI861 line 

showed the lowest band area value among all lines including the control line. 

Therefore, it was interpreted as reduction of nucleic acids and/or membrane 

phospholipids in male BFMI861 line in both GF and IF adipose tissues. Although, 

there was not a significant alteration in female GF adipose tissues, all BFMI lines 

were seem to have lower nucleic acid and/or membrane phospholipid content 

compared to control (Severcan et al, 2003). 

 

Band located at 1080 cm
-1

 gives information about the strength of hydrogen 

bonding in the nucleic acid backbone and phospholipids in membrane structures 

(Rigas et al, 1990). Any changes in the wavenumber of this band relate to the  

phosphate groups in the lipid bilayer polar region and in DNA and RNA 

conformation (Dovbeshko et al, 2000). However, no significant changes were 

observed in both band wavenumber and area values in both female and male 

adipose tissues.  
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Band located at 1050 cm
-1 

arises from the C–O stretching vibrations of 

polysaccharides especially glycogen within the tissues (Ozek et al, 2010). There 

was no significant decrease  in the wavenumber value of this band in both female 

and male, IF and GF adipose tissues compared to the control group. However, in 

band area values, all lines represented a decrease in female GF and IF adipose 

tissues. In addition to this, BFMI860 and BFMI861 lines had significantly lower 

band area values in both IF and GF adipose tissue of male mice. Importantly, 

BFMI861 line seemed to have the lowest value of band area. The decrease in the 

area value of this band indicated the decrease in glycogen content of the tissues 

(Ozek et al, 2010; Toyran et al, 2006). 

 

The C-N+-C streching vibration band located at 970-971 cm
-1

 arises from nucleic 

acids especially ribose-phosphate main chain vibrations (Banyay et al, 2003; 

Chiriboga et al, 2000). There was not any significant change in the wavenumber 

value of this band in both sexes and tissues. In band area values, there was a 

decrease in all lines in female IF and in BFMI860 and BFMI861 lines in male IF 

compared to the control. BFMI861 had the lowest band area value in IF adipose 

tissues of the female and male mice. The decrease in band area values represented 

the lower RNA content in the lines and tissues indicated above.  
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3.3 Comparisons of the Band Area Ratio Values of Control and Obese Mice:  

 

Band area ratio values were given in Figures 26-34. Total lipid content was 

calculated by taking the sum of the areas of the olefinic, the CH3 anti-symmetric 

stretching, the CH2 anti-symmetric and symmetric stretching, the CH2 bending 

and the C=O carbonyl stretching bands. The unsaturated/saturated lipid ratio was 

calculated by dividing the olefinic band area to the sum of the CH2 anti-symmetric 

and symmetric streching band area values and unsaturation amount was deduced 

from the ratio of the olefinic band area to total lipid content. In order to observe 

the methyl group amount in lipids, the ratio of area of the CH3 anti-symmetric 

streching band to total lipid content was calculated. In order to observe the 

triglyceride amount in total lipids, ratio of the C=O carbonyl streching band area 

to total lipid area was calculated. The CH2 anti-sym. str./CH3 antisym. str. and the 

CH2 anti-sym. str./total lipid band area ratios were calculated to achieve 

information about the hydrocarbon chain length of the lipids. The CH2 sym. 

str./CH3 sym. str. band area ratio was calculated in order for obtaining information 

about lipid to protein ratio. The amide I/ amide II ratio was calculated to obtain 

information about structural changes in proteins. The amide II/ 1345 cm
-1

 band 

area ratio was calculated to achieve information about collagen integrity. 
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Figure 27. The triglyceride/total lipid band area ratio. The degree of significance 

was denoted with * for the comparison of control DBA/J2 strain with other BFM 

lines, with # for the comparison of BFM852 with other BFM lines, with ‡ for the 

comparison for BFMI856 and with † for the comparison of BFMI860 with other 

BFM lines. P values less than or equal to 0.05 were considered as statistically 

significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 28. The CH3 anti-symmetric streching/total lipid ratio band area ratio. The 

degree of significance was denoted with * for the comparison of control DBA/J2 

strain with other BFM lines, with # for the comparison of BFM852 with other 

BFM lines, with ‡ for the comparison for BFMI856 and with † for the comparison 

of BFMI860 with other BFM lines. P values less than or equal to 0.05 were 

considered as statistically significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 29. The olefinic streching/total lipid band area ratio. The degree of 

significance was denoted with * for the comparison of control DBA/J2 strain with 

other BFM lines, with # for the comparison of BFM852 with other BFM lines, 

with ‡ for the comparison for BFMI856 and with † for the comparison of 

BFMI860 with other BFM lines. P values less than or equal to 0.05 were 

considered as statistically significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 30. The unsaturated/saturated lipid band area ratio. The degree of 

significance was denoted with * for the comparison of control DBA/J2 strain with 

other BFM lines, with # for the comparison of BFM852 with other BFM lines, 

with ‡ for the comparison for BFMI856 and with † for the comparison of 

BFMI860 with other BFM lines. P values less than or equal to 0.05 were 

considered as statistically significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 31. The lipid/protein band area ratio. The degree of significance was 

denoted with * for the comparison of control DBA/J2 strain with other BFM lines, 

with # for the comparison of BFM852 with other BFM lines, with ‡ for the 

comparison for BFMI856 and with † for the comparison of BFMI860 with other 

BFM lines. P values less than or equal to 0.05 were considered as statistically 

significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 32. The CH2 anti-sym. str./CH3 anti-sym. str. band area ratio. The degree 

of significance was denoted with * for the comparison of control DBA/J2 strain 

with other BFM lines, with # for the comparison of BFM852 with other BFM 

lines, with ‡ for the comparison for BFMI856 and with † for the comparison of 

BFMI860 with other BFM lines. P values less than or equal to 0.05 were 

considered as statistically significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 33. The CH2 anti-sym. str./total lipid band area ratio. The degree of 

significance was denoted with * for the comparison of control DBA/J2 strain with 

other BFM lines, with # for the comparison of BFM852 with other BFM lines, 

with ‡ for the comparison for BFMI856 and with † for the comparison of 

BFMI860 with other BFM lines. P values less than or equal to 0.05 were 

considered as statistically significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 34. The amide I / amide II band area ratio. The degree of significance was 

denoted with * for the comparison of control DBA/J2 strain with other BFM lines, 

with # for the comparison of BFM852 with other BFM lines, with ‡ for the 

comparison for BFMI856 and with † for the comparison of BFMI860 with other 

BFM lines. P values less than or equal to 0.05 were considered as statistically 

significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 35. The amide II/ 1345 cm
-1 

band area ratio. The degree of significance 

was denoted with * for the comparison of control DBA/J2 strain with other BFM 

lines, with # for the comparison of BFM852 with other BFM lines, with ‡ for the 

comparison for BFMI856 and with † for the comparison of BFMI860 with other 

BFM lines. P values less than or equal to 0.05 were considered as statistically 

significant; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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Ratio of the C=O carbonyl streching band area to total lipid area gives 

information about the triglyceride amount in total lipid (Cakmak et al, 2011). 

According to the data shown in Figure 27, all BFMI lines represented slight 

increase in TG amount and especially in BFMI856 and BFMI860 lines, there was 

a significant increase in the TG /total lipid ratio in IF adipose tissues of female 

mice. 

 

In order to observe the methyl group amount in lipids, the ratio of area of CH3 

anti-symmetric streching band to total lipid content was calculated (Figure 28) 

(Bozkurt et al, 2010; Cakmak et al, 2011).There was a significant increase in 

methyl amount in BFMI856 line compared to the control group. Also, BFMI860 

and BFMI861 lines showed that they had the lowest methyl amount among all 

BFMI lines in male IF adipose tissue.  

 

Unsaturation amount was deduced from the ratio of olefinic band area to total 

lipid content and unsaturated/saturated lipid ratio was calculated by dividing the 

olefinic band area to the sum of the CH2 anti-symmetric and symmetric streching 

band area values which gives information about the saturated lipid content 

(Bozkurt et al, 2010; Cakmak et al, 2012; Cakmak et al, 2011; Ozek et al, 2010). 

According to the calculated values for the both band ratios which are shown in 

Figures 29 and 30, all BFMI lines except BFMI856 represented a significant 

decrease in comparison to the control in both male and female IF. Moreover, in 

female GF, there was a significant increase in unsaturated lipid amount in all 

BFMI lines and especially in BFMI860, significantly higher unsaturation was 

observed.   

 

The CH2 sym. str. / CH3 sym. str. band area ratio was calculated in order to obtain 

information about lipid to protein ratio (Boyar et al, 2004; Severcan et al, 2000b). 

According to the results (Figure 31), slight increase was observed in male and 

female GF adipose tissues in all BFMI lines compared to the control. In addition, 

BFMI860 line in male GF and BFMI856 and BFMI861 lines in female GF 

represented significant increase in the lipid to protein ratio. 
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The CH2 anti-sym. str. / CH3 anti-sym. str. band area ratio was calculated to 

achieve information about the hydrocarbon chain length of the lipids and results 

are given in Figure 32 (Bozkurt et al, 2010; Cakmak et al, 2011; Gasper et al, 

2009). In female IF tissue, there was a slight increase in all BFMI lines except 

BFMI860 line which showed a significantly higher value in comparison to the 

control. Increase in this ratio value especially in BFMI860 line is an indicator of 

longer lipid acyl chains in female IF tissue. Moreover, the CH2 anti-sym. str./ total 

lipid ratio was also calculated in order to observe phospholipid chain length 

alterations (Antoine et al, 2010). In female IF, BFMI852, BFMI856 and BFMI860 

lines represented a significant increase in the ratio value with respect to the 

control (Figure 33). This result reveals that IF adipose tissues of female BFMI852, 

BFMI856 and BFMI860 mice may be mainly consist of lipids with longer acyl 

chains.   

 

The amide I /amide II band area ratio gives information about the alterations in 

the structure of proteins (Cakmak et al, 2011). According to the results, there were 

no significant changes in both female and male mice adipose tissues (IF and GF) 

(Figure 34). Therefore, no structural changes were observed in proteins within the 

adipose tissues.  

 

The amide II/ 1345 cm
-1 

band area ratio gives information about collagen 

integrity. According to the results given in Figure 35, there was a significant 

decrease in BFMI856 line in female IF adipose tissue. The decrease in this ratio 

value indicates that collagen integrity alters and the quality of the collagens within 

the tissue decreases (Bi et al, 2006; Bozkurt et al, 2010; West et al, 2004).  

 

3.4 Comparison of the Bandwidth Values of Control and Obese Mice 

 

Bandwidth values were achieved with spectral analysis and the the results of the 

CH3 anti-symmetric streching, the CH2 anti-symmetric streching, the CH2 

symmetric stretching, the amide I and amide II bandwidth values are given in 
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Table 11-14. Dynamics of the lipid membranes can be monitored by the 

information form the alterations in the bandwidth values of the CH3 anti-

symmetric streching, the CH2 anti-symmetric streching, the CH2 symmetric 

streching bands (Bozkurt et al, 2010). In these bands located at C-H region, there 

were not any significant changes in BFMI lines in both IF and GF tissues of 

female and male mice with respect to the control DBA/2J mice and no variety was 

observed between the lines. However, in the amide II band which gives 

information about proteins, significant changes was observed in BFMI861 line in 

male IF. There was a significant increase in the bandwidth values of the amide II 

band compared to the control (Table 14). This change indicated that there might 

be alterations in the structure of proteins in BFMI861 line in male IF adipose 

tissue (Cakmak et al, 2006). However, it should be supported by the information 

achieved from the band wavenumber shift in the amide I and amide II bands and 

also the amide I / amide II band area ratios. 
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CHAPTER 4 

 

 

DISCUSSION 

 

 

 

This current study aims to investigate the effects of obesity on macromolecular 

compositional, structural and functional alterations in order to characterize BFMI 

mice, new models for obesity research, which will contribute to understanding of; 

spontaneous obesity without induction of a high fat diet, with macromolecular 

alterations in different adipose tissues and gender effect on obesity. For this 

purpose, Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 

spectroscopy was used to characterize content and structure of macromolecules in 

male and female control (DBA/2J) and BFMI lines; namely BFMI856, BFMI860 

and BFMI861, in two different adipose tissues; inguinal fat (IF) which is SAT, 

gonadal fat (GF) which is VAT. According to the results, there were significant 

alterations in the unsaturated and saturated lipid, proteins, collagen, RNA, 

glycogen and triglyceride content and structure in different adipose tissues of 

female and male BFMI lines. 

 

Polyunsaturated fatty acids (PUFAs) which are the constituents of the structural 

phospholipids of the biological membranes, are prone to be attacked by free 

radicals. The reaction of free radicals with the double bonds of PUFAs lead to 

lipid peroxidation, which in turn results in the loss of unsaturation in lipid 

structure together with the breakdown of longer chains into shorter lipid acyl 

chains (Levine et al, 1998, Olusi, 2002). Lipid peroxidation also alters the 

unsaturated/saturated lipid composition of the membranes and results in the 

generation of cross-linked lipid–lipid and lipid–protein moieties, which 

culminates in more rigid membranes (Niranjan et al., 2000). In turn, rigid 
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membranes might be associated with insulin resistance since there can be some 

limitations for the correct insulin-receptor binding due to rigidity (Russo, 2009).  

 

The results of the current study revealed that the unsaturated lipid content, the 

unsaturated/saturated lipid and the unsaturated/ total lipid ratios were significantly 

lower in especially BFMI860 and BFMI861 lines in male and female IF adipose 

tissues, which indicate that these lines are more prone to lipid peroxidation among 

BFMI lines. IF as a subcutaneous adipose tissue has low antioxidant protein levels 

and GF as a VAT has high antioxidant protein levels (Sackmann-Sala et al, 2012). 

Therefore,  IF may become more prone to lipid peroxidation under oxidative 

stress, ER stress and mitochondrial stress conditions due to obesity. The results 

are supporting this idea because lipid peroxidation was thought to be occured only 

in IF and unsaturation increased in GF adipose tissues especially in female 

BFMI860 and BFMI861 lines. Supporting the results, accumulation of excessive 

fat in white adipose tissues seen in obesity was found to increase the 

thiobarbituric acid reactive substances (TBARS) content, indicator of lipid 

peroxidation within the tissue itself in different obese mice models (Vincent et al 

2006; Furukawa et al., 2004). Moreover, in a previous study, FTIR spectroscopic 

results on lipid peroxidation by monitoring the olefinic band was supported with 

TBARS test in diabetic microsomal membranes, where same results were 

achieved in both techniques (Severcan et al., 2005).  

 

In contrary to IF adipose tissues, GF adipose tissues of female BFMI mice 

represented an increase in unsaturated lipid content especially in BFMI860 and 

BFMI861 lines. Deposition of TGs within GF as a VAT may be composed of 

unsaturated fatty acids since they can be easily mobilized from VAT toward other 

tissues for the need of energy. It is also thought that fatty acids are not mobilized 

from adipocytes due to their TG contents. However, they may be mobilized 

according to their unsaturation level. And, PUFAs are prefrentially mobilized 

compared to saturated fatty acids from VAT (Giarola et al, 2011; Halliwell et al, 

1996). 
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The CH2 anti-symmetric and symmetric stretching band positions give 

information about lipid acyl chain flexibility and so, information about the degree 

of the conformational disorders within the lipids can be obtained from these bands 

(Bozkurt et al, 2010; Casal & Mantsch, 1984; Umemura et al, 1980). The CH2 

anti-symmmetric stretching band value of wavenumber decreased significantly in 

BFMI852, BFMI856 and BFMI861 lines in male GF adipose tissue. Also, there 

was a significant decrease in the CH2 symmetric stretching band wavenumber 

value in BFMI856 and BFMI861 lines in comparison to the control. The decrease 

seen in these band wavenumber value represents that acyl chains in lipids are 

more ordered and trans/gauche ratio value of the lipids is lower, which is the 

indicator of structural changes especially in male GF adipose tissues (Liu et al, 

2002; Mantsch, 1984; Severcan et al, 1997). This increase in order results in more 

rigid membranes (Niranjan et al., 2000). 

 

The CH3 anti-symmetric streching band can be used to monitor the methyl 

concentration in the structure of lipids and an increased methyl amount indicates 

the presence of shorter acyl chains (Cakmak et al., 2011; Cakmak et al., 2012; 

Zwart et al., 1999, Bozkurt et al., 2010, Gasper et al., 2009). The results of the 

current study revealed an increase in the CH3 anti-symmetric band area and the 

CH3 anti-sym. str./total lipid ratio, which were higher in BFMI856 line in both 

adipose tissues. This observed increase in the amount of methyl groups in lipids 

can be interpreted as reduction of hydrocarbon chain length of lipids which are 

dominantly found in BFMI856 line in comparison to the other BFMI lines 

including the control (Cakmak et al., 2011). 

 

The CH2 anti-symmetric stretching/CH3 anti-symmetric stretching band area ratio 

was also calculated to achieve information about the hydrocarbon chain length of 

the lipids (Bozkurt et al, 2010; Cakmak et al, 2011). The results revealed that 

BFMI lines tend to possess lipids with longer hydrocarbon chain length. In female 

IF tissue, there was a slight increase in this ratio in all BFMI lines except 

BFMI860 line which showed a significantly higher value in comparison to the 

control. Increase in this ratio value especially in BFMI860 line is an indicator of 
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longer lipid acyl chains in female IF tissue. Moreover, the CH2 anti-sym. str./total 

lipid ratio was also calculated in order to observe phospholipid chain length 

alterations (Antoine et al, 2010). In female IF, BFMI852, BFMI856 and BFMI860 

lines represented a significant increase in this ratio value with respect to the 

control. This result reveals that IF adipose tissues of female BFMI852, BFMI856 

and BFMI860 mice may be mainly consist of lipids with longer acyl chains. 

Enhanced lipid peroxidation generally accompanies with the shortening of acyl 

chain length. However, in the current study, despite the increase in lipid 

peroxidation in IF tissues of female and male BFMI mice, these tissues have lipids 

with longer acyl chains. One possible explanation is that the synthesis of longer 

chained lipids are dominantly formed in these adipose tissues. Since adipose 

tissues are the TG depots of the body, increase in the amount of longer chained 

lipids may be due to the continuously synthesized newly formed TGs. 

 

The CH2 sym. str./CH3 sym. str. band area ratio was calculated in order to obtain 

information about lipid to protein ratio. According to the results, slight increase 

was observed in male and female GF adipose tissues in all BFMI lines compared 

to the control. In addition to this, BFMI860 line in male GF and BFMI856 and 

BFMI861 lines in female GF represented significant increase in lipid to protein 

ratio. It may be interpreted as, in GF adipose tissues of both male and female 

mice, having  an increase in the amount of lipids compared to proteins. 

 

Although it has been showed in many studies that obesity is related with disturbed 

glucose and lipid metabolism, it is controversial whether protein metabolism is 

also affected. Some studies in the literature have reported that basal leucine 

turnover rate increases in obesity (Bruce et al, 1990; Jensen & Haymond, 1991; 

Welle et al, 1992). Other studies have shown that protein anabolism is affected by 

insulin hormone and obesity induced insulin resistance may have a role in protein 

metabolism especially in females (Caballero & Wurtman, 1991; Luzi et al, 1996).  

In addition to these studies, increased mass of adipose tissue was found to be 

correlated with the decreased relative total protein content (Seraphim et al, 2001). 

Therefore, differences in protein metabolism and increased protein turnover may 
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be seen even in moderate obesity additionally to the disturbed glucose and FFA 

metabolism (Jensen & Haymond, 1991; Welle et al, 1992). Increased proteolysis 

may occur since anti-proteolytic activity of insulin is disrupted during obesity and  

proteolysis can contribute to impaired glucose disposal and further insulin 

resistance (Jensen & Haymond, 1991). Moreover, especially VAT was found to 

be inversely correlated with endogenous leucine flux which is an index of 

proteolysis in response to hyperinsulinemia (Solini et al, 1997). However,  

proteolysis was also found to be increased in SAT in females (Patterson et al, 

2002).  

 

The results revealed that, area values of amide I and amide II bands decreased in 

both female GF and IF adipose tissues of obese lines and the decrease in the band 

area values was significant in all BFMI lines in female IF with respect to the 

control group. This decrease represented that in female IF, all BFMI lines had 

lower protein content significantly compared to control (Bozkurt et al, 2010; Ozek 

et al, 2010). Increase in the depletion of proteins could be explained due to the 

higher levels of FFA and the increased rate of lipid oxidation during obesity 

(Ferrannini et al, 1986; Tessari et al, 1986). Moreover, visceral adiposity is 

associated with the alterations in the cortisol metabolism and androgens such that 

insulin represses sex hormone-binding globulin production. That is why,  in obese 

women who are hyperinsulinemic and have large amounts of VAT, sex hormone-

binding globulin concentrations are lowered and free androgens amount increases 

in the circulation. Increased levels of steroid hormones are responsible for the 

improved antiproteolytic effect of insulin in during visceral obesity in females 

(Solini et al, 1997). Another possible reason may be that alterations in muscle 

fiber composition and muscle capillarization in obese individuals due to the 

amount of visceral fat, are negatively related with the protein metabolism (Lillioja 

et al, 1987). Although, protein content of female adipose tissues decreased 

significantly, the structure of the proteins did not alter compared to the control 

according to the information achieved by the amide I / amide II band area ratio 

(Cakmak et al, 2011). It may be interpreted that obesity may induce the 
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proteolysis especially in IF adipose tissues of female mice but it may not effect 

the structure of the proteins. 

 

The 995-970 cm
-1

 region in the spectra is assigned to symmetric stretching mode 

of dianionic phosphate monoester of nucleic acids (Cakmak et al, 2003; Chiriboga 

et al, 2000). The C-N+-C streching vibration band located at 970-971 cm
-1

 arises 

from nucleic acids especially ribose-phosphate main chain vibrations (Banyay et 

al, 2003; Chiriboga et al, 2000). There was not any significant change in the 

wavenumber value of this band in both tissues in both sexes. However, in band 

area values, there was a decrease in all lines in female IF and in BFMI860 and 

BFMI861 lines in male IF compared to the control. BFMI861 had the lowest band 

area value in IF adipose tissues of the female and male mice. Moreover, this 

decrease in RNA could be the result of lower RNA expression supporting the 

decrease in protein content of BFMI lines in female IF.  

 

Adipocytes are surrounded by collagens, specifically type I collagens are densely 

found within adipose tissues (Chun et al, 2006). They are thought to be 

responsible for supplying integrity and elasticity to adipose tissues in order to 

provide the appropriate structure to maintain their form and function (Prockop & 

Kivirikko, 1995). It was found that obesity induces collagenolytic activity in 

adipose tissue, which leads the degradation of collagens results in the decreased 

amount of collagen in adipose tissues (Chun et al, 2010). The band located at 

1343 cm
-1

 originates mainly from the CH2 side-chain vibrations and a little 

contributions from the C-N and the C-C stretching and the N-H bending 

vibrations of collagen (Camacho et al, 2001; Gough et al, 2003; West et al, 2004). 

It has previously shown that decrease in band area value resulted in denaturation 

of the collagens (West et al, 2004). Supportingly, in male GF, BFMI860 line and 

in female IF, BFMI852 and BFMI861 lines represented a decrease in area value of 

this band with respect to the control. Moreover, the amide II/ 1345 cm
-1

 band area 

ratio gives information about the collagen integrity. Significant decrease was 

observed in BFMI856 line in female IF adipose tissue. The decrease in this ratio 

value indicates the alteration in the collagen integrity (Bi et al, 2006; West et al, 
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2004). While the collagen content did not change, disruption of the collagen 

integrity in BFMI856 line in female IF adipose tissues can be interpreted as 

increase in the disease state (Bi et al, 2006). 

 

Spectral range between 1300-1000 cm
-1

 is the region where bands of the 

stretching modes of the P=O bond phosphate moieties of phospholipids and 

nucleic acids are present (Diem et al, 1999; Liquier & Taillender, 1996).  The 

bands arising from phosphate-stretching vibrations are thought to give valuable 

information about phospholipid head groups in the polar and non-polar interface 

of membrane structures (Mendelsohn & Mantsch, 1986). Moreover, bands located 

at this region also give information about the changes in the conformational state, 

quantity and position of nucleic acid phosphorylation in RNA and DNA 

(Dovbeshko et al, 2000; Kneipp et al, 2000). In the PO2- symmetric streching 

band which was located around 1237 cm
-1

, there was no significant difference in 

wavenumber values in all lines in both adipose tissues compared to the control 

group. In female IF, there was a significant decrease in all BFMI lines except 

BFMI860 line and in male GF and IF, BFMI861 line showed the lowest band area 

value among all lines including control line. Therefore, it was interpreted as 

reduction in nucleic acid and phospholipid content in male BFMI861 line in both 

GF and IF adipose tissues. Although, there was not a significant alteration in 

female GF adipose tissues, all BFMI lines were seem to have lower nucleic acid 

and membrane phospholipid content compared to the control (Severcan et al, 

2003). 

 

Band located at 1050 cm
-1 

arises from the C–O stretching vibrations of 

polysaccharides especially glycogen within the tissues (Ozek et al, 2010). There 

was no significant decrease in the wavenumber value of this band in both female 

and male IF and GF adipose tissues compared to the control group, which means 

that no structural changes were found in glycogens. However, in band area values, 

all lines represented a decrease in female GF and IF adipose tissues. In addition to 

this, BFMI860 and BFMI861 lines had significantly lower band area values in 

both IF and GF adipose tissue of male mice.  Importantly, BFMI861 line seemed 
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to have the lowest value of band area. The decrease in area value of this band 

indicated a decrease in glycogen content of the tissues (Ozek et al, 2010; Toyran 

et al, 2006). For the storage of the glycogen, skeletal muscle is the most important 

tissue. If glucose in the blood cannot be converted into glycogen in skeletal 

muscle, much of this glucose is taken up by adipocytes. Insulin is the major 

hormone that is responsible for the uptake of glucose and its conversion to 

triglycerides which are stored in adipocytes by promoting GLUT4 transporters. 

The reason for the decrease in the glycogen content in obese lines in both adipose 

tissues can be the storage of glucose as TGs instead of glycogen. Moreover, 

decrease in the glycogen content in both SAT and VAT of obese lines without 

having diabetes was an indicator that these adipose tissues might not response to 

insulin. The results support the finding that both SAT and VAT are associated 

with insulin resistance in obese subjects (Stolic et al, 2002). BFMI861 line 

seemed to be more prone to have insulin resistance with respect to other BFMI 

lines since it had the least amount of glycogen within the both IF anf GF adipose 

tissues. This result is supported by the intraperitonal insulin tolerance test (IPITT) 

results that were carried out in Humboldt University, Berlin. It was found that 

BFMI860 and BFMI861 lines represented the slowest response to insulin whereas 

BFMI852 and BFMI856 lines responded faster than BFMI860 and BFMI861 lines 

according to the blood glucose measurement upon insulin injection (unpublished 

data). Enhanced glycolysis results in the formation of α-glycerol-phosphate that is 

esterified with free fatty acids and converted to triglycerides. During this process, 

insulin decreases hormone sensitive triglyceride lipase activity in order to block 

the breakdown of triglycerides and therefore, inhibits lipolysis (Delibegovic et al, 

2003).   

 

Accumulation of TGs in adipose tissues is one of the major determinants of 

obesity. There are contradictory results in the literature about the TG amount in 

female and male VAT and SAT. Some studies in the literature revealed that 

women have a higher percentage of body fat and have a greater storage capacity 

especially in gluteal-femoral region than men who tend to store adipose tissue in 

visceral and abdominal depots (Blaak, 2001). Adipose tissue depots in gluteal-
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femoral region  in women is related to increased stimulated lipolysis, larger fat 

cell size and increased triglyceride synthesis. Conversely in men, increment in 

abdominal adipose tissue is related to decreased stimulation of lipolysis and 

decreased synthesis of triglyceride (Fried et al, 1993). According to another study, 

men have more plasma TG value in comparison to women (Williams, 2004). 

Also, it was found that men having higher visceral adiposity, represent more 

elevated postprandial insulin, FFAs, and TG level than in women (Couillard et al, 

1999). According to the results, male mice were found to be affected more than 

female mice in both VAT and SAT regarding their TG amount. Band located 

around 1743 cm
-1

 in fingerprint region of the spectra, which arise from ester C=O 

stretching vibrations, originating from triglycerides (Nara et al, 2002). Although 

there were not any significant changes in band area and wavenumber values in all 

BFMI lines in female IF and GF adipose tissues, BFMI860 in male IF and 

BFMI856, BFMI860 lines in male GF represented significant increase in band 

area value as an indicator of increment in triglyceride content compared to the 

control DBA/J2 group. In addition, BFMI856 and BFMI861 lines in GF adipose 

tissues of male mice showed significantly lower band wavenumber values in 

comparison to the control, which indicated that structural changes might occur in 

triglycerides due to obesity. Furthermore, ratio of C=O carbonyl streching band 

area to total lipid area gives information about the triglyceride amount in total 

lipid (Cakmak et al, 2011). According to the results, all BFMI lines represented 

slight increase in TG amount and especially in BFMI856 and BFMI860 lines, 

there was a significant increase in TG/total lipid ratio in IF adipose tissues of 

female mice. Results are in agreement with the studies in the literature that larger 

adipocytes which SAT consists of, synthesize more triglycerides than smaller 

adipocytes constituting VAT (Edens et al, 1993; Farnier et al, 2003). Moreover, 

contradict to many studies, SAT may become more hyperlipolytic than VAT and 

have a higher rate of triglyceride turnover (Tchernof et al, 2006). In addition, 

triglyceride structure and content seemed to be affected more in male mice 

adipose tissues than females since triglyceride content in GF adipose tissues of 

female mice decreased and no structural changes were found in both IF and GF 

adipose tissues of female obese lines. 
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In the literature, several studies have been conducted in order for the 

understanding of the relationship between sex difference and obesity. Some of 

these studies were carried out to enlighten the differences in body fat distribution 

(Blaak, 2001; Nguyen et al, 1996), energy expenditure (Quevedo et al, 1998; 

Valle et al, 2005), metabolic rate (Henderson et al, 2008; Tarnopolsky et al, 

1995), physical activity (Kautzky-Willer & Handisurya, 2009), oxidative capacity 

(Rodriguez & Palou, 2004), adipokine signaling (Havel et al, 1996; Matsuda et al, 

2005) and sex hormones (Rodriguez-Cuenca et al, 2002). According to the 

studies, males compared to females have a higher tendency to obesity (Hong et al, 

2009; Legato, 1997) but there are also some contradictory results due to the 

differences in nutritional state and strains of the male and female animals (Justo et 

al, 2005; Kautzky-Willer & Handisurya, 2009). Therefore, the role of gender 

effect in obesity could not be fully understood. This study aimed to contribute the 

discrimination of effect of obesity on different adipose tissues of mice with 

different genders. The results of this study revealed that insulin resistance and 

lipid peroxidation might be formed both in female and male mice due to the 

decreased amount of glycogen and decreased unsaturation in the lipids within 

both adipose tissues. In addition to this, TG amount was increased especially in 

male adipose tissues. Structural changes in lipids were observed especially in GF 

adipose tissues of male obese mice. Protein and RNA content significantly 

decreased in female IF adipose tissues. Chain length of the lipids were longer 

particularly in IF adipose tissues female obese mice and collagen integrity was 

disrupted in IF adipose tissues of female mice. However, these alterations also 

varied between BFMI lines and obesity affected IF and GF adipose tissue 

macromolecules differently. 

 

BFMI852 line was found to be the least affected line compared to the other BFMI 

lines due to obesity. It showed significant differences in the content of 

unsaturated, saturated lipids, proteins, collagens and glycogens especially and 

almost only in female IF adipose tissues. Significant increase in the amount of 

saturated lipids were determined according to the information from CH2 
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symmetric streching band. In addition, chain length of the lipids was found to be 

increased. According to the olefinic band area value, unsaturated/saturated lipid 

ratio and unsaturated/total lipid ratio, unsaturated lipid content decreased in 

female and male IF adipose tissues as an indicator of lipid peroxidation. Protein 

and collagen amount decreased in IF adipose tissue of female BFMI852 line. 

Moreover, glycogen content decreased in female GF and IF adipose tissues in 

comparison to the control but it had the highest glycogen content among the other 

BFMI lines.  

 

BFMI856 line represented higher saturated lipid content with longer acyl chained 

lipids according to the CH2 anti-symmetric band area value and CH2 anti-

symmetric streching band/total lipid band area ratio. Moreover, triglyceride 

amount and triglyceride amount in total lipid increased. In IF adipose tissues of 

both female BFMI856 mice, unsaturated lipid content decreased according to 

olefinic band, olefinic/ total lipid and unsaturated/ saturated lipid ratios, which 

might be due to lipid peroxidation. However, unsaturated lipid content did not 

change in male IF and GF adipose tissues compared to the control, which means 

that there was no sign for lipid peroxidation in the IF and GF adipose tissues 

belong to BFMI852 line. Structural changes in the lipids were observed especially 

in the GF adipose tissues of BFMI856 male mice since there were frequency 

shifts in the bands belonging to saturated lipids and triglycerides. Protein content 

decreased especially in female IF adipose tissues and collagen integrity was found 

to be corrupted in IF adipose tissues of female BFMI856 mice. However, no 

significant alterations was found in glycogen content or structure different than 

BFMI860 and BFMI861 which might become insulin resistant. This line seemed 

to represent obesity induced changes especially on lipids together with alterations 

on proteins and collagens.  

 

BFMI860 line represented many significant changes in saturated and unsaturated 

lipids, proteins, glycogens, collagens, triglycerides and total RNA amount without 

structural changes within these macromolecules. In IF adipose tissues of both 

male and female BFMI860 mice, unsaturated lipid content decreased according to 



88 

 

olefinic band, olefinic/ total lipid and unsaturated/ saturated lipid ratios, which 

might be due to lipid peroxidation. However, different than the BFMI852 and 

BFMI856 lines, in GF adipose tissues of female BFMI860 line, there was an 

increment in the unsaturated lipid content and chain length of the lipids. This may 

be the result of that unsaturated lipids are prefrentially stored for the release of 

FFAs into circulation from VAT during obesity, which in turn can affect other 

organs with the accumulation of lipids (van Herpen & Schrauwen-Hinderling, 

2008). Supporting these results, triglyceride content also increased in GF and IF 

adipose tissues of male mice. It may be an indicator of the increase in the severity 

of the disease in female BFMI860 lines. BFMI860 line together with BFMI861 

line had lower glycogen content among all BFMI lines and compared to the 

control as an indicator of insulin resistance. No significant changes were observed 

in the protein content and structure. However, collagen content decreased in GF 

adipose tissues of male mice.  

 

BFMI861 line showed considerable alterations in the content of lipids, proteins, 

RNAs, glycogens and also structural changes were observed especially in the 

saturated lipids and triglycerides of male GF adipose tissues. In IF adipose tissues 

of both male and female BFMI861 mice, the decrease in the olefinic band area, 

the olefinic/ total lipid and the unsaturated/ saturated lipid band area ratios was 

also observed in BFMI860 line. These findings further implicate the loss of 

unsaturation which is an indicator of lipid peroxidation.   However, different than 

the BFMI852 and BFMI856 lines, in GF adipose tissues of female BFMI861 line 

like BFMI860 line, there was an increment in the unsaturated lipid content.  

Unsaturated lipids are more prefrentially stored in order for the release of FFAs 

into circulation from VAT during obesity, which in turn cause the accumulation 

of lipids in other organs. This ectopic lipid accumulation results in the formation 

of metabolic complications such as insulin resistance in skeletal muscle and 

hepatic insulin resistance and non-alcoholicsteatohepatitis (Ferris & Crowther, 

2011; van Herpen & Schrauwen-Hinderling, 2008). The increase in unsaturation 

content in GF adipose tissues may also contribute to these metabolic 

complications.  Moreover, total RNA and protein content decreased especially in 
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male and female IF adipose tissues. Importantly, BFMI861 line seemed to be 

more prone to have insulin resistance with respect to other BFMI lines since it had 

the least amount of glycogen within the both IF anf GF adipose tissues. 

 

Moreover, although approximately 80% of total body fat is deposited in SAT and 

nearly 20% of fat in VAT, VAT has more impact on the release of FFAs into 

blood circulation since it is located closer to the portal circulation (Oka et al., 

2009). Most studies have demonstrated a significant relation between VAT and 

prediabetes hyperglycemia and very few studies have shown the effect of SAT on 

metabolic complications of obesity (Goodpaster et al., 2003; Hayashi et al., 2007). 

The results of this study revealed that IF adipose tissue also demonstrated 

considerable obesity-induced alterations in addition to GF tissue. The findings of 

the signs of insulin resistance, decrease of glycogen content and increase of 

triglyceride content together with the decrease in unsaturation, implying the 

increased lipid peroxidation was observed in IF tissues of male and female BFMI 

lines. This implicated that not only VAT but also SAT may be important in the 

formation of metabolic complications of obesity. One possible reason for this 

observation is that SAT might have become insulin resistant and therefore 

resistant to fat storage, which might lead to fat deposition in VAT (Frayn, 2000). 

Indeed, in the current study an increase in saturated lipid content in GF tissues 

was observed in BFMI lines. The other explanation can be the expansion of SAT 

depots until it reaches the maximum capacity for storing FAs, then SAT 

adipocytes may contribute to insulin resistance by releasing FAs into the systemic 

circulation (Freedland, 2004). 
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CHAPTER 5 

 

 

CONCLUSION 

 

 

 

In this current study IF and GF adipose tissues of male and female BFMI lines 

were characterized in order to determine the alterations in macromolecules due to 

spontaneous obesity without high fat diet induction by ATR-FTIR spectroscopy.  

Detailed analysis of spectral data revealed the following findings; 

 

Most of the studies in the literature have demonstrated significant alterations in 

VAT during obesity, while very few studies have shown the possible effect of 

SAT on metabolic complications of obesity. Supportingly, in this study, GF as a 

VAT represented alterations in different macromolecules, significantly. However, 

IF as a SAT was found to be affected dramatically and might have a role in 

obesity related complications on the contrary of its protective property. The 

findings of the signs of insulin resistance, decrease of glycogen content and 

increase of triglyceride content together with the decrease in unsaturation, 

implying the increased lipid peroxidation was observed in IF tissues of male and 

female BFMI lines. This implicated that not only VAT but also SAT may be  

important in the formation of metabolic complications of obesity 

 

In the literature, number of studies were conducted to determine the relation 

between gender and obesity. However, the role of gender effect in obesity could 

not be fully understood. In this current study, female and male mice were found to 

be affected differently. TG amount was increased especially in male adipose 

tissues. Structural changes in lipids were observed especially in GF adipose 

tissues of  male obese mice. Protein and RNA content significantly decreased in 

female IF adipose tissues. Moreover, chain length of the lipids were longer 
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particularly in IF adipose tissues female obese mice and collagen integrity was 

disrupted in IF adipose tissues of female mice. Although, there seemed to be more 

lipid accumulation and structural alterations in lipids in male mice, total RNA and 

protein content decreased especially in female mice. However, similar effects 

have been observed in terms of insulin resistance and lipid peroxidation both in 

female and male mice especially due to the decreased amount of glycogen and 

decreased unsaturation level of the lipids within both adipose tissues. 

 

In this study, BFMI852 line was found to be the least affected line due to obesity 

compared to other BFMI lines. Especially, alterations in the macromolecules such 

as a decrease in unsaturated lipid, total protein, collagen content and an increase in 

saturated lipid content with longer chain length in IF adipose tissues of the 

BFMI852 female mice were determined. BFMI856 and BFMI861 lines 

represented structural alterations especially in lipids belonging to GF adipose 

tissues different than the other lines. BFMI856 lines showed increased saturated 

lipid and triglyceride content and decreased protein and collagen content without 

changes in unsaturated lipid and glycogen content. That is why, this line was not 

found to be related with lipid peroxidation and insulin resitance. However, 

BFMI861 line represented lower unsaturated lipid, protein, RNA content with the 

least glycogen amount in adipose tissues. It was thought to be the most insulin 

resistant line in addition to the lipid peroxidation found in IF adipose tissues due 

to the effect of obesity. Also, increased unsaturated lipid deposition found in GF 

adipose tissues of this line together with BFMI860 line might imply the increased 

FFA release to the circulation which may be an indicator of the severity of obesity 

in these lines. BFMI860 line represented significant alterations in macromolecules 

such as decreased collagen and RNA content, increased triglyceride amount and 

lipids with longer acyl chains. In addition, decreased amount of unsaturated lipid 

and glycogen, which are the indicators of lipid peroxidation and insulin resistance 

were determined in this line. 

 

To conclude, BFMI860 and BFMI861 lines was found to be the most affected 

lines since they showed the indications of lipid peroxidation and insulin resistance 
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more severely as they had lower glycogen in all tissues and unsaturated content 

especially in IF adipose tissues. Also, BFMI856 and BFMI861 lines were 

determined to have alterations in the structure of lipids, especially in GF adipose 

tissues. Protein content was lowered significantly specifically in female IF 

adipose tissues but there was no change found in the structure. Furthermore, 

BFMI852 line was found to be affected different than other lines and had effect on 

especially female IF. Therefore, obesity induced changes differently according to 

the gender, adipose tissue type and distinctness in the strains. However, further 

studies should be conducted to understand these differences more accurately. 

Important adipokine levels may be determined in order to observe the metabolic 

complications of obesity and to observe whether there is an inflammation 

developed in these adipose tissues of male and female BFMI mice. This will 

enable the determination of the severity of the disease and its relation with 

metabolic syndrome in these mice.  
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