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ABSTRACT

BIOPHYSICAL CHARACTERIZATION AND DIAGNOSIS OF OBESITY
FROM ADIPOSE TISSUE BY FOURIER TRANSFORM INFRARED
SPECTROSCOPY AND IMAGING

Kiiciik Baloglu Fatma
Ph.D., Department of Biological Sciences

Supervisor: Prof. Dr. Feride Severcan

January 2017, 157 pages

Obesity is a heterogeneous disorder originating from the enlargement of visceral (VAT)
and subcutaneous (SCAT) adipose tissue mass in the body and this process usually results
in disturbed glucose and lipid metabolism. The first part of this study aimed to characterize
and compare VAT and SCAT with regard to biomolecular content and also investigate
transdifferentiation between white and brown adipocytes. Regarding this aim, Fourier
transform infrared (FTIR) microspectroscopy and uncoupling protein 1 (UCP1)
immunohistological staining was used in VAT and SCAT of male Berlin fat mice inbred
(BFMI) lines, which are spontaneously obese. The results indicated a remarkable increase

in the lipid/protein ratio, accompanied with a decrease of UCP1 protein content which



might be due to the transdifferentiation of brown to white adipocytes in obese groups.
Additionally, the lower unsaturation/saturation lipid ratio, the longer hydrocarbon acyl
chain length of lipids and the higher amount of triglycerides were obtained in both adipose
tissues of mice lines compared to control line. The results also revealed that SCAT was

more prone to obesity-induced structural changes than VAT.

The excess deposition of triglycerides in adipose tissue is the main reason of obesity and
this process causes the excess release of fatty acids to the circulatory system leading to
insulin resistance. The second part of this study mainly aimed to propose triglyceride band
located at 1770-1720 cm! spectral region as a sensitive obesity related biomarker. For this
reason, the diagnostic potential of FTIR spectroscopy coupled with hierarchical cluster
analysis (HCA) and principal component analysis (PCA) was used in SCAT and VAT
samples obtained from control and four different obese male BFMI mice lines. Successful
discrimination of the obese, obesity related insulin resistant and control groups were
achieved with high sensitivity and specificity. The results revealed the power of FTIR
spectroscopy coupled with chemometric approaches in internal diagnosis of abdominal

obesity based on the spectral differences in the triglyceride region.

Gender is an important factor in the evaluation of obesity, hence the purpose of the third
part of the study is to investigate gender-based differences in obesity by comparing
biomolecular content of SCAT and VAT in male and female mice lines. In accordance
with this comparative approach, ATR-FTIR spectroscopy coupled with multivariate data
analysis was applied to the spectra of some special regions to differentiate male and female
samples. To determine gender-based differences in the effect of obesity on VAT and
SCAT in obese mice lines, the biomolecular characteristics of these tissues were compared
in male and female BFMI mice by FTIR microspectroscopy. UCP1 immunohistological
staining was also performed to compare the appearance of brown and white adipocytes in
different genders. The results indicated that obesity indicators were more significant in
SCAT of female mice while they were more significant in VAT of male mice.
Consequently, the effects of obesity on male’s health can be more harmful than females.

Vi
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Hierarchical Cluster Analysis.
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OBEZITENIN ADiPOZ DOKUDA FOURIER DONUSUMLU KIZILOTESI
SPEKTROSKOPISi VE GORUNTULEMESI iLE BiYOFIiZiKSEL
KARAKTERIZASYONU VE TESHISI

Kiiciik Baloglu Fatma
Ph.D., Biyolojik Bilimler Bolumii

Tez YoOneticisi: Prof. Dr. Feride Severcan
Ocak 2017, 157 Sayfa

Obezite, viseral (VAT) ve subkiitan (SCAT) adipoz dokunun blyumesinden kaynaklanan
heterojen yapili bir hastaliktir ve sézkonusu siire¢ ¢cogunlukla zarar gérmiis glukoz ve lipit
metabolizmasi ile sonug¢lanmaktadir. Calismanin birinci kisminda VAT ve SCAT’1
molekiiler icerik bakimindan karakterize etmek ve karsilastirmak, ayrica beyaz ve
kahverengi adipoz dokular arasindaki transdiferansiyonu arastirmak amacglanmistir. Bu
sebeple kendiliginden obez olan erkek Berlin lipit inbred fare (BFMI) hatlarina ait VAT ve
SCAT dokularina Fourier Doniisiimlii  Kizilotesi (FTIR) Mikrospektroskopisi ve
uncoupling protein 1 (UCP1) immiinohistolojik boyamasi uygulanmistir. Sonuglar
lipit/protein oraninda anlami bir artis ile birlikte kahverengi ve beyaz adipozitlerin

transdiferasyonundan kaynaklanmis olabilecek bir UCP1 protein miktar1 diisiisi



gostermistir. Buna ek olarak, fare hatlarina ait iki tip adipoz dokusunda da kontrol hattina
gore daha diisiik doymamis/doymus yag orani, daha uzun hidrokarbon agil zincir uzunlugu
ve daha yiiksek miktarda trigliserit tespit edilmistir. Sonuglar ayrica SCAT 1in VAT a gore
obezite kaynakli yapisal degisimlere daha yatkin oldugunu ortaya koymustur.

Trigliseritlerin adipoz dokuda asir1 birikimi obezitenin ana sebebidir ve bu siire¢ serbest
yag asitlerinin yogun bir sekilde dolagima katilmasina neden olarak insulin direncine yol
acar. Calismamizin ikinci kismi temelde 1770-1720 cm™ spektral bélgesinde bulunan
trigliserit bantini bir duyarl obezite biyobelirteci olarak sunmaktir. Bu nedenle. Hiyerarsik
Kimeleme Analizini (HCA) ve Temel Bilesen Analizi (PCA) ile birlikte kullanilan FTIR
spektroskopisinin teshissel potansiyeli, kontrol ve 4 farkli obez BFMI erkek fare hatlarina
ait SCAT ve VAT dokulart iizerinde uygulanmistir. Kontrol, obez, obezite kaynakli
insulin direngli gruplar yiiksek duyarlilik ve 6zgiilliik ile birbirinden basariyla ayrilmistir.
Sonuglar, trigliserit bolgesindeki spektal degisimlere dayanan abdominal obezitenin dahili
teshisinde, kemometrik yaklagimlarla beraber FTIR spektroskopisinin giiclinii ortaya

koymustur.

Cinsiyet, obezitenin degerlendirilmesi i¢in 6nemli bir faktordiir, bu sebeple ¢alismanin
ticlinci kisminin amaci disi ve erkek fare hatlarina ait VAT ve SCAT dokularinin
molekiiler iceriginin karsilastirmasi yolu ile obezitede cinsiyete bagl farkliliklarinin
arastirtlmasidir. Bu karsilastirmaci yaklasimla uyumlu olarak, ¢ok degiskenli veri analiz
ile birlikte ATR-FTIR spektroskoskopisi disi ve erkek orneklerin ayrimi amaciyla bazi
ozel spektral bolgelerde uygulanmistir. Obezitenin VAT ve SCAT uzerindeki etkilerinin
cinsiyete bagl degisimlerini saptamak i¢in bu dokularin makromolekuler karakteristikleri
erkek ve disi BFMI farelerde FTIR spektroskopisi ile karsilastirilmistir. UCP1
immunohistolojik boyama ise farkli cinsiyetlerde kahverengi ve beyaz adipositlerin
goriiniimiinii karsilastirmak amaciyla uygulanmistir. Sonuglar obezite belirteclerinin disi
farelere ait SCAT dokusunda ve erkek farelere ait VAT dokusunda daha anlamli oldugunu
gostermistir. Sonug olarak, obezitenin erkek sagligi iistiine etkileri disilere nazaran daha

zararl olabilir.



Anahtar Kelimeler: Obezite, Visceral Adipoz Doku, Subkutan Adipoz Doku, Beyaz
Adipoz Doku, Kahverengi Adipoz Doku, Cinsiyete Bagli Degisim, UCP1 Protein, FTIR,
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Bilesen Analizi.
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CHAPTER |

1. INTRODUCTION

1.1. Obesity

Obesity is an epidemic disease resulting from the modern life leading to a growing number
of people of many social circumstances as a worldwide problem. As a result of modern
life, there is an increment in sedentary lifestyle and an augmentation in food consumption
with high fat content, obesity is turning into one of the considerable risk factor for human
health (Reaven, 1997). The WHO reported that overweight adults were more than 1.4
billion and over 200 million men and approximately 300 million women of them were
obese (Figure 1) (WHO, 2014). Epidemiological investigations estimated that 2.16 billion
people worldwide will be overweight and 1.12 billion will be obese by the year 2030
(Kastorini et al., 2011). When Turkey is in concern, Turkish population has higher obesity
prevalence than most of the European countries, so it was found that 19.9% of Turkish
Population is obese and 33.7% of them is overweight while 42.2% is in the normal range
(Turkish Statistical Institute, 2014).
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Figure 1. Prevalence of obesity in the world (2014).

1.1.1. Diagnosis of Obesity

Body weight, body mass index (BMI), waist circumference (WC) and waist-hip ratio are
widespread methods for the diagnosis of obesity (Sonmez et al., 2003). The body mass
index and waist circumference are two methods that are widely used to estimate whether
a person has a healthy weight or not. BMI is calculated as weight in kilograms divided by
height in meters squared (kg/m?). The BMI cutoffs have been established to identify
normal healthy range (18.50 - 24.99), overweight (BMI >25 kg/m?) or obese (BMI >30
kg/m?) individuals (WHO, 1995; World Health Organization & Organization, 2004). The
WC is measured at a level halfway between the lowest rib and the iliac crest. The
probability of obesity related diseases are categorized as high if women have a WC longer
than 88 cm and men have a WC longer than 102 cm (WHO, 2008). On the other hand,
waist—hip ratio is calculated to estimate the localization of abdominal fat and to have

information of central obesity (Pouliot et al., 1994). Nowadays, BMI is a fundamental



index for diagnosis of obesity for the measurement of total body fat in clinical trials (Gray
& Fujioka, 1991) (Figure 2) (WHO, 2016).

Classification BMI(kg/m?2)
S . Additional cut-off
Principal cut-off points points
Underweight <18.50 <18.50
Severe thinness <15.00 <165.00
Moderate thinness 15.00 - 16.99 15.00 - 16.99
Mild thinness 17.00 - 18.49 17.00 - 18.49
18.50 - 22.99
M | 18.50 - 24.99
e 23.00 - 24.99
Overweight =25.00 =25.00
25.00 - 27.49
Pre-ob 25.00 -29.99
re-0nese 27.50 - 20.90
Obese =30.00 =30.00
30,00 - 32.49
Ob [ I 30.00 - 34.99
SS€ Cass 32.50 - 34.99
35.00 - 37.49
Ob | II 35.00 - 39.99
S5E Cass 37.50 - 30.90
Obese class 111 =40.00 =40.00

Source: Adapted frem WHO, 1995, WHO, 2000 and WHO 2004.

Figure 2. The International Classification of adult underweight, overweight and obesity

according to BMI.

While prevalence of obesity in the world continues to increase dramatically, these
conventional measurement techniques identify obesity poorly. To give an example,
increased adiposity and decreased muscle mass within body composition occur with
aging, and hence the result of diagnosis process of obesity can be complicated and
misleading with these methods (Batsis et al., 2015). On the other hand, there is no well-
accepted definition of abdominal obesity, especially in the existence of different ethnic
groups culminating in heterogeneity in composition of abdominal tissue and alterations in
metabolic effects of obesity in the body (Misra et al., 2005). Therefore, there is a
requirement for a practical and accurate method to detect biomarkers of obesity and

obesity related metabolic diseases. Recently, it has been reported that triglyceride is



promising predictor of the amount of VAT therefore it can be used as a marker to estimate

visceral adiposity (Huang et al., 2015).

1.1.2. Causes of Obesity

Obesity is a complicated multifactorial chronic disease originating from interrelated
influences of many factors e.g. genetic, physiological, social, behavioral effects. Many
researches have shown that there is a strong link between obesity and genetics (Cinti,
2009). If someone’s parent is obese, the risk of the obesity increases significantly. In
addition, if obesity is present throughout early childhood, possibilities are high that an
individual will be obese during her or his life. Investigations have showed that someone’s
BMI can be attributed to genetic influences, with a 25-50% possibility that a child with
one obese parent will be overweight, and a 75% possibility with two obese parents
(Cannon & Nedergaard, 2004).

The environment is one of the major determinants of overweight and obesity.
Environmental effects on overweight and obesity are closely related to physical activity
and food intake behaviors (Sallis & Glanz, 2009). If calorie intake is more than
requirement, it will be stored essentially as body fat. If the stored body fat does not
consume with physical activity, it will cause overweight or obesity (Figure 3)(Prieto-
Hontoria et al., 2011). A number of studies indicated that individuals on a high-fat diet

are more prone to become overweight (Popkin et al.,1995).

Modern life is becoming sedentary and consequently the decline in energy expenditure
can be seen with modernization and other societal changes. With the growing popularity
of sedentary activities has been associated with an increased risk of obesity (Wadden &
Stunkard, n.d.).
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Figure 3. Fundamental principles of energy balance.

1.1.3. Adipose Tissue and Obesity

Adipose tissue is a complicated, crucial, and highly active metabolic and endocrine organ.
Adipocytes are the cells that primarily constitute adipose tissue. Besides adipocytes,
adipose tissue also includes the stromal vascular fraction (SVF) of cells including
fibroblasts, vascular endothelial cells and a variety of immune cells such as macrophages.
Adipose tissue is the primary storage location for excess energy but it can be also defined
as an endocrine organ. Adipose tissue is not only replies to afferent signals from endocrine
system and the central nervous system but also releases many components having crucial
endocrine functions. These components involve leptin, adiponectin, tumor necrosis factor
alpha (TNFa), interleukin 6 (IL-6), plasminogen activator inhibitor-1, proteins of the
renin-angiotensin system, and resistin (Kershaw & Flier, 2004). They are responsible for
the controlling of immune system, thermogenesis, and also neuroendocrine function
(Ahima, 2006).



1.1.3.1. Adipocytes

Adipocytes work as buffers along satiety as they can absorb free fatty acids (FFAs) and
triglycerides as energy rich molecules. FFAs are main membrane constituents in the cells
therefore they are enable to affect the fluidity of membrane and functions of channels and
receptor. The excess deposition of FFAs and the accumulation as triglycerides are basics
in obesity. Since hormone like effects of FFA are associated with the control of gene
expression in pre-adipocytes, they have a direct impact on adipocyte proliferation and
differentiation (Duplus et al., 2000; Garaulet et al., 2006). Since insulin is a strong
inhibitor of hormone sensitive lipase (HSL), it has a crucial status in the regulation of
adipocyte fat content. HSL is responsible for the hydrolysis of triglycerides to FFAs and
a fundamental activator of lipoprotein lipase (LPL) for increasing FFA uptake by ensuring
hydrolysis of triglycerides (Hajer et al., 2008). The smaller adipocytes are more sensitive
to insulin and they become dysfunctional when they enlarge extremely (hypertrophy).
Large adipocytes turn into insulin resistant preventing a react to the anti-lipolytic effect of
insulin. These complications result in obesity and insulin resistance (Freedland, 2004;
Garaulet et al., 2006; Ibrahim, 2010; Rajala & Scherer, 2003).

Adipocytes are complex cells composing a number of signals including cytokines,
hormones and growth factors. These components can affect the neighboring cells and
target tissues associated with energy metabolism, physiologic and pathologic processes
(Coelho et al., 2013).

1.1.3.2. White and Brown Adipose Tissue (WAT and SCAT)

Adipose cell, also called adipocyte or fat cell, is basically a connective tissue cell
specialized to synthesize and store large amounts of fat. There are two types of adipocytes:
white adipocytes contain large lipid droplets, a small amount of cytoplasm, and
decentralized nucleus; while brown adipocytes contain lipid droplets of varied size, a large

amount of cytoplasm, a lot of mitochondria, and round, centralized nucleus (Figure 4)



(Cinti, 2006). White adipocytes are globular cells whose changeable size principally
depends on the size of the single lipid droplet accumulated in them. These lipid droplets
are composed of triglycerides and they take up more than 90% of the cell volume. White
adipocytes account for storing of energetic molecules to provide energy to the cells
between the durations of food intakes. Brown adipocytes also include triglycerides as
multiple small vacuoles; they have generally polygonal shape with a variable diameter.
Mitochondria are the most characteristic organelles of brown adipocytes. The color of
brown adipocytes proceeds from its high mitochondrial density and high vascularization
(Cinti, 2009; Saely et al., 2012). Since brown adipocytes are responsible for
thermogenesis, they have an entirely different role than white adipocytes. As a critical
role, brown adipocytes pass the energy obtained from nourishment to thermal energy
(Cannon & Nedergaard, 2004; Klaus et al., 1991). These two types of adipocytes
constitute two different types of adipose tissue namely white adipose tissue (WAT) and
brown adipose tissue (BAT). Amounts of these tissues in the body show variation with
respect to age, gender, strain and environmental elements. The adipose tissues are
classified based on their colors because there are alterations in histological composition
between WAT and BAT (Cinti, 2006).
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Figure 4. Adipocytes of adipose tissue, Brown and White adipocyte phenotypes.

The conventional function of WAT is that it supplies a long term energy fuel stock which
can be mobilized during lack of food by releasing of fatty acids for oxidation in related
organs (Trayhurn et al., 2011). Moreover, WAT secretes a range of fundamental
components affecting the metabolism of the whole system like leptin which can affect
especially the eating behavior (Zhang et al., 1994). Leptin is a hormone of long-term

regulation of energy balance, suppressing food intake and then inducing weight loss.

BAT and WAT differ from each other in many respects (Figure 5). BAT have a completely
different role than WAT since it is responsible for thermogenesis. Since BAT requires
more oxygen, it has more capillaries than WAT. Nerve supply is also more intense in BAT
than in WAT. On the other hand, BAT can pass the energy gained from nourishment to
energy (Cannon & Nedergaard, 2004; Klaus et al., 1991). Uncoupling protein 1 (UCP1)
that is specifically expressed in BAT is responsible for this conversion of the energy that
is not utilized in oxidative metabolism (Cannon et al., 1982). Noradrenaline is capable to
activate the beta-3-adrenoceptors which promotes brown adipocytes to form heat. The



brown adipocytes can lose most of their brown characteristics, when they are not
stimulated adrenergically, this process cause transdifferentiation of brown adipocytes into
white adipocytes (Cinti, 2006, 2008). This morphological transformation is reversible and
it occurs with UCP-1 gene inhibition and leptin gene activation (Cancello et al., 1998).
BAT phenotype in adipose tissues is so crucial in rodents for the inhibition of various
metabolic diseases such as obesity and diabetes (Cinti, 2006).

White fat Brown fat
Function Energy storage Heat production
Morphology Single lipid droplet Multiple small vacuolae
Variable amount of mitochondria Abundant mitechondria
Characteristic proteins  Leptih UCPI
Development From MyfS-negative progenitor cells From MyfS-positive progenitor cells (but there are
also Myf5-negative brown fat cells which are derived
from other lineages)
Human data Large amounts are associated with increased risk ~ Large amounts are associated with decreased risk of
of obesity-related disorders obesity-related disorders
Impact of aging Increases with age relative to total body weight Decreases with age

Figure 5. Characteristics of white and brown fat.

1.1.3.3. Visceral and Subcutaneous Adipose Tissue (VAT and SCAT)

Adipose tissue can be approved as a crucial, complicated and metabolically active
endocrine organ having a distribution in a variety of locations in whole body differently
from the other organs (Cinti, 2005; Kershaw & Flier, 2004). The murine adipose organ
composed of two main subcutaneous storages (anterior and posterior) and several visceral
storages (mediastinal, omental, mesenteric, perirenal, retroperitoneal, perigonadal, and
perivesical) (Figure 6) (Saely et al., 2012). Other lipid storages are present in close
connection with skeletal muscles and in organs such as parathyroid gland, bone marrow,

parotid gland, pancreas, and lymph nodes (Cinti, 2009).



The locational fat distribution is more critical than whole fat content in the body in the
matter of obesity-linked metabolic diseases (Oka et al., 2010). It has been reported that
the more than 80% of total body fat constituted from SCAT in the body and approximately
10-20% from VAT in adults (Abate et al., 1995). SCAT consist of two different
anatomical layers where superficial and deep layers are separated by the fascia
superficialis (Scarpa’s facia). Subcutaneous fat depots represent 80 % of the whole fat
mass in normal weight subjects. VAT is an intraperitoneal adipose tissue and it primarily

consist of the omental and mesenteric fat depots (Lafontan & Berlan, 2003).

Subcutaneous white adipose tissue
i Anterior adipose tissue
il Inguinal adipose tissue

Intra-abdominal visceral adipose tissue
iii Mesenteric adipose tissue

iv Retroperitoneal adipose tissue

v Perinephric

vi Perigonadal adipose tissue

Brown adipose tissue
vii Interscapular adipose tissue
viii Mediastinal adipose tissue

Figure 6. Localization of VAT and SAT in the body (Cinti, 2005).

SCAT and VAT differ from each other in respect to the type of adipocytes, lipolysis
process, endocrine functions and their reaction to insulin and other hormones (Ibrahim,
2010). VAT has a crucial role in the expression of inflammatory cytokines and secretion
of various of hormones causing the metabolic effects of obesity since it possesses a special
position near portal vein (Bjorntorp, 1990; Freedland, 2004; lbrahim, 2010; Oka et al.,
2010; Rytkaetal., 2011). VAT is also different from the SCAT due to the fact that visceral

adipocytes have more lipolytic activity metabolically and they more active than

10



subcutaneous adipocytes (Arner, 1995; Lemieux & Després, 1994). VAT involves greater
number of large adipocytes contrary to SCAT, which contains the small adipocytes. These
small adipocytes are more insulin-sensitive and more prone to free fatty acid (FFA) and
triglyceride (TG) uptake in order to avoid their storage in non-adipose tissue (Marin et al.,
1992; Misra & Vikram, 2003). On the other hand, VAT may have a role in lipolysis of
central SCAT causing the release of peripheral FFA (Freedland, 2004). VAT is more
sensitive to the catecholamine induced lipolysis and less sensitive to the antilipolysis
action of insulin therefore VAT possesses a higher glucose uptake upon insulin
stimulation, thus it becomes more insulin resistant than SCAT (Abate et al., 1995; Arner,
1999; Frayn, 2000).

VAT has more vascular structure which is rich in blood supply and more nerve cells than
SCAT and they also differ in capacity to produce and secrete adipokines (Ibrahim, 2010).
Leptin as one of the main adipokine is expressed in adipose tissue and its levels increase
in keeping with the accumulation of triglycerides in adipose tissue (Tritos & Mantzoros,
1997). Since SCAT is capable to store more TG, this makes the SCAT the major source
of leptin hormone (Wajchenberg, 2000). Adiponectin as another crucial adipokine is
predominantly expressed in VAT compared to SCAT (Freedland, 2004; Motoshima et al.,
2002). Additionally, plasma levels of adiponectin are correlated with body weight
negatively (Cnop et al., 2003). There are more several inflammatory cytokines such as
TNF-a, IL-6 and CRP are obtained in VAT compared to SCAT (Lemieux et al., 2001,
Pepys & Hirschfield, 2003; Weisberg et al., 2003). Obesity could be identified as the
expansion of VAT and SCAT mass in the body causing alterations in cellular biology, i.e.
disturbed glucose and lipid metabolism. Though, abdominal obesity is determined by the
storage of both VAT and SCAT in the body, VAT is thought to have more critical role in
the metabolism of obesity (Freedland, 2004).

11



1.1.3.4. Adipose Tissue in Obesity

Obesity is resulted from a chronic imbalance between the level of energy intake and
consumption causing extreme weight gain. Obesity constitutively results in storage of
triglycerides in different adipose tissues (Shulman, 2000). The increase in fat mass results
in the greater adipocyte size (hypertrophy) and increased numbers of adipocytes
(hyperplasia). The hypertrophy, hyperplasia, or both of them occur in return for energy
imbalance may alter the location of the adipose tissue (de Ferranti & Mozaffarian, 2008).
The VAT deposition occurs only if SCAT capacity has been reached the maximum in
early stage of obesity (Drolet et al., 2008). These changes related with adipocyte
hypertrophy could be the first steps toward adipocyte dysfunction (Figure 7).

Extreme lipid storage causes functional disorders in endoplasmic reticulum (ER) that is
central to the pathophysiologic effects of obesity. The ER arranges lipid storage,
modulation of fatty acid uptake, storage of fatty acids as triglycerides, and packaging of
triglycerides into lipid droplets to serve as energy stores. Due to energy imbalance and
adiposity, excessive charge on the ER end up with “ER stress” causing dysfunctions in
lipid metabolism (de Ferranti & Mozaffarian, 2008). On the other hand, when ER reaches
a particular point, it begins to deliver of unfolded and/or misfolded proteins. For
eliminating this damage, ER composes an unfolded protein response (UPR). The UPR is
a cellular respond process by modifying regulatory pathways to increase clearance of the
abnormally folded proteins. As a result, if ER stress cannot be stabilized, UPR can result
in apoptosis (Gregor & Hotamisligil, 2007; Mittra et al., 2008).

With obesity, some inflammatory components named as adipokines are altered in adipose
tissue. Adipokines, including adiponectin, leptin, and resistin, are mainly produced by
adipocytes that affect energy and lipid metabolism and have a crucial role in the
pathophysiology of obesity and its systemic health effects (Arita et al., 2012; Tilg &
Moschen, 2006). The construction of many adipokines is upregulated in obesity and these

proinflammatory proteins are associated with obesity-related metabolic diseases. As an
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adipokine, leptin controls the feeding behavior and is positively correlated with adipose
tissue mass, therefore obese people have elevated amounts of leptin (Friedman & Halaas,
1998). Leptin stimulates synthesis of IL-6 and TNFa by macrophages and also activates
macrophages (Tilg & Moschen, 2006). TNF has a vital role in inflammatory and
autoimmune diseases as a proinflammatory cytokine that is primarily produced by
monocytes and macrophages. In experimental animal models of obesity and type 2
diabetes, increased amount of TNF expression was obtained in the adipose tissues
(Hotamisligil et al., 1993). It has been reported that the increased levels of TNF were
obtained in the adipose tissue and plasma of obese people, and when these people lose
weight, a decrease in TNF expression was obtained (Kern et al., 1995; Ziccardi et al.,
2002). IL-6 is another proinflammatory cytokine that also increased in obese adipose
tissue. The IL-6 expression in adipose tissue from obese people is 10 time more than lean
people (Fried et al., 1998). It has been reported that adipose tissue produces almost one-
third of total circulating IL-6 and the increased secretion of IL-6 in case of obesity
promotes to metabolic dysfunction (Ouchi, et al.,, 2011). Adiponectin is an anti-
inflammatory factor that protects to body from obesity related metabolic dysfunction.
Adiponectin levels in the plasma and adipose tissue decrease in obese subjects in
comparison to lean subjects (Hosogai et al., 2007; Ryo et al., 2004)). The production of
adiponectin by adipocytes is inhibited by pro-inflammatory components such as TNF and

IL-6 in case of obesity and obesity related diseases.

13



Preadipocyte

Ad
}_,I ipocyle
L4

e
ndaothelial cells

Macrophage

Figure 7. Dysfunctional adipose tissue in obesity (van Kruijsdijk et al., 2009)

1.1.4. Obesity and Insulin Resistance

Obesity is related to enhanced release of fatty acids and triglycerides into the circulation
(Campbell et al., 1994). Since the storage capacity of SCAT is limited because of the
increase in hypertrophy, VAT stores also accumulate excess lipids (Bonora et al., 1992).
This extreme accumulation and catabolism of triglycerides in VAT result in the excess
release of FFAs into the hepatic portal vein (Bjorntorp, 1990). Elevated levels of these
circulating FFAs and triglycerides from adipose tissue into the circulation augment the
delivery of FFAs to the liver, skeletal muscle, which can cause insulin resistance (Boden
& Shulman, 2002).

Adipose tissue is an important insulin-responsive tissue, and in adipose tissue, insulin
stimulates accumulation of triglycerides by inducing the differentiation of pre-adipocytes
to adipocytes and increasing the uptake of glucose and fatty acids arise from circulation
(Kahn & Flier, 2000). FFAs and various adipokines released from adipose tissue cause

14



abnormalities in insulin signaling. FFAs and their metabolites, such as acyl-coenzyme A,
ceramides and diacyglycerol, can damage insulin signaling by inducing protein kinases
such as protein kinase C, MAPK, c-Jun N-terminal kinase (JNK), and the inhibitor of
nuclear factor kB kinase B (Schenk et al., 2008). In addition, obesity induces a phenotypic
switch in adipose tissue from anti-inflammatory (M2) to pro-inflammatory (M1)
macrophages. The excess consumption of high energy foods causes macrophage
infiltration to the adipose tissue and this process reduces activated M2 macrophages and
increases in classically activated M1 macrophages that express inflammatory cytokines
such as IL-6 and TNFa which affect insulin sensitivity directly. Macrophages lead to
insulin resistance indirectly by increasing adipocyte size and changed expression of
adipokines and release of excess FFAs, resulting in abnormal accumulation of triglyceride

in non-adipose tissues (Heilbronn & Campbell, 2008).

Obesity induced inflammation of adipose tissue is the crucial process resulting in
activation of proinflammatory pathways which contribute insulin signaling and insulin
resistance (Figure 8) (Jung & Choi, 2014). The adipocytes in obesity are characterized by
inflammation mediators producing a large number of inflammatory cytokines and
chemokines, such as TNF-alpha, IL-6, monocyte chemoattractant protein-1 (MCP-1), and
adiponectin as an anti-inflammatory adipokine (Hsieh, 2011). When these inflammatory
pathways are activated in adipocytes, they damage triglyceride storage and enhance
release of FFAs, inducing insulin resistance in muscle and liver (Guilherme et al., 2008).
One major key point in the energy balance regulation and adipose tissue metabolism is
leptin (Zhang et al., 1994). SCAT is responsible of 80% of leptin production. In adipose
tissue, mMRNA expression of leptin is precisely related to severity of obesity. Since an
increase of leptin is associated with an increase of fat mass, leptin is accepted as an
indicator of total fat mass (Vidal et al., 1996). Although the main effect of leptin is the
control of energy expenditure and food intake, it impairs insulin signaling in murine
adipocytes (Muller et al., 1997; Pérez et al., 2004). In fact, the leptin-signaling pathway
activates suppressor of cytokine signaling (SOCS)-3, which might inhibit insulin signaling
(Howard & Flier, 2006). As a proinflammatory cytokine, TNF-o. makes contribution to
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the pathogenesis of obesity and insulin resistance. In case of obesity and insulin resistance,
TNF-o expression is increased in humans indicating a positive correlation with insulin
resistance (Hotamisligil et al., 1993). The various proinflammatory cytokines secreted by
adipose tissue, including TNF-a, IL-1, and IL-6, all of which have been involved in
disrupting insulin signaling (McArdle et al., 2013). As another cytokine, IL-6 plays a
crucial role in the progress of insulin resistance in obesity (Ferndndez-Real & Ricart,
2003). Hypertrophic enlargement of adipocytes is originated from increased production
of IL-6 by adipose tissue and so expression of adipose IL-6 shows a positive correlation
with insulin resistance both in vivo and in vitro (Qatanani & Lazar, 2007; Sopasakis et al.,
2004). On the contrary, adiponectin is an adipose-specific adipokine that produces insulin
sensitizing effects. The adiponectin levels decreases in obesity, and adiponectin-treatment
increases insulin sensitivity in animal models (Berg et al., 2001; Diez & Iglesias, 2003).
Adiponectin-deficient mice showed a stimulated insulin resistance, on the contrary over-
expression of adiponectin in mice enhances glucose tolerance and insulin sensitivity
(Maeda et al., 2002). Adiponectin reduces the inflammatory response stimulated by TNF-
a and adiponectin treatment decreases TNF-a production in macrophages of adipose tissue
(Ouchi et al., 2000).
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Figure 8. Secretion of inflammatory adipokines from adipose tissue in obese state.

1.1.5. The Berlin Fat Mouse
Obesity

BFMI lines are new animal models having obesity because of hyperphagia and disturbed
lipid metabolism (Meyer et al., 2009; Neuschl et al., 2010; Wagener et al., 2006). Without
knock-out mutations as a causative effect, the BFMI lines are genetically complex mice
and they have spontaneous obesity phenotype. In terms of their polygenic nature
underlying obesity phenotypes, the BFMI lines can be used as a prominent model for the
investigation of obesity-induced alterations in humans (Wagener et al., 2006). These lines
indicate an increment in total body fat coupled with an enlargement of the adipocytes in

different adipose tissues resulting in the hypertrophy and lipid accumulation in adipocytes,

even though they are fed with a SBD.

Inbred (BFMI) Lines as Mouse Models for
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1.2. Electromagnetic Radiation and Basics of Spectroscopy

“Electromagnetic radiation is considered as two mutually perpendicular electric and magnetic
fields, oscillating in single planes at right angles to each other. These fields are in phase and

are propagated as a sine wave” (Figure 9) (Stuart, 2004).

Electic Field

I A = Wavelength

(————________) I

Figure 9. An electromagnetic wave

According to Bohr equation, the energy (E) of the electromagnetic wave is formulized as:
AE=h.v

where AE is the dispersement between the energy states of interest, h the is Planck’s constant
with value as 6.63*10734 Joule second and v is the frequency of the applied electromagnetic
radiation.

“c=A0"
where A is the wavelength of light, c is the speed of light in vacuum with the value as
3.0x108 ms™. These two equations forenamed above are used for the identification of the

wavenumber as a spectral unit which is denoted by © with a unit cm™.

“d =wavenumber =(1/.)mmp E=h.v=hc¢/A=hcv”
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The equations given above, both frequency and wavenumber are directly proportional to

energy.

As a consequence of the interaction of electromagnetic radiation with matter, various
types of redirections of the radiation can be obtained as emission (the energy releases by
the molecule), scattering (the direction of propagation changes) or absorption (the energy
transfers to the molecule). If a molecule absorbs the energy of light, it will be excited to a
higher energy level. This excited molecule gets a quantum of energy which corresponds
to the difference between the energy levels of the molecule. These electronic energy levels
obtain from the spatial distributions of the electrons are shown by an energy-level diagram
in Figure 10. The lowest electronic level is named by ground state and the others are
named by excited states. (Campbell & Dwek, 1984). The vibrational energy levels are
shown by thin horizontal lines. While the long arrow illustrates an electronic transition,

the short arrow represents a vibrational transition.

Electronic e
transition | —, Excited electronic
{(in visible or | state.
uv) dissociation
energy
@ Ground state
c

O Rotational
| T transition

‘|:-]> | = (in microwave)

v'=0

Vibrational
transition

(in infrared)

Internuclear separation

Figure 10. Typical energy-level diagram
* Adopted from http://www.tau.ac.il/~phchlab/experiments_new/LIF/theory.html
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The electronic transition, vibrational, rotational and transitional levels are main molecular

energy levels and the total energy (Etotal) can be calculated performing by:

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

“Each E in the equation represents the appropriate energy as indicated by its subscript.
The separations between the neighboring energy levels corresponding to Erotation, Evibration
and Eelectronic are associated with the microwave, infrared and ultraviolet-visible region of

the electromagnetic spectrum, respectively” (Campbell & Dwek, 1984).

Spectroscopy is the study of the interaction of electromagnetic radiation in all its forms
with matter which gives a data called spectrum. "A spectrum is a plot of the intensity of
energy detected versus the wavelength or frequency of the energy" (Freifelder, 1982).
Electromagnetic radiation is the main source of energy used for spectroscopic studies.
These spectroscopic studies include irradiation of a sample with several form of
electromagnetic radiation. Monitoring of the absorption, emission or scattering of the
electromagnetic radiation in the spectrum provides to have information of the atomic and
molecular design of samples (Struve & Mills, 1990). In Figure 11, the regions of the

electromagnetic spectrum are represented.
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Figure 11.The electromagnetic spectrum

1.2.1. Basis of Infrared Spectroscopy

The vibration modes in a molecule at the atomic level can be discovered by infrared energy
through changing the dipole moment. In the IR energy range, infrared vibrational
spectroscopy analyzes photon absorption and transmission which are based on frequencies
and intensities. Each chemical bond in a molecule vibrates at a special frequency that is
only belonged to itself. Atoms of a molecule (e.g. CH3) may have various modes of
vibration because of the stretching and bending vibrations of the groups. If a change in
the dipole moment of a molecule is occurred by vibration, it will absorb a photon with the
same frequency of the incident IR light. Infrared (IR) region of the EM spectrum is divided
into three sub regions; (1) the lowest energy far-infrared (400-10cm™) is neighbor to
microwave spectrum region and can be used for rotational spectroscopy. (2) The mid-
infrared (4000400 cm™?) can be used to study the fundamental vibrations and associated
with rotational-vibrational structure. (3) The higher energy near-IR (14000-4000 cm™?)

can be used to study the harmonic or overtone vibrations (Marcelli et al., 2012).
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In IR Spectroscopy, after the energy of infrared region couples with most vibrational
transitions, the applied radiation in the infrared region is absorbed by the matter and this
interaction results in alterations in chemical bonds of the molecules in the matter leading
to vibrations with different modes in the infrared region. That's why infrared spectroscopy
enables to determine the transitions between vibrational energy levels of the atoms within
amolecule. The vibrations are separated in two groups as stretching and bending and their
modes (twisting, scissoring, wagging, rocking) of linear and non-linear vibrations are
originating from the differences in the bond angle and length as regards the different
movements of various functional groups such as amide, carbonyl etc. (Figure 12)
(Campbell & Dwek, 1984; Marcelli et al., 2012). In the system, the potential alterations
in the vibrational modes of the molecules can result in a variance in the function,

conformation and structure of the functional groups of the molecules.
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Figure 12. Simple layouts of the vibrational modes associated to a molecular dipole
moment change detectable in an IR absorption spectrum.
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When infrared light is in interaction with molecules, absorptions at specifical wavelengths are
occurred arising from the vibrations of functional groups. Consequently, a spectrum is
obtained that is a plot of absorption as a function of wavenumber denoted in terms of cm™.
The absorptions are sensitive to alterations in environment, conformation and chemical
structure. Each molecule has a unique combination of atoms, for this reason they generate
different infrared spectrum emphasizing the power of infrared spectroscopy in determination
of changes in each special molecule (Figure 13) (Marcelli et al., 2012).
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Figure 13. A typical mid-IR transmission spectrum showing in a schematic way typical

absorptions lines associated to vibrational modes of molecules.

1.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) spectrometer is based upon an important

instrument called Michelson Interferometer. In a Michelson interferometer adapted for
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FTIR, the working principle is based upon the interference of radiation between two beams
to produce an interferogram, that is a signal formed as a result of the change of path length at
a beam splitter (Stuart & Ando, 1997). These two beams with different path length recombine
in the beam splitter producing an interference resulting in the interferogram.

This interference is determined by the detector, and then recorded values of distance and
frequency are interconverted by Fourier transformation as a mathematical method, finally

frequencies are reconstructed individually as an infrared spectrum (Figure 14).
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Figure 14. A) Schematic diagram of a Michelson interferometer configured for FTIR B)

The general system flowchart of FTIR.

The advantages of FTIR spectroscopy can be listed as follows:

e FTIR spectroscopy method is a rapid and sensitive technique and it enhances
signal to noise ratio by signal averaging the numbers of scans per sample. The data
processing is very easy with the application of computer softwares and quantitative
calculations could be obtained (Ci et al., 1999; Manoharan et al., 1993; Rigas et
al., 1990; Stuart & Ando, 1997).
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Very small amounts of the samples are adequate for the analysis, furthermore in
vivo investigations are also feasible and these samples could be prepared in a short
time either in gaseous, liquid, or solid states (Mendelsohn, 1986).

FTIR spectroscopy can be applied to any kind of material such as inhomogeneous
solids, solutions, suspensions, viscous liquids and powders. Kinetic or time-
resolved analysis of samples could be used by this technique (Haris & Severcan,
1999; Mantsch, 1984; Mendelsohn, 1986).

All alterations in functional groups of the biomolecules can be determined in the
system within the same spectrum simultaneously. Spectral data can be achieved
easily and rapidly. Additionally, qualitative interpretation can be performed by the
software allowing the storage of the obtained data and enables user to make some
manipulations on the data coupled with quantitative calculations (Ci et al., 1999;
Garip et al., 2007; Kneipp et al., 2000; Manoharan et al., 1996; Rigas et al., 1990;
Yano et al., 1996).

FTIR spectroscopy technique is a cheaper in comparison to other techniques
particularly ESR, CD, NMR (Diem, 1993).

FTIR spectroscopy, as a rapid and non-destructive technique, provide qualitative
interpretation without any requirement for an external calibration and give
information about structure, function and composition of the system (Aksoy et
al.,2012; Cakmak et al., 2003; Haris & Severcan, 1999; Melin et al., 2000).

These advantages make FTIR spectroscopy measurements reliable and repeatable. This

technique has higher sensitivity in detecting the changes of functional groups belonged to the

various components of tissues including proteins, lipids, carbohydrates and nucleic acids

(Dogan et al., 2007). Alterations in band frequencies, intensities and bandwidths can be

visualized in the spectra and they can give significant structural and compositional
information (Bozkurt et al., 2010; Cakmak et al., 2011; Ci et al., 1999; Garip et al., 2010;

Toyran et al., 2007; Toyran et al., 2004). Infrared Spectroscopy is sufficient for the

identification of pure materials because absorbance peaks which are obtained at specific
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wavenumbers are useful for the characterization of these materials. For this reason,
obtained IR spectra of the molecules can be used as a fingerprint minutia compared to
other molecules. Mid-IR region is the principal region and mid-IR spectroscopy is a
precious analytical method in terms of the investigation and characterization of the
biological materials (Marcelli et al., 2012). Therefore, IR spectroscopy is a promising
technique which provides biochemical information of the biological material (Mourant et
al., 2003).

In recent years, FTIR spectroscopy has become a promising method in biology and medicine
for diagnosis and characterization of specific molecular alterations between normal and
disease states. In the literature, many studies on different kind of diseases including;
obesity and diabetes (Bozkurt et al., 2010; Farhan et al., 2011; Josse et al., 2011; Katiyar
etal., 2011; Kucuk Baloglu et al., 2015; Sen et al., 2015; Severcan et al., 2000; Severcan
et al., 2010), different types of cancers (Bellisola & Sorio, 2012; Gok et al., 2016; Li et
al., 2012), the characterization of microorganisms (Garip et al., 2007; Garip et al., 2009),
chemical treatments including protective effect of drugs on radiation induction (Cakmak

et al., 2012; Cakmak et al., 2011), have been investigated lately.

1.2.2.1. Attenuated Total Reflectance Fourier Transform Infrared (ATR-
FTIR) Spectroscopy

ATR-FTIR spectroscopy bases upon total internal reflection phenomenon resulting in an
evanescent wave. “When the infrared beam, which is directed onto an optically dense crystal
with a high refractive index, passes through an ATR crystal at a certain angle, it is internally
reflected that causes creation of evanescent wave protruding only a few micrometers beyond
the surface of ATR crystal” (Aksoy et al., 2012). This evanescent wave reaches a few microns
(0.5 - 5p) for both surface of the crystal and into a sample. Since the sample absorbs energy
in the convenient spectral region, the evanescent wave attenuates and then this attenuated

energy travels to the detector in the infrared spectrometer to form an IR spectrum (Gasper et
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al., 2010; Goormaghtigh et al., 1999). The basic requirements for this technique are; the
refractive index of the crystal needs to be higher than the refractive index of the sample and

the sample needs to be in contact with the crystal directly (Figure 15).

The ATR crystals are made from special matters which possess low solubility in water and
high refractive index. Diamond, germanium and silicon are widely used for ATR crystal,
however; the mostly used one is diamond zinc selenide (Di/ZnSe) (Kazarian & Chan, 2006).
Since these crystals are relatively cost effective than the others and resistant to many
chemicals such as acids and alkali, ZnSe is the most sufficient for the utilization in the mid-
IR region. The distance which a wave spreads from the surface of the crystal is approximately
1.66 um for Di/ZnSe ATR crystal.

ATR-FTIR is a rapid, sensitive and low cost effective technique monitoring of different
functional groups of molecules in the biological systems. Needing a small sample size
and ease of sample preparation make this technique useful for biological studies. Since
ATR-FTIR studies are not affected by the sample thickness, the samples could be directly
examined without any necessity for preparation processes by placing them on the ATR-
crystals apparatus. For example, a solid or an aqueous sample can be directly placed on
ATR crystal and then IR spectrum can be obtained in a short span of time. The ordinary
scaling criterion is the setting of the of amide | peak maximum absorbance to 1 (Gaigneaux
et al., 2006).
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Figure 15. A multiple reflection ATR-FTIR system (Wang et al., 2007)

1.2.2.2. Fourier Transform Infrared Microspectroscopy

FTIR microspectroscopy can be defined as a binary combination of an infrared spectroscopy
with an optical microscope. This infrared spectrometer coupled with microscope (Figure 16)
(Gazi et al., 2006) allow to study with biological samples and to obtain molecular information
with a higher spacial resolution (Levin & Bhargava, 2005). This special technique enables to
investigate the molecular biochemistry and morphology of biological samples. FTIR
microspectroscopy is a non-invasive technique which is different from fluorescence imaging
spectroscopy because FTIR imaging do not need staining for creating the image contrast (Hof
et al., 2005).

In biological materials, a specific tissue area can be mapped point-by-point in every pixel
leading to a chemical map of the sample by using FTIR microspectroscopy. A specific FTIR
spectrum is achieved in each single pixel in this chemical map. Regarding to the optical
features of the sample, FTIR microspectroscopy can be applied in transmission or reflection
mode (Bechtel et al.,. Sample is placed on a microscope slide which is IR-transparent, such

as barium floride (BaF2), calcium floride (CaF2), ZnSe glass slides in transmission mode.
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Figure 16. Schematic diagram representing the working principle of FTIR

microspectroscopy.

The advantages of the FTIR microspectroscopy are given below;

FTIR microspectroscopy enables the rapid analysis of very small amount samples
and its main advantage is allowing the chemical analysis of trace amount of
biological materials insitu, without extraction, from microscopic regions of a
tissue section (Jackson et al., 1998; Kretlow et al., 2008; LeVine & Wetzel, 1998).
In contrast with traditional histochemical methods needing a long-standing sample
preparation procedure, such as fixation, embedding, sectioning and staining of the
tissue, FTIR microspectroscopy do not require any preprocessing or labeling process
(Kretlow et al., 2008). On the other hand, the recorded information by FTIR
microscopy is represented by false-colour images, that is similar to the images of
histological-stained samples (Marcelli et al., 2012).

FTIR microspectroscopy enables to function as the spatial determination of the

distribution biomolecules in tissue entirely with a high resolution. This type

29



functional group mapping can supply an important favor for finding out spectral
data as a distributing of some chromophores in tissue samples can be analyzed
(Jackson et al., 1998).

1.3.  Chemometrics in FTIR Spectroscopy

Chemometrics can be defined as the applications of statistical and mathematical
calculations to obtain the information from the vibrational spectra (Lavine, 2000). Since
vibrational spectra have many molecular-based specific spectral peaks, they can provide
many information. For this reason, to get these valuable data, the multivariate data analysis
can be performed to IR spectra. The multivariate analysis methods can be divided into two

groups; unsupervised and supervised chemometric approaches (Brereton, 2003).

The unsupervised chemometric methods do not need for primer information about
investigated samples like healthy versus disease meanwhile the supervised chemometric
methods required this information. For this reason, the clustering pattern of the samples
are achieved randomly (Massart et al., 2003). Among the unsupervised methods, principal
component analysis (PCA) and hierarchical cluster analysis (HCA) were performed in this

study.

1.3.1. Hierarchical Cluster analysis (HCA)

HCA is a method for ordering samples in a dendrogram (“tree diagram’), where samples
with the highest correlations are grouped together while samples with small correlations
are widely separated (Xue et al., 2011). The HCA can be performed to show the grouping
of similar data collected from different samples (Wang & Mizaikoff, 2008). A quantitative
measure of similarity or dissimilarity can be used by correlation techniques in this
classification (Shaps, 1980). The heterogeneity calculations were made by using Euclidian

distance and Ward’s algorithm from the average spectra. Euclidean distance was used to
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calculate the sample similarities and indicate the complete linkage clustering by Ward’s
algorithm. This algorithm clusters homogeneous objects as much as possible by
combining the spectra that form the smallest variance distance (Bozkurt et al., 2010; Ward,
1963). In cluster analysis, Ward’s algorithm together with Euclidian distances to construct
the dendograms was previously reported to give one of the best predictions (Lasch et al.,
2004).

1.3.2. Principal Component Analysis (PCA)

PCA is based upon the clustering of similar samples within the scores plot gives
information about the class separation. An increase in the spatial separation between the
two points in a scores plot implies an increase in the dissimilarity between two samples.
PCA techniques use a vector space transform to reduce the dimensionality of large data
sets so it could be preferred principally for the determination of general relationships

between the data sets (Gasper et al., 2010).

PCA can reduce a large scale of spectra consisting of hundreds of absorbance values to a
point in a multidimensional space using a linear transformation. The coordinates are the
principle components (PC) and the plot obtained is named as the scores plot. Also, each
PC identifies the spectral variability among sample and it is actually a linear combination
of the whole original variables; namely, of all the wavenumbers (Nakamura et al., 2010).
The coefficients of combination are named as loadings, and each wavenumber
counterpoises to a loading. These loading plots are the plots of the relationship between
original variables and subspace dimensions that are used for interpreting relationships
Among variables. The bigger change in the loading plot is, the bigger the effect of the
corresponding wavenumber in the interpretation of the data variance (Chen et al., 2015).
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1.4, Aim of the Study

The current study is composed of three main parts which focuses on obesity with different
approaches. The first part of this study aimed to characterize and compare visceral (VAT)
and subcutaneous (SCAT) adipose tissues in terms of macromolecular content and
investigate transdifferentiation between white and brown adipocytes. In accordance with
this purpose, Fourier transform infrared (FTIR) microspectroscopy and uncoupling
protein 1 (UCP1) immunohistological staining was used to investigate VAT and SCAT of

male Berlin fat mice inbred (BFMI) lines, which are spontaneously obese.

The second part of this study, we focused on the triglyceride profile of VAT and also
SCAT as a marker of abdominal obesity to distinguish control and obese lines from each
other in SCAT and VAT samples and to differentiate our 4 obese lines from each other
whether they have insulin resistance or not. To propose triglyceride bands located at 1770-
1720 cm™ spectral region as a more sensitive obesity related biomarker, the diagnostic
potential of FTIR spectroscopy was used in SCAT and VAT samples obtained from male
control (n=6) and four different obese BFMI mice lines (n=6 per group). FTIR
spectroscopy coupled with hierarchical cluster analysis (HCA) and principal component
analysis (PCA) was applied to the spectra of triglyceride bands as a diagnostic tool in the

discrimination of the samples.

Third part of the study targets to determine gender-based differences in the effect of
obesity on VAT and SCAT in obese mice lines. Firstly, the macromolecular characteristics
of VAT and SCAT were compared in male and female BFMI mice by FTIR
microspectroscopy. In addition, to compare the transdifferentiation of brown and white
adipocytes in different genders, UCP1 immunohistological staining was used for both
male and female samples. In accordance with this comparative approach, ATR-FTIR
spectroscopy coupled with multivariate data analysis was applied to the spectra of some

special regions in the discrimination of the male and female samples.
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CHAPTER I

2. MATERIALS AND METHODS

2.1. Animal Studies, Feeding and Husbandry Conditions

The German Animal Welfare Authorities approved whole experimental protocols related
to the treatment of animals (approval no. G0171/10). Primary animals of the Berlin Fat
Mice lines (BFMI) were purchased from various pet shops in Berlin, Germany. These
mice were selected during 58 generations by choosing in terms of their low protein and
high fat content with a low body weight. The mice exhibiting a phenotype of high fat
content were endorsed as the Berlin Fat Mouse (BFM) line along the selection process.
“After 58 generations of selection for high fatness in the BFM line, distinct inbred
derivates (BFMI lines) have been generated by brother-sister mating from randomly
chosen founder sib-pairs of the selection line” (Wagener et al., 2006). In this study, 10
week old females and males of BFMI852, BFMI856, BFMI860 and BFMI861 inbred
lines, which were selected according to their phenotypic characteristics after six
generations of inbreeding, were used. The DBA/J2 mice line was used as the control,
which is a commercially acquirable inbred line and usually used as a standard mice
exhibiting a wild type-like phenotype. The DBA/2J line indicated the highest weight gain
in return for feeding with a high fat diet among 43 inbred strains (Hageman et al., 2010;

Svenson et al., 2007). Since the DBA/2J line have a different genetic background with
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BFMI lines, the use of this line was preferred in previous studies (Aksu et al., 2007;
Hantschel et al., 2011; Reichart et al., 2003; Wagener et al., 2010; Widiker et al., 2010).
Consistently, the BFMI lines indicate more significant obesity induced alterations

compared to DBA/2J line that is susceptible to obesity.

The mice were kept under conventional conditions with a 12:12 h light/dark cycle at a
humidity of 65% and temperature of 22 + 2 °C. They were separated into groups of two
to three mice in macrolon cages with a 350 cm? floor space (E. Becker & Co (Ebeco)
GmbH, Castrop-Rauxel, Germany) and with dust-free bedding type S80/150 (Rettenmeier
Holding AG, Wilburgstetten, Germany). All mice had ad libitum access to water and food.
The animals were fed with a rodent standard breeding diet after weaning at the age of 3
weeks. The standard breeding diet (V1534-000, ssniff R/M-H, Ssniff Spezialdiaten
GmbH, Soest/Germany) contains 12.8 MJ per kg of metabolisable energy, 58% of which
arises from carbohydrates (33% from proteins and 9% from fat). The fat content of
standard breeding diet was derived from soy oil (Hantschel et al., 2011). All control and
BFMI obese groups have six mice for each. The SCAT and VAT samples were harvested
for each mouse. Since the posterior depot of SCAT has simpler anatomy and consisting
of a single tissue band, we particularly focused on the posterior depot located at the base
of the hind legs (Cinti, 2005). After 10 weeks, the mice were killed by decapitation. The
gonadal and subcutaneous adipose tissue were collected immediately and washed with
PBS buffer to avoid the blood on the tissue. In our experiment, we used inguinal adipose
tissue as a SCAT and gonadal adipose tissue as a VAT. The tissue samples were snap-

frozen in liquid nitrogen and stored at -80 °C until experiments.

2.2. FTIR Microspectroscopic Studies

2.2.1. Sample Preparation

SCAT and VAT samples of 6 mice of each line were used in FTIR microspectroscopic studies

and 3 sections were prepared for each sample. In sectioning part, adipose tissue samples
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were embedded in Cryomatrix Frozen Embedding Medium (Thermo Scientific, USA). 7
um-thick tissue sections were gained consecutively by using a cryotome (Shandon, USA)
at -25°C both for immunohistological staining and FTIR microspectroscopy studies.
These sections were immediately transferred onto IR-transparent BaF, (Barium Fluoride)
windows (Spectral Systems, NY, USA). To eliminate the moisture from the sections, the
windows with sample were conserved in a desiccator coupled with vacuum pump at cold

room for overnight.

2.2.2. FTIR Microspectroscopic Data Collection and Analysis

Perkin Elmer Spectrum Spotlight 400 Imaging System (Perkin Elmer Instruments,
Boston, MA, USA) was used to obtain FTIR images, the system included a fast-scanning
FTIR spectrometer coupled with a liquid nitrogen cooled mercury-cadmium-telluride

(MCT) focal plane array detector located in an image focal plane of an IR microscope.

Spectral images of samples were collected at a spectral resolution of 8 cm™ in the
wavenumber region between 4000 and 750 cm™ in the transmission mode. The IR detector
pixel size was 6.25 x 6.25 um and 4 spectra were collected for each pixel. Despite the fact
that SCAT and VAT are highly homogeneous tissues, three different areas in each tissue
section were randomly selected to collect IR maps. As an example, these three IR maps
for one sample are presented in Appendix A. FTIR microscope gathers IR images providing
an IR spectrum from each pixel by scanning the selected areas pixel by pixel. The size of
the spot or pixel was determined by the size of the microscope aperture. Due to the size
of the collected FTIR maps was 700 x 700 um, totally 12544 spectra were achieved from
each selected area for each section. Firstly, the average of 12544 spectra was collected
from each area and then the average spectrum of these three similar average spectra of
selected areas was used for each sample for calculation of the spectral parameters. The
background spectrum was collected from empty IR window and subtracted from spectra
of tissue sample automatically by Spotlight Auto-image software (Perkin Elmer

Instruments, Boston, MA, USA). The main parameter affecting the results of cellular
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alterations in FTIR microspectroscopic studies, is sample thickness of tissues. In order to
prevent the possible errors that occur due to differences in section thickness which can
result in concentration-related alterations in the spectral absorbance values, the band area
ratios were used in the analysis of FTIR Microspectroscopy (Bi et al., 2005; Boskey et al.,
2006; West et al., 2004). Spectral maps were analyzed by using ISY'S software (Spectral
Dimensions, Olney, MD, USA). The spectral regions for the calculation of band areas are

presented in Table 1.

Table 1. The spectral regions and baseline points for particular infrared bands used in

calculation of band area ratios.

Infrared band Integrated spectral | gaseline points (cm™)
region (cm)
Olefinic=CH 3020-2992 3100-2740
CHs antisymmetric stretching | 2976-2948 3100-2740
CHa antisymmetric stretching | 2940-2916 3100-2740
CHs symmetric stretching 2880-2864 3100-2740
CH. symmetric stretching 2864-2844 3100-2740
C—H region 2980-2830 3100-2740
Carbonyl (C = O) stretching 1764-1724 1850-1500
Amide | 1672-1636 1850-1500
Amide Il 1560-1536 1850-1500

To detect the alterations in the structure of lipids, the integrated area under the specific
lipid bands (CH2 antisymmetric stretching, olefinic and carbonyl stretching bands) were
divided individually by the area under the whole C-H region. Since C-H region contains
vibrations of the fatty acyl chains of membrane lipids, it is sensitive to determine the whole
lipid content of a system (Kneipp et al., 2002; Wang et al., 2005). The C-H region also
includes a band originating from proteins (CH3 symmetric stretching band). However, C-

H region can be regarded as lipid region because this protein band is very weak (Bozkurt
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etal., 2010; Cakmak et al., 2011; Garip et al., 2009). To investigate the ratio of the carbonyl
groups and unsaturated lipids to total lipid content, the area of the carbonyl (C=0) ester band
and olefinic band were divided by the area of the C-H region respectively (Cakmak et al.,
2012; Kucuk Baloglu et al., 2015). The data about lipid acyl chain length was obtained from
the ratio of the area of the CHz2 antisymmetric stretching band to the area of the C-H region
and CHz antisymmetric stretching band respectively (Wang et al., 2005). The lipid to protein
ratio was obtained by calculating the ratio of the area of the C-H region to the area under the
amide | band (Cakmak et al., 2012, 2011). Since amide | and amide Il profiles depend on the
protein structural composition, the band area ratios of amide 1/ amide 1l and amide 1/ amide

I + amide Il were also calculated.

2.3. Immunohistological Staining

The SCAT and VAT of BFMI lines and control DBA/J2 line have been used for UCP1
immunohistological staining in order to distinguish brown and white adipose tissues for
observing the transdifferentiation. “For staining “EXPOSE rabbit specific AP (red)
detection IHC Kit” (Abcam, USA) and Biotin goat anti rabbit antibody (Vector Lab. Inc.,
USA) were used. Immunohistological staining was applied as described in the kit
procedure. After drying for overnight in desiccator, slides were treated with acetone at -
20°C and waited for 10 minutes at -20°C and then washed 3 times in buffer (PBS). Then,
we applied Protein Block and incubated the slides for 10 minutes at room temperature to
block nonspecific background staining and the slides were washed 3 times in buffer again.
In next step, we applied primary antibody (Biotin goat anti rabbit antibody (Vector Lab.
Inc., USA)) and incubated the slides according to manufacturer's protocol and washed 3
times in buffer. After that, AP conjugate was applied and the slides were incubated for
30 minutes at room temperature and rinsed 4 times in buffer. The 200 pl of enhancer was
applied to the slides and the slides were incubated for 4 minutes at room temperature. We
mixed equal volume of Naphthol Phosphate and Fast Red just before using, and then

applied 200 pl of this mixture onto the slides with Enhancer. The recommended
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incubation time was 8 minutes at room temperature. Then, the slides were rinced 4 times
in buffer followed by Hematoxylin staining as a counter-staining. For counter-staining,
Hematoxylin was added to cover the slides which were then incubated for 1 minute and
they were washed 7-8 times in tap water. Stained slides were made permanent by Eukitt®
quick-hardening mounting medium (Sigma-Aldrich, USA) and they were quantified by
observing with a light microscope under 40X magnification” (Kucuk Baloglu et al., 2015).

2.4. ATR-FTIR Spectroscopic Studies

IR spectra of SCAT and VAT were acquired by using a Universal ATR accessory (Perkin
Elmer Inc., Norwalk, CT, USA) that is integrated to a Perkin EImer Spectrum 100 FTIR
spectrometer (Perkin-Elmer Inc., Boston, MA, USA). In ATR-FTIR spectroscopy
technique, to remove the atmospheric CO2 and H20O absorption bands of environmental
air, a background spectrum was taken before collecting the sample spectra and then this
spectrum was mathematically subtracted from sample spectra. This process was repeated
automatically by the software for each sample spectra. Subsequent to subtraction process,
a small amount (5 mg) of sample was directly placed on the Diamond/ ZnSe crystal
platform and scanned without any drying process in the 4000 to 650 cm spectral region at
room temperature, where 50 scans were collected at a resolution of 4 cm™ for each
spectrum. The spectrum was independently collected 3 times for each sample from
randomly chosen fragments. This process was used to ensure about the alterations in the
absorbance values which was nearly same and secondly to reduce possible experimental
errors which might be affected from intra-sample variability. Average spectra of these 3
replicates were used for further analysis and data manipulations were performed via

Spectrum 100 software (Perkin-Elmer).
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2.5. Hierarchical Cluster Analysis (HCA)

HCA describes the similarities between the spectra of interested samples by using
classification algorithms and distance calculation. Previous to HCA and also PCA
analysis, to more effectively comparing the spectra, spectral data was subjected to some
preprocessing procedures. Firstly, second derivative spectra, a widely used preprocessing
step in spectral analysis, were obtained and used to minimize baseline variability and
background effects in the spectra (Brown et al., 2000; Giese & French, 1955; Mariey et
al., 2001; Mark et al., 2007; Rieppo et al., 2012; Susi & Byler, 1983; Whitbeck, 1981).
Secondly, vector normalization process was used to eliminate the differences arising from
the thickness variations of samples (Mariey et al., 2001). For the detection of spectral
differences between the control and different obese groups, vector normalized and second
derivative spectra in the particular ranges were used as an input data. The level of
heterogeneity was calculated by OPUS 5.5 software program from the average spectra.
These results were represented in the figure as a dendrogram which indicates clustering
in 2 dimensions by graphical means. Calculations of spectral distances were done between
pairs of spectra by the use of Pearson’s correlation coefficients. The dimension of
similarity is the heterogeneity, where decreasing heterogeneity corresponds to decreasing

dissimilarity.

The heterogeneity calculations were performed by using Euclidian distance and Ward’s
algorithm from the average spectra. Euclidean distance was used for the calculation of the
sample similarities and to show the whole linkage clustering by Ward’s algorithm. The
Ward’s algorithm enables to cluster homogeneous samples as much as possible by
collecting the spectra that construct the smallest distance in variance (Severcan et al.,
2010; Ward, 1963). Ward’s algorithm together with Euclidian distances in cluster analysis
is an appropriate way to form the dendograms providing one of the best predictions (Lasch
et al., 2004).
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Sensitivity and specificity, which can be obtained from HCA method, are common
parameters in clinical studies. The sensitivity evaluates the incidence of real positives
which are correctly identified, for example the percentage of obese mice identified as
having the disease. Additionally, the specificity evaluates the incidence of negatives
which are correctly identified, for example the percentage of control mice identified as
not having the disease (Table 2) (Fung et al., 1997; Severcan et al., 2010; van Rhijn, van
der Poel, & van der Kwast, 2009).

Table 2. Definitions for sensitivity and specificity during hierarchical cluster analysis
based on FTIR data.

Cluster analysis results based on FTIR data

Positive Negative
Obese A B Sensitivity = A/ (A+B)
Control C D Specificity = D/ (C+D)

Positive and negative values:

A: Number of obese animals clustered in obese group (true positive)

B: Number of obese animals clustered in control group (false negative)

C: Number of control animals clustered in obese group (false positive)

D: Number of control animals clustered in control group (true negative)
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2.6. Principle Component Analysis (PCA)

PCA is a well-known statistical procedure that reduces the dimensionality of a
multivariate data set, while conserving the variation already exist in the original predictor
variables (Li et al., 2008). Therefore, by using this technique, a large scale of spectra
composing of hundreds of absorbance values was reduced to one point in a
multidimensional space using a linear transformation. The PCA is enable to provide two
types of data; (1) scores plots of class separation and (2) loadings plots to define the main
contributory variables (e. g. wavenumbers) which confirm the discriminatory
wavenumbers in the IR spectrum (Cox, 2005; Nakamura et al., 2010). In PCA, the
coordinates are represented as principle components (PC) and the plot acquired is termed
as the scores plot. These PCs describe the spectral variability between samples in
decreasing rank (Nakamuraet al., 2010). To be more precise, the first principle component
(PC1), is the primary axis of the coordinate system showing the maximum variance of the
data set. The second principle component (PC2) is the secondary axis indicating the next
highest variance of the data set (Bhih & Johnson, 2015). The loading plots are capable to
determine the frequencies that show the most important variation in the PC terms. These
plots indicate the relationship between original variables and subspace dimensions to

interpret relationships between variables.
Unscrambler X software packages (v. 10.0.1, Camo Software, Oslo, Norway) was used

for vector normalized and 2nd derivative spectra in particular regions. The average spectra

for each sample was represented by one point in the PCA scores plot.

2.7. Statistics

The results were represented as ‘mean + standard error of mean (SE)’. The alterations in
variance were analyzed by using one-way ANOVA test. As a post-hoc test, Tukey’s test

was used and each group’s results were compared with each other. The p values less than
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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.
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CHAPTER 11

3. RESULTS AND DISCUSSION

Part 1: FTIR imaging of structural changes in visceral and subcutaneous adiposity

and transdifferentiation from brown to white adipocyte

This part of the study targets to characterize and also compare VAT and SCAT according
to macromolecular content and identify the possible transdifferentiation from brown to
white adipocytes. For this purpose, FTIR microspectroscopy and UCP1
immunohistological staining were performed to investigate VAT and SCAT of
spontaneously obese male BFMI lines. Biological specimens include biochemical
components such as carbohydrates, proteins, lipids and nucleic acids. These biochemical
molecules possess their specific vibrational fingerprints individually (Dogan et al., 2007;
Gasper et al., 2009; Levin & Bhargava, 2005). Depending on this phenomenon, FTIR
microspectroscopy is capable to acquire visible images of the investigated tissue. In these
images, each pixel consists of a spectrum arising from vibrational fingerprints. The
representative FTIR spectra obtained from control and obese groups of SCAT in the 4000—
750 cm* region are presented in Figure 17. The detailed spectral band assignments of
mouse adipose tissue are shown in Table 3 (Dogan et al., 2013; Kneipp et al., 2000; Dieter
& Heinz, 2009).
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To determine obesity related changes in the concentration and composition of biochemical
molecules, the area ratios of some specific functional groups of lipids and proteins were
calculated. In the band area ratio calculations, the wavenumber limits with baseline points

utilized for each vibrational region are presented in Table 1.

Second derivative of 3100-2800 cm*region
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. —— Control
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Figure 17. Representative FTIR spectra of IF adipose tissue of male control DBA/J2 and
obese BFMI861 lines in the 4000-750 cm™ region.
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Table 3. General band assignment of FTIR spectrum of an adipose tissue(Dogan et al.,
2013; Kneipp et al., 2000; Dieter & Heinz, 2009).

Band | Wavenumber o ]

No cm-1) Definition of the spectral assignment
N—H and O-H stretching: Mainly N-H stretching

. 3290 (amide A) of proteins with the little contribution
from O-H stretching of polysaccharides,
carbohydrates and water

) 3005 Olefinic=CH stretching vibration: unsaturated lipids,
cholesterol esters
CHs anti-symmetric stretching: lipids, protein side chains,

3 2957 with some contribution from carbohydrates and nucleic
acids

A 2924 CH> anti-symmetric stretching: mainly lipids, with some
contribution from proteins, carbohydrates, nucleic acids
CHs symmetric stretching: mainly protein side chains,

5 2875 with some contribution from lipids, carbohydrates and
nucleic acids

6 — CH> symmetric stretching: mainly lipids, with some
contribution from proteins, carbohydrates, nucleic acids

7 1744 Carbonyl C=0 stretch: triglycerides

8 1054 Amide I (protein C=0 stretching)

9 1545 Amide Il (protein N-H bend, C-N stretch)
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The representative spectral maps of lipid/protein, CH2/CHs antisymmetric, olefinic/lipid,
carbonyl/lipid, amide 1/ amide Il ratios of SCAT and VAT of the control and obese lines
are shown in Figures 18-22. The spectral maps are presented as color-coded images which
are consisted of a spectrum in each pixel. The maps were colored based on the calculated
ratio values, where red color indicates the highest ratio and blue color indicates the lowest

ratio as shown on the color scales in related figures.
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The lipid/protein ratio is a fundamental parameter in molecular asymmetry (Ozek et al.,
2010). This ratio can be obtained by proportioning of the particular area of the C-H region
to the area of the amide | band. Since the C-H region includes significant vibrations of the
fatty acyl chains of membrane lipids, it is a critical marker for the lipid context (Bozkurt
et al., 2010; Kneipp et al., 2000; Wang et al., 2005). The Amide | band provides
information about concentration and conformation of total protein (Cakmak et al., 2012;
Ishida & Griffiths, 1993). To get qualitative data about lipid structure of SCAT and VAT,
unsaturated/saturated lipid and carbonyl/lipid ratio were also calculated.
Unsaturated/saturated lipid ratio was calculated by proportioning of the particular area of
the olefinic band as an unsaturated lipid to that of CH> antisymmetric band as a saturated
lipid. Similarly, the carbonyl/lipid ratio was calculated by proportioning of the particular
area of carbonyl band to that of C-H region. On the other hand, the ratio of areas of the
CH: antisymmetric band to that of the CH3 antisymmetric band was calculated in order to
detect alterations of lipid acyl chain length. Moreover, CH> symmetric/CH. antisymmetric
and the amide I/ amide | + amide 1l ratios were calculated to get more information about
lipid and protein amounts, respectively. Figure 23 represented the comparison of all these
ratios above in terms of bar graphs for the control and 4 different obese lines. Obviously
seen from the figure, the ratios of the lipid/protein, carbonyl/lipid, CH> symmetric/CH>
antisymmetric and CH2/CH3 antisymmetric increased; while ratios of the olefinic/lipid
and amide I/ amide | + amide Il decreased for obese lines in comparison to the control

line.
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Figure 23. The bar graphs of the lipid/protein, CH> symmetric/CH, antisymmetric,
CHa2/CHs antisymmetric, olefinic/lipid, carbonyl/lipid, CH2 antisymmetric/lipid, amide I/
amide Il, amide I/ amide | + amide Il ratios of control (DBA/J2) and 4 different obese
(BFMI) male mice lines. (GF: VAT,; IF: SCAT).
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The lipid/protein ratio provides information about alterations in lipid context compared to
protein context. As it was expected, an increased lipid/protein ratio was achieved in all
obese groups in comparison to the control group. The significant increase in the lipid
content (CH2 symmetric/CH. antisymmetric ratio) and/or from the significant decrease in
protein content (amide I/ amide | + amide I1) that we observed in obese lines can be the
most probably reason of remarkable increase in the lipid/protein ratio in the obese lines in
comparison to the control line (Bozkurt et al., 2010). The enlargement of VAT and SCAT
mass in the body is the main reason of obesity and this process usually eventuates in
disturbed glucose and lipid metabolism (Bays et al., 2008). Since SCAT is more prone to
store the lipids rather than VAT, the increment in the lipid/protein ratio was more
significant in SCAT rather than VAT (lbrahim, 2010). However, the SCAT has limited
storage capacity because of the definite cell size increment. Therefore, VAT is also a
storage site for the excess lipids. Since VAT is more active than SCAT, which is a passive
storage depot, and more sensitive to lipolysis, it mainly affects lipid and glucose
metabolism (Bonora et al., 1992). The lipolysis of triglycerides from VAT ends up with
the release of FFAs into liver by portal vein. Therefore, excess deposition of lipids in VAT
can be more harmful than SCAT (Bjorntorp, 1990).

On the other hand, the increase of lipid/protein ratio in obese groups may also be derived
from a lower protein content. The alterations in band area values of amide | give
information about total protein content (Gasper et al., 2009). A significant decrease in the
band area value of the amide | was obtained in obese groups indicating a decrease of
protein content (Table 4). This consequence was also supported by the significant decrease
of amide I/ amide | + amide Il ratio (Figure 22). In order to achieve more information
about alterations in protein structure and composition, the band area ratio of amide I/
amide 11 was also calculated and a lower ratio was obtained in obese lines compared to
acontrol group consistently. Due to the fact that amide | and Il bands are based on the
protein structure, this decrease in obese lines indicates some changes in the protein
conformation (Cakmak et al., 2011; Schmidt et al., 2007; Yu et al., 2008). Moreover, there
was a considerable shifting in the wavenumber of amide | band to higher values in the all
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obese groups compared to the control group which supports the changes in structural
composition of protein (Aksoy et al., 2012; Cakmak et al., 2006; Haris & Severcan, 1999;
Severcan & Haris, 2012). As a result, the decrease in the area of amide | band and amide
I/amide Il band area ratios and the shifting of the amide | band to higher wavenumber
values can be interpreted as a consequence of the changes in protein expression and this
situation causes obesity related alterations in protein structure and conformation in SCAT
and VAT (Bozkurt et al., 2010).

Table 4. The band area and band position values of the amide | band in male control

(DBA/2J) and obese (BFMI lines) mice gonadal and inguinal adipose tissues.

Control BFMI852 BFMI1856 BFMI1860 BFMI861

Amide | Gonadal 0.83+0.01 0.63+0.04* 0.42+0.03* 0.38+0.02** 0.37+0.03**

| area

value Inguinal 0.73+0.04 0.57+0.05 0.56+0.02 0.33+0.04** 0.29+0.01**
Amide | Gonadal | 1652.56+0.30 | 1653.50+0.13* 1654.53+0.51* 1655.31+£0.25** | 1656.65+0.60**

|

band Inguinal | 1652.93+0.93 | 1653.31+0.42* | 1654.57+0.18** | 1656.85+0.29** | 1656.94+0.28**
position
“The values are the mean + standard error of the mean for each group. Comparison was performed by one-way ANOVA and
Tukey'’s test was used as a post test. The degree of significance was denoted with * for the comparison of control DBA/J2 strain
with other BFMI lines. P values less than or equal to 0.05 were considered as statistically significant; *p <0,05; **p <0,01; ***p
<0,001.”

As an index of double bonds, the olefinic/lipid ratio provides information about the
relative amount of unsaturated lipids in the total lipid composition (Cakmak et al., 2012;
Kneipp et al., 2000). A significant decrease in olefinic/lipid ratio indicating a decrease in
unsaturated lipid content was observed in all obese lines compared to the control group.
The level of unsaturation was also lower in SCAT rather than in VAT for all groups. The

alterations in unsaturation lipid context can affect stabilization, structure and function of
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membrane adversely (Yeagle, 2004). Polyunsaturated fatty acids (PUFAS) are vulnerable
to free radical attack. These attacks cause to lipid peroxidation reactions, leading to
alterations in unsaturated/saturated lipid design of the membranes. On the other hand, a
drop in level of unsaturation in the membrane can cause the tightly packing of fatty acids
leading to an increase in phase transition temperature, hence leads to a decrease in
membrane fluidity (Yeagle, 2004). More rigid membrane structure can be correlated with
insulin resistance it can cause some limitations for the correct insulin-receptor binding
(Russo, 2009). As stated in literature, VAT accumulation has an effect on the mechanism
of insulin resistance (Gastaldelli et al., 2002). In other words, extreme accumulation of
VAT is associated with reduced insulin sensitivity. The decreased FFA reesterification,
and increased resistance of lipolysis to the inhibitory effect of insulin can be also make
contribution to this association in both VAT and SCAT (Albu et al., 1999; Brochu et al.,
2000; Meek et al., 1999; Zierath et al., 1998).

The CH2 antisymmetric /CH3z antisymmetric stretching ratio was calculated to detect the
qualitative alterations in lipid acyl chain length. In this ratio, the higher indicates the
presence of longer chained lipids (Derenne et al., 2014; Gasper et al., 2009; Kumar et al.,
2014; Smiley & Richmond, 1999; Wang et al., 2005). Although all obese BFMI lines
showed an increase in this ratio, these increments were only significant in 860 and 861
lines. SCAT showed more increase than VAT in all BFMI lines. To provide supportive
information about variations in lipid acyl chain length, an additional ratio was also
calculated by proportioning the area of the CH: antisymmetric stretching band to the C-H
region. This ratio gave higher values in obese lines compared to the control supporting
relative alterations towards longer lipid acyl chains (Antoine et al., 2010; Cakmak et al.,
2012). The increase of CHz antisymmetric /CHs antisymmetric stretching ratio in all obese
groups implies that the synthesis of longer lipid hydrocarbon acyl chain was occurred
qualitatively in biological membranes (Cakmak et al., 2012; Wang et al., 2005). These
alterations in lipid hydrocarbon chain length can cause variations in bilayer thickness

leading to disturbing effect on the permeability and thermodynamic stability of the lipid
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bilayer of membranes. In immunohistological staining results, impaired membrane

appearance was obtained in adipocytes of obese lines consistently.

Carbonyl/lipid ratio indicates the levels of triglycerides and cholesterol esters in the
system (Nara et al., 2002; Ozek et al., 2010; Voortman et al., 2002). Although all obese
BFMI lines indicate an increase in this ratio, these increases were only significant in 860
and 861 lines, especially in SCAT, implying an increased concentration of the ester groups
belonging to triglycerides in adipose tissues of the obese lines (Cakmak et al., 2003; Nara
etal., 2002). SCAT, an inguinal adipose tissue, was found to have a higher carbonyl/lipid
ratio than VAT as a gonadal adipose tissue. In accordance with these results, it has been
reported that larger adipocytes which consists of SCAT, synthesize more triglycerides
than smaller adipocytes composed of VAT (Edens et al., 1993; Farnier et al., 2003). The
accumulation of triglycerides and other lipids in adipose tissue is highly correlated with
the symptoms of insulin resistance (Pan et al., 1997; Phillips et al., 1996). The excess
lipolysis of triglycerides causes the release of FFA excessively, and these FFAs especially
from VAT are released into liver through portal vein. This process has a critical role in
the development of insulin resistance (Hotamisligil et al., 1995). On the other hand, the
inhibitory effect of FFAs on insulin sensitivity result in the increased lipolysis in
adipocytes because insulin is the main regulator of HSL which is an enzyme controlling
the triglyceride hydrolysis (Ruan et al., 2002). Adipocytes accumulate large amounts of
lipids in order for the rapid release of lipids upon stimulation, so that other organs can use
lipids as an energy source when it is necessary. However, extreme deposition of lipids in
adipose tissue, especially in the VAT depot, is closely associated with enhanced risk of
insulin resistance, cardiovascular disease and cancer (Cohen & LeRoith, 2012; Hossain et
al., 2007).

In immunohistological staining studies, it was aimed to discriminate BAT and WAT from
each other and to investigate the transdifferentiation of these tissues. Figure 24 represents
the general microscope images of UCP1 stained VAT and SCAT sections of the control

and obese lines under 40X magnification. When control and obese mice lines were
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compared with each other, three main results became prominent; increased cell size,
decreased UCP1 protein content, and impaired membrane surface. In the images, UCP1
proteins have a reddish-pink color appearance. As it is seen in the figure 24, the adipocytes
in obese lines had less amounts of UCP1 proteins compared to the control line. The
comparison of brown and white adipocytes amounts in the control and obese lines
revealed that the brown adipocytes gave place to white adipocytes in all obese lines. This
replacement namely transdifferentiation was obtained especially in BFMI860 and 861
lines and was more significant in SCAT. This process may be clarified by two
explanations, the first one is by an increase of number and size of white adipocytes. The
increase of WAT mass activates an inflammatory process in metabolically active regions.
This activation generates a powerful increase of hormone-like molecules,
proinflammatory cytokines, and other inflammatory components, described as
“adipokines” in circulating mechanism (Lago et al., 2007; Pan et al., 1997; Wozniak et
al.,, 2009). This complicated physiological process causes an enhanced level of
glucocorticoids, leads to the development and differentiation of preadipocytes, and so an
augmentation of WAT mass (Bourlier et al., 2008; Purnell et al., 2009). The second
explanation is the probability of the transdifferentation of brown adipocytes to white
adipocytes. Consistently, the lower amount of UCP1 proteins in obese groups was
observed in immunohistological staining results, implying a reduced amount of brown
adipocytes especially in SCAT. Brown and white adipocytes enable to transform each
other, when it is required so this physiological cohabitation is maintained through
reversible transdifferentiation (Cinti, 2009). This ability is important because BAT can
provide a resistance to obesity and so this brown-phenotype exhibits an anti-obesity effect
(Cinti, 2009). As stated in literature, obesity-prone mice possess fewer BAT than obesity-
resistant mice (Almind et al., 2007). Since the visceral adipocytes have smaller size and
have different resistance to death compared to subcutaneous adipocytes, it was speculated
that visceral white adipocytes were brown adipocytes previously (Cinti, 2009).
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Since brown adipocytes have a crucial role in glucose metabolism and insulin sensitivity,
these features make BAT a target for the treatment of obesity and diabetes (Townsend &
Tseng, 2012). A recent rodent study using BAT transplantation from donor mice to
recipient mice achieved to increase BAT mass in mice and so they demonstrated upgraded
glucose tolerance, enhanced insulin sensitivity and decreased body weight with reduced
fat mass (Stanford et al., 2013). These type of BAT transplantation studies with successful
treatment results were reported in the literature (Gunawardana & Piston, 2012; Liu et al.,
2013). These all data showed that the BAT has a critical role in obesity and other metabolic
diseases.
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Decreased amount of protein was obtained from area value calculation of the amide | band
and the area ratios of amide I/ amide | + amide Il bands in obese lines indicates possible
alterations in obesity-related protein expression. The immunohistological staining results
supported FTIR results with a decreased amount of UCP1 proteins in obese lines. Several
studies reported that expression of proteins including leptin, TNF-a, IL-6 and adiponectin
can increase and decrease in term of different conditions in WAT (Hotamisligil et al.,
1995; Makki et al., 2013; Qatanani & Lazar, 2007). Since these proteins were released
into the circulatory system after the secretion from adipocytes, they were quantified in
circulation (Piya et al., 2013). However, only adiponectin is expressed only from white
adipocytes among these proteins. The other proteins are also expressed from other tissues
and circulating cells such as hypothalamus, hepatocytes, macrophages (Makki et al., 2013;
Piya et al., 2013).

Therefore, the levels of adiponectin can be used to obtain information about the alterations
in protein amount in adipose tissues. Consistently, it is known that the adiponectin levels
in the plasma and adipose tissue decreased in obese people (Hosogai et al., 2007; Ryo et
al., 2004). When taken together with the decrease amount of UCP1 protein, decreased
adiponectin expression levels most probably cause a decrease in the amount of total
protein in SCAT and VAT in harmony with FTIR results.
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Part 2: Triglyceride Dependent Differentiation of Obesity in Adipose Tissues by
FTIR Spectroscopy Coupled with Chemometrics

Although the prevalence of obesity in the world is increasing day by day, there is no a
very accurate method for the diagnosis of obesity. Body mass index (BMI) and waist
circumference (WC) are commonly calculated to estimate whether a person has a healthy
weight or not. However, as conventional methods, they are inadequate to identify obesity.
For this reason, a practical and accurate method is essential to detect biomarkers of obesity
and obesity related metabolic diseases. Since obesity is a metabolic disease leading to
elevated levels of triglycerides in the blood circulation resulting in the accumulation of
them in adipose tissue, the triglyceride profile could be a key point during the diagnosis
of obesity (Koyama et al., 1997). The recent studies have showed that triglycerides are
strong predictors of the amount of VAT therefore they could be markers to estimate
visceral adiposity (Huang et al., 2015). Consistently, in a previous study, a significant
increase in the carbonyl/lipid ratio which indicates the levels of triglycerides and
cholesterol esters was observed within the SCAT and VAT in obese BFMI lines,
suggesting an increased concentration of the triglycerides (Nara et al., 2002; VVoortman et
al., 2002). In addition, the storage of triglycerides and lipids within adipose tissue is
positively correlated with the insulin resistance (Pan et al., 1997; Phillips et al., 1996). In
the light of this information, we focused on spectral differences in triglyceride region
located at 1770-1720 cm™ which can be a key point in internal diagnosis of abdominal
obesity with or without insulin resistance. In current part, the aim was to explore a rapid
diagnosis method by detecting triglyceride bands as a more sensitive biomarker of obesity

and obesity-related insulin resistance.

In accordance with this diagnostic approach, ATR-FTIR spectroscopy was preferred as a
rapid and low cost effective technique and the multivariate data analysis, namely HCA
and PCA were performed to differentiate the control and obese groups based on spectral
differences in the triglyceride region located at 1770-1720 cm™. Since the PCA and HCA
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use different algorithms and base upon the similarities and dissimilarities of individuals
of the different groups, we performed these techniques as rapid and reliable analysis
methods in diagnostic studies. Firstly, PCA was used to investigate the possible clustering
of samples and to detect IR spectral bands that can distinguish the control and obese
individuals. According to PCA results, the most significant difference in loading plots of
control and obese groups was obtained from the 1770—1720 cm™* region assigned to
triglyceride band (Figure 25A and 25B). This result stated that the triglyceride region has
a crucial contribution in the discrimination of the control and obese groups for SCAT and
VAT.
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Figure 25. PCA loading plots for VAT (A) and SCAT (B) of control and obese groups in

the 1800—1000 cm ™! spectral region. The triglyceride region is shown by arrow.
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The comparative spectra of the control and obese lines in the 1800-1000 cm™ range and
also the broaden panel zooms in the triglyceride region in the 1770-1720 cm™ spectral
region are shown in Figure 26. To show intensity differences between the control and
obese groups in the triglyceride band, the spectra were min max normalized with respect
to the amide A band located at 3300 cm™. Consistently, the apparent spectral differences
between the control and obese lines were obtained in the triglyceride region. In addition,
the spectra of BFMI1852 and 856 lines were quite similar and the intensity values were
higher than the control group slightly. However, BFMI860 and 861 lines showed a
significant increase compared to the control group in terms of the intensity values (Figure
26).

Enlargement of 1770-1720 cm™' region
(Baseline Corrected)

/\

T T T 1
1750 1740 1730 1720

T T
1770 1760

—— BFMI852
—— BFMI856
—— BFMI860
—— BFMI861
—— CONTROL

Absorbance ( a. u.)

T T T T T T
4000 3500 3000 1500 1000

Wavenumber (cm™)

Figure 26. Representative ATR-FTIR spectra of the control and obese lines in the 1800—
1000 cm™ spectral region and enlarged panel of baseline corrected version of the

triglyceride region (1770-1720 cm™). The spectra were normalized to the band located at
3300 cm™
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To investigate the amount of triglycerides in more detail, the band area values were
calculated for control and obese lines in SCAT and VAT, which are shown in Table 5. As
seen from the table, a higher triglyceride content was obtained in the BFMI852 and 856
lines compared to the control group. In addition, the BFMI860 and 861 lines indicated a
more significantly higher triglyceride content in comparison to control group implying the
higher triglyceride content especially in SCAT. When the obese lines were compared,
BFMI1860 and 861 lines showed a significant increase in the content of triglycerides than
that of BFMI852 and 856 lines. On the other hand, to find out associations between VAT
and SCAT, Pearson correlation coefficient of the triglyceride band area values of these
adipose tissues was calculated and a strong positive correlation (r = 0.984, p<0.0001) was

achieved as shown in Figure 27.

Table 5. The alterations in band area values of the triglyceride band for the control and
obese lines in SCAT and VAT.

Control | BFMI852 | BFMI856 BFMI1860 BFMI861

SCAT | 08140.04 | 1,49+0.09™ | 1,50+0.15™ | 2,07+0.08""F | 2,160,151

VAT 0,70+0.02 | 1,23+0.10" | 1,29+0,22" | 1,92+0.08"" "+ | 1,98+0.04 " 11i

“The values are the mean + standard error of the mean for each group. Comparison was performed by one-way

ANOVA and Tukey’s test was used as a post hoc test. The degree of significance was denoted with asterisks (*) for
the comparison of the control group with other BFMI lines, with daggers (1) for the comparison of BFMI852 with
other BFMI lines, with double daggers () for the comparison of BFMI856 with other BFMI lines, and with gamma
(y) for the comparison of BFMI860 with other BFMI 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 27. Correlation between VAT and SCAT. Spearman correlation coefficient (r)
and p value are provided on each panel. Calculations were performed using GraphPad

(Prism version 6).

The correlation between SCAT and VAT can be important in harvesting of tissue samples
for bariatric operations and biopsies because the location of SCAT which is just beneath
skin, is more accessible than VAT. The bariatric operations enable to obtain large amounts
of adipose tissue from human SCAT and VAT (Hagman et al., 2012; van Beek et al.,
2014). New biopsy needle techniques are also used for sampling of SCAT with minimal
discomfort by a percutaneous approach (Alderete et al., 2014). SCAT regions that are
more easily accessible by transcutaneous biopsy make this tissue more practical compared
to VAT for clinical studies with humans (Bigornia et al., 2012). It has been reported that
Near-infrared (NIR) spectroscopy was performed to scan and measure the SCAT content
non-invasively in human studies (Azizian et al., 2008; Bashkatov et al., 2005; Conway et

al., 1984). In addition, a new method of in vivo lipid content determination in the SCAT
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from the ear of humans or animals was developed via NIR spectroscopy (Hormoz Azizian
et al., 2003).

Since the qualitative changes in several human adipose tissue stores are affected
simultaneously by the whole body metabolic dysfunctions, SCAT correlate with VAT
strongly in terms of the symptoms of obesity (Bigornia et al., 2012). SCAT is divided into
two layers anatomically, i.e. superficial SCAT (SSCAT) and deep SCAT (dSCAT) in the
abdominal region. The dSCAT located under Scarpa’s fascia is more related to VAT than
to SSCAT in terms of lobular organization and adipocyte size. These two types of SCAT
and VAT have similar structure of vessel density and the amount of fibrosis. Both type of
these tissues are related to triglycerides and HDL cholesterol in women and men (Fox et
al., 2007; Tordjman et al., 2012). As stated in literature, dSCAT is associated with insulin
resistance as well as VAT (Bigornia et al., 2012; Smith et al., 2001; Tulloch-Reid et al.,
2004). It is known that the storage of triglycerides within adipose tissue is positively
associated with the obesity related insulin resistance therefore SCAT is strongly correlated
with VAT with respect to the symptoms of obesity related insulin resistance. Also, both
SCAT and VAT are associated with chronic inflammation so they have similarly positive
correlation with C-reactive protein, fibrinogen, tumor necrosis factor receptor-2,
intercellular adhesion molecule-1, interleukin-6, and P-selectin (Pou et al., 2007). The
inflammatory level of SCAT arised from the macrophage accumulation is strongly

associated with the level of inflammation in VAT (Bigornia et al., 2012).

The hierarchical clustering can be performed coupled with FTIR spectroscopy to organize
FTIR spectra set into clusters depending upon spectral differences. In the current study,
HCA used these differences in the triglyceride region as an input data. To explore
discrimination power between all obese lines, HCA was performed for 4 lines in the 1770-
1720 cm region. As a result, BFMI 860 and 861 lines were completely separated from
BFMI 852 and 856 lines for SCAT and VAT (Figure 28). Hence, the BFMI 860 and 861
lines were regarded as one group and the BFMI 852 and 856 lines as another group. The

sensitivity and specificity values were calculated and achieved as 100% for both adipose
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tissues. Moreover, PCA results revealed an apparent differentiation of these obese lines
from each other in score plots. As seen from the figure 28, the BFMI 860-861 lines and
BFMI 852-856 lines were distinguished from each other successfully for both SCAT and

VAT.
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Figure 28. Hierarchical clustering of BFMI lines (852, 856, 860, 861) in SCAT (A) and
VAT (B) in the 1770-1720 cm™ spectral region. PC1 versus PC2 scores plot of the second
derivative vector normalized spectra in the same range of BFMI lines in SCAT (C) and
VAT (D). Obese group (BFMI1852-856) (red), obesity related insulin resistant group
(BFMI1860-861) (blue).
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In the light of all the results, grouping of the BFMI860 and 861 lines together in HCA and
PCA results may be an evidence that these lines show similar symptoms that are different
from the others (BFMI 852 and 856). Consistently, it was concluded that BFMI 860-861
lines indicate more triglyceride accumulation when compared to that of BFMI 852-856
lines because they may be more affected from the obesity. Supporting this hypothesis, in
previous part, a significant increase in the carbonyl/lipid ratio was reported within the
SCAT and VAT of the BFMI860 and BFMI861 lines indicating an enhanced
concentration of ester groups belonging to triglycerides (Kucuk Baloglu et al., 2015). An
FTIR spectroscopic study reported that the BFMI860 and 861 lines showed significantly
higher amounts of triglyceride compared to the control groups in muscle tissues implying
an impaired insulin sensitivity and these results were also confirmed by HPLC-ELSD
studies (Sen et al., 2015). Another HPLC-ELSD study revealed that a higher triglyceride
concentration was obtained in BFMI860-861 lines in comparison to the BFMI852-856
lines in VAT (Baser, 2013). It was reported that the BFMI860 line indicated symptoms of
the metabolic syndrome and insulin resistance in consequence of intraperitoneal glucose
tolerance (ipGTT) and intraperitoneal insulin tolerance (ipITT) tests and biochemical tests
for blood glucose, insulin, leptin, and adiponectin (Hantschel et al., 2011). Additionally,
as stated in literature, the BFMI1861 line can be used as an animal model for type 2 diabetes
and insulin resistance (Wagener et al., 2006). From all this information, the BFMI1852 and
BFMI856 lines were combined into one group that will be denominated as obese group
and the BFMI1860 and BFMI861 lines were combined into another group that will be
denominated as obesity related insulin resistant group in the rest of the study.

In the current study, since the purpose was to distinguish the control, obese and obesity
related insulin resistant groups by using ATR-FTIR spectroscopy, the spectral data were
coupled with chemometrics as a diagnostic tool in both SCAT and VAT. Coherently, in
HCA results, a successful differentiation between the control and two different obese
groups in the 1770-1720 cm™ region was obtained as shown in Figure 29A and 29B. If
the obese and obesity related insulin resistant groups were considered together, the HCA

results showed that all obese groups were successfully differentiated from the control
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group for both SCAT and VAT. As a result, the sensitivity and specificity values were
obtained as 100% for both adipose tissues in the triglyceride region. In cluster analysis,
the higher heterogeneity points the existence of higher differences between groups. SCAT
indicated the highest heterogeneity value of 5 in differentiation of the control and different
obese samples. Whereas, a lower heterogeneity value of 2 was obtained in the
differentiation of the control and different obese samples of VAT. These results implied
that SCAT was more dramatically affected from obesity compared to VAT. This may be
the reason that the SCAT is the prior storage place for lipids. The adipocytes in SCAT
store FFAs primarily and the excess FFAs and glycerol are accumulated as triglycerides
into SCAT (Freedland, 2004). Since the accumulation capacity of SCAT is limited
because of the hypertrophy, the excess lipids can also be stored in the VAT (Hardy et al.,
2012a). Increased SCAT and VAT mass is the main reason of obesity leading to damaged
lipid and glucose metabolism (Bays et al., 2008). Consistently, the VAT also showed
significant heterogeneity values in HCA. The extreme deposition and so catabolism of
triglycerides in VAT result in the excess release of FFAs into the hepatic portal vein
(Bjorntorp, 1990). The excessive releasing of FFAs from VAT into the circulation causes
the increased dispense of FFAs to the liver and muscle leading to insulin resistance (Boden
& Shulman, 2002).
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Figure 29. Hierarchical clustering of control, obese and obesity related insulin resistant
groups in SCAT (A) and VAT (B) in the 1770-1720 cm™* spectral region. Control group
(black), obese group (BFMI852-856) (red), obesity related insulin resistant group
(BFMI1860-861) (blue).

To explore whether obese and obesity related insulin resistant groups were distinguished
individually from the control group, the PCA method was also used for all groups. PCA
loading plots in the 1770-1720 cm™ spectral region for SCAT and VAT samples indicated
a high difference between PC1 and PC2 implying a successful differentiation in this region
(Figure 30A and 30B). These loadings in composition of SCAT and VAT for all groups
were essentially attributed to lipids. The considerable differences between loadings were
obtained from C=O0 stretching of lipids located in 1747 and 1743 cm™* and the stretching
of C=0 groups for other lipids like triglycerides located in 1736 cm ™ (Fabian et al., 1995;
Holman, 2013; Sukuta & Bruch, 1999). In harmony with these findings, a successful
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discrimination of all investigated groups was achieved in a single 2D plot. As shown in
Figure 30C and 30D, the PC1 versus PC2 scores plot for the triglyceride region also
confirmed the existence of differentiation between the control, obese and obesity related
insulin resistant groups in both SCAT and VAT.
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Since the number of samples used in the PCA was small, the leave-one-out type cross
validation was also performed for PCA results. The cross-validation is a powerful general
technique when there is not enough data available to divide into training and test sets
(Garip et al., 2016; Seni & Elder, 2010). The score plots obtained from the calibration set
and the cross validation set were compared so that prediction errors were kept at a
minimum level. Since the calibration and cross validation results were very close to each
other, we can conclude that the PCA model was reliable. Figure 31 and 32 represent the
PCA results obtained from the calibration set and the scores corresponding to leave-one

out cross validation for SCAT and VAT, respectively.

In summary, our multivariate analysis results revealed the potential of infrared
spectroscopy in differentiation of all obese groups namely obesity related insulin resistant
group (BFMI 860-861) and obese group (BFMI 852-856) from control group.
Furthermore, the obesity related insulin resistant and obese groups were also distinguished
from each other with high sensitivity and specificity values. All of these results supported
the powerful differentiation of control, obesity related insulin resistant and obese groups
in both SCAT and VAT.
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Figure 31. PC1 versus PC2 score plots of control, obese and obesity related insulin
resistant groups for SCAT (A) samples in the 1770-1720 cm* spectral region. Leave-one-
out cross validation for SCAT (B) in the same region. Control group (black), obese group

(BFMI1852-856) (red), obesity related insulin resistant group (BFMI1860-861) (blue).
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Figure 32. PC1 versus PC2 score plots of control, obese and obesity related insulin
resistant groups for VAT (A) samples in the 1770-1720 cm™ spectral region. Leave-one-
out cross validation for VAT (B) in the same region. Control group (black), obese group
(BFMI852-856) (red), obesity related insulin resistant group (BFMI1860-861) (blue).
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Part 3: Investigation of gender-based differences in the effect of obesity on adipose

tissue.

Biological sex has importance for the evaluation of obesity and obesity related metabolic
diseases, because of gender-based distribution, molecular content and pathophysiology of
lipids and other biomolecules. This part of the study targets to detect gender-based
differences in the effect of obesity on VAT and SCAT in obese mice lines. With this
comparative approach, ATR-FTIR spectroscopy coupled with multivariate data analysis
was applied to spectra of some special regions in differentiation of the male and female
samples. Moreover, the biomolecular characteristics of VAT and SCAT were compared
in male and female BFMI mice by FTIR microspectroscopy. Moreover, UCP1
immunohistological staining was used for both male and female samples to compare the

amount of brown and white adipocytes in different genders.

Different functional groups in a biomolecule cause characteristic absorbance bands in an
FTIR spectrum of the sample of interest (Cakmak et al., 2006; Diem, 1993; Mantsch,
1984). Figure 33 and 34 shows the representative spectra of VAT and SCAT samples of
male and female mice in the 4000-650 cm spectral region. As seen from these figures,
the spectra of adipose tissue samples show alterations in several bands originating from
different functional groups of lipids, proteins, and carbohydrates. In order to indicate the
differences visually in detail, the spectra were represented in two separate regions, namely
the 3025-2800 cm™ (C-H region) and the 1800-1000 cm (fingerprint region). Figure 35
and 36 shows the representative infrared spectra of VAT and SCAT samples of male and
female mice in the 3050-2800 cm™* and 1800-1000 cm™ regions, respectively. The spectra
were baseline corrected and normalized with respect to the amide A band for visual
demonstration. The main bands are labelled in the figures and detailed band assignments
are given in Table 6 (Bortolotto et al., 2005; Bozkurt et al., 2012; Cancello et al., 1998;
Kneipp et al., 2002; Marcelli et al., 2012; Movasaghi et al., 2008).
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Figure 33. The representative FTIR spectra of male and female VAT samples (BFMI1860)
in the 4000-650 cm'! region.
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Figure 34. The representative FTIR spectra of male and female SCAT samples
(BFMI860) in 4000-650 cm* region.
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Figure 35. Representative infrared spectra of VAT samples of male and female mice in
the 3050-2800 cm™* and 1800-1000 cm™ regions. (The spectra were baseline corrected and
normalized with respect to the Amide A band for visual demonstration).
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Figure 36. Representative infrared spectra of SCAT samples of male and female mice in
the 3050-2800 cm™* and 1800-1000 cm™ regions. (The spectra were baseline corrected and
normalized with respect to the Amide A band for visual demonstration).
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Table 6. General band assignment of FTIR spectrum of adipose tissues based on literature.

Band I :
\ Definition of the spectral assignment
0
Olefinic=CH stretching vibration: unsaturated lipids,
1 3005
cholesterol esters
CHs anti-symmetric stretching: lipids, protein side chains,
2 2957 with some contribution from carbohydrates and nucleic
acids
CH2 anti-symmetric stretching: mainly lipids, with some
3 2924 — . S
contribution from proteins, carbohydrates, nucleic acids
CHs symmetric stretching: protein side chains, lipids, with
4 2875 - L
some contribution from carbohydrates and nucleic acids
CH> symmetric stretching: mainly lipids, with some
5 2855 7 . L
contribution from proteins, carbohydrates, nucleic acids
6 1744 Ester C=0 stretch: triglycerides
7 1654 Amide | (protein C=0 stretching)
8 1545 Amide Il (protein N-H bend, C-N stretch)
9 1456 CH> bending: lipids
10 1400 COO" symmetric stretching: fatty acids
11 1343 CHg> side chain vibrations of collagen
Sulfate stretch from proteoglycans, collagen amide Il
12 1237 vibration with significant mixing with CH2 wagging
vibration from the glycine backbone and proline sidechain
CO-O-C  anti-symmetric  stretching:  phospholipids,
13 1160 . .
triglycerides and cholesterol esters
PO2” symmetric stretching: nucleic acids and phospholipids.
14 1083 _ : L
C-O stretch: glycogen, polysaccharides, glycolipids
15 1052 C-O stretching: polysaccharides (glycogen)
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As can be seen from the figures given above, the male and female samples contain
different vibrational modes especially in the C-H region (3025-2800 cm™)) and the
fingerprint region (1800-1000 cm). To determine whether or not there is a discrimination
between male and female samples, firstly PCA was performed to male and female spectra
in the whole IR spectral region. The loading plots of the second derivative vector
normalized spectra in the whole range of VAT and SCAT are given in figures 37 and 38,

respectively.
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X-variables (ALL)

Figure 37. PC1 versus PC2 scores plot of the second derivative vector normalized spectra
in the whole range of VAT.
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X-variables (ALL)

Figure 38. PC1 versus PC2 scores plot of the second derivative vector normalized spectra
in the whole range of SCAT.
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In consistence with previous results, the loading plots obtained from male and female
groups spectra indicated that the most dramatic changes in the loading values belong to
the 3025-2800 cm™ (C-H) and the 1800-1000 cm* (fingerprint) regions in both types of
adipose tissues. These results revealed that the C-H region and fingerprint region have
important contribution in the discrimination of the male and female groups for SCAT and
VAT. Thereupon, to provide the separation of male and female groups, we also applied
PCA to these spectra in the C-H and the fingerprint regions. Consistently, PCA score plots
revealed an apparent differentiation of these groups from each other. As seen from figure
39 and 40, the male and female groups were distinguished from each other successfully
in C-H region and fingerprint region for VAT. Similarly, the score plot results of the male
and female groups with a successful discrimination in C-H region and fingerprint region

for VAT were represented in figure 41 and 42, respectively.
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Figure 39. PCA loading plots of male and female groups for VAT samples in the C-H
region (3025-2800 cm™) (above). PC2 versus PC6 scores plot of the second derivative
vector normalized spectra in the same range of VAT (below).
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Figure 40. PCA loading plots of male and female groups for VAT samples in the
fingerprint region (1800-1000 cm™) (above). PC1 versus PC3 scores plot of the second
derivative vector normalized spectra in the same range of VAT (below).
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Figure 41. PCA loading plots of male and female groups for SCAT samples in the C-H
region (3025-2800 cm™) (above). PC5 versus PC6 scores plot of the second derivative
vector normalized spectra in the same range of SCAT (below).
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Figure 42. PCA loading plots of male and female groups for SCAT samples in the
fingerprint region (1800-1000 cm-1) (above). PC5 versus PC6 scores plot of the second
derivative vector normalized spectra in the same range of SCAT (below).
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To confirm the separation of the male and female groups from each other, HCA was also
performed to the male and female spectra in C-H region and fingerprint region.
Coherently, in HCA results, a successful differentiation between the male and female
obese groups in the C-H region and fingerprint region was obtained in VAT and SCAT as
shown in Figure 43 and 44, respectively. The sensitivity and specificity values were
obtained as shown in table 7. The HCA results showed that all biological gender groups
were successfully differentiated from each other for both SCAT and VAT with higher

values in the C-H region and fingerprint region.
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Table 7. Definitions and obtained values for sensitivity and specificity during HCA based
on male and female spectral data in VAT and SCAT.

Cluster analysis results based on FTIR data

Positive Negative
Obese A B Sensitivity = A/ (A+B)
Control C D Specificity = D/ (C+D)

Positive and negative values:

A: “Number of male animals clustered in male group (true positive)”

B: “Number of male animals clustered in female group (false negative)”
C: “Number of female animals clustered in male group (false positive)”

D: “Number of female animals clustered in female group (true negative)”

Sensitivity (%) Specificity (%)
C-H Region 88 79
VAT Fingerprint Region 92 83
C-H Region 83 88
SCAT Fingerprint Region 71 96
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In the light of all the information given above, it can be concluded that the C-H region and
fingerprint region have unique spectral alterations in the differentiation of male and female
groups. In order to obtain more detailed information about these differences, FTIR
microspectroscopy studies were performed on particular bands located at these regions.
The area ratios of some specific functional groups in the C-H region and fingerprint region
were calculated to determine obesity related alterations in different gender groups
according to concentration and composition of biochemical molecules. In the band area
ratio calculations, the wavenumber limits with baseline points utilized for each vibrational
region are presented in Table 1. The representative spectral maps of lipid (C-H
region)/protein (amide 1), olefinic/lipid (C-H region), carbonyl/lipid (C-H region), amide
I/ amide Il ratios of SCAT and VAT of male and female groups are represented in Figure
45-52. The maps were colored based on the calculated ratio values, where red color
indicates to the highest ratio and blue color indicates to the lowest ratio as shown on the
color scales in related figures.
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The C-H region is a critical marker for the lipid context because it includes significant
vibrations of the fatty acyl chains of membrane lipids (Bozkurt et al., 2010; Kneipp et al.,
2000; Wang et al., 2005). According to the results, the C-H region has some special
spectral alterations in differentiation of male and female groups. On the other hand, the
amide | band which is located at fingerprint region provides information about
concentration and conformation of total protein (Cakmak et al., 2012; Ishida & Griffiths,
1993). Consistently, the lipid/protein ratio can be achieved by proportioning of the certain
area of the C-H region to the area of the amide | band. The Olefinic/lipid and
carbonyl/lipid ratio were also calculated to get qualitative data about lipid structure of
SCAT and VAT in different gender groups. Olefinic band which is located at C-H region
indicates the unsaturation level in lipids of the system and olefinic\lipid ratio was
calculated by proportioning of the area of the olefinic band as an unsaturated lipid to the
area of the C-H region. Similarly, the carbonyl/lipid ratio was calculated by proportioning
of the certain area of carbonyl band to that of C-H region. The carbonyl (C=0) ester
stretching band originates from triglycerides and cholesterol esters, and carbonyl/lipid
ratio gives information about carbonyl ester concentration in lipids of the system. On the
other hand, the amide I/amide Il ratio was calculated to investigate the alterations in
protein content and structure in VAT and SCAT (Cakmak et al., 2011; Ishida & Griffiths,
1993). Figure 53 and 54 represented the comparison of all these ratios above in terms of
bar graphs for the male and female obese lines for VAT and SCAT. Obviously as seen
from the figure, the higher lipid/protein and carbonyl/lipid ratios and lower olefinic/lipid
and amide I/ amide 11 ratios could be indicators of obesity, which were more significant

in VAT samples of male groups and in SCAT samples of female groups.
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Figure 53. The bar graphs of the lipid/protein, olefinic/lipid, carbonyl/lipid, amide
I/amide 11 ratios of male and female groups in VAT.
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Figure 54. The bar graphs of the lipid/protein, olefinic/lipid, carbonyl/lipid, amide
I/amide II ratios of male and female groups in SCAT.

104



The lipid/protein ratio provides information about alterations in lipid context compared to
protein context (Bozkurt et al., 2010). Considering only VAT samples, an enhanced
lipid/protein ratio was achieved in male groups compared to the female group. Especially,
the male groups of BFMI860 and 861 lines showed a significant increase in this ratio in
comparison to females. On the other hand, SCAT samples had a reverse situation; the
female groups had a higher lipid/protein ratio compared to the male group especially for
the BFMI860 and 861 lines. As stated in the literature, gender disparities can cause the
alterations in the distribution and composition of lipid depots in the body. While females
predominantly accumulate subcutaneous fat, males store considerably more visceral fat
(Kotani et al., 1994; Macotela et al., 2009). Females have a higher amount of body fat in
the gluteal-femoral region, whereas males store body fat in the visceral region. Therefore,
upper body obesity and lower body obesity are referred to as android and gynoid obesity
(Blaak, 2001). It has been reported that estrogen promotes the accumulation of SCAT in
females (Ibrahim, 2010), which is in accordance with our results which revealed an
increased amount of lipids in female SCAT tissues in comparison to male group. After
menopause, the increment of body VAT in women is related to the deficiency of estrogen
(Bjorntorp, 1995; Freedland, 2004). This reduction of estrogen after menopause is often
followed by an increase in VAT, hyperinsulinemia and increase in IL-6 production
(Freedland, 2004). Postmenopausal women at older ages have increased amount of VAT
emphasizing the role of gonadal steroids in this phenomenon (Camhi et al., 2011,
Goodman-Gruen & Barrett-Connor, 1996). When it comes to the results of males, VAT
samples had higher lipid/ protein ratio in all lines. Androgens also have gender specific
effects on adipose tissue distribution. Obese men are characterized by a progressive
decrease of testosterone levels with increasing body weight (Pasquali, 2006). In males,
this testosterone deficiency can stimulate the VAT mass and it may be associated with
insulin resistance (White & Tchoukalova, 2014). It has been reported that the testosterone
therapy in aging men can diminish VAT and increases lean muscle mass (Allan et al.,
2008). Additionally, obese postmenopausal women treated with testosterone developed

significantly increased VAT (Lovejoy et al., 1996).
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The Carbonyl/lipid ratio is an indicator of the triglycerides and cholesterol ester levels in
the system. (Nara et al., 2002; Ozek et al., 2009; Voortman et al., 2002). If we take into
consideration only VAT samples, male groups indicated a higher carbonyl/lipid ratio in
comparison to the female groups, especially in BFMI1860 and 861. On the contrary, female
groups showed a higher carbonyl/lipid ratio compared to male groups in SCAT results. In
harmony with our results, it was stated that more FFAs may be taken up by the VAT
depots in males. Moreover, visceral uptake of triglyceride and FFAs was found to be more
intensive in males compared to in females (Nguyen et al., 1996). The accumulation of
triglycerides and FFAs in adipose tissue is positively correlated with insulin resistance.
The excess lipolysis of triglycerides leads to the release of FFAS, and then these FFAS
especially from VAT release into liver through portal vein. VAT is considered as a major
source of FFAs in the portal vein and this process has a critical role in the development of
insulin resistance. (Hotamisligil et al., 1995; Paschos & Paletas, 2009). Since this FFA
streaming rates can be seen as higher in upper-body obesity than in lower-body obesity,
android obesity in males can be more harmful than gynoid obesity in females because of
excess release of FFASs into circulatory system (Horowitz et al., 1999; Jensen et al., 1989).
Regarding the size of adipocytes, SCAT is reported to have larger adipocytes in females
than males (Fried & Kral, 1987). Consistently, female groups showed a higher
carbonyl/lipid ratio compared to male groups indicating a higher triglyceride level in
SCAT results. It has been reported that larger adipocytes belonging to SCAT cause an
increased synthesis of triglycerides than smaller adipocytes belonging to VAT (Edens et
al., 1993; Farnier et al., 2003).

The olefinic/lipid ratio, as an index of double bonds, gives information about the relative
amount of unsaturated lipids in the total lipid composition. (Cakmak et al., 2012; Kneipp
et al., 2000). When we compared to male and female groups according to VAT results,
the significant decrese in olefinic/lipid ratio indicates a lower content of unsaturated lipids
in males in comparison to that of females, more profoundly in BFMI856 860 and 861
lines. However, in SCAT results, female groups indicated a lower olefinic/lipid ratio in
comparison to male groups particularly for BFMI861 line. The fatty acid content of VAT

106



has lower amount of unsaturated fatty acids compared to SCAT (Garaulet et al., 2001;
Machann et al., 2012). Since male groups have the higher level of VAT compared to the
female groups, it can be concluded that the lower olefinic/lipid ratio in male groups
indicates a lower amount of unsaturated fatty acids in accordance with the literature
(Cheung & Cheng, 2016). Since females have larger amount of adipocytes of SCAT than
VAT indicating a lower storage capacity in visceral depots for triglycerides and creating
higher lipid saturation (Tchoukalova et al., 2008)., the female groups indicated a lower

amount of unsaturated lipids in comparison to the male groups in SCAT.

The band area ratio of amide I/ amide Il was also calculated to get more information about
protein structural and compositional alterations. This ratio was obtained as lower in VAT
samples belonging to male groups and in SCAT samples belonging to female groups when
compared to the other group. Since amide I and Il bands are based on the protein structure,
these decreases indicate some global changes in protein conformation. (Cakmak et al.,
2011; Schmidt et al., 2007; Yu et al., 2008). Previous studies have shown that increased
mass of adipose tissue was found to be correlated with the decreased relative total protein
content (Seraphim et al., 2001). Adiponectin, an insulin-sensitizing hormone, is only
expressed from white adipocytes (Makki et al., 2013; Piya et al., 2013). Adiponectin is
significantly higher in women compared with men due to differences in sex hormones or
adipose tissue distribution (Geer & Shen, 2009). WAT and BAT amounts of different
gender groups also alter the protein composition due to UCP1 protein. These differences

between males and females can clarify the changes in the protein conformation.

To investigate of gender-based differences in the effect of obesity on BAT and WAT, the
immunohistological staining was performed to VAT and SCAT samples of male and
female groups. Figure 55 and 56 represents the general microscope images of UCP1
stained VAT and SCAT sections of the male and female groups under 40X magnification
respectively. The lower ratio of amide 1/ amide Il bands indicates possible alterations in

protein structure and composition. The immunohistological staining results supported
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these FTIRM results with a decreased amount of UCP1 proteins in VAT samples of male
groups and SCAT samples of female groups.
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The importance of sex dimorphism in control of energy metabolism under physiological
and pathological conditions is implying that sex hormones may play a relevant role in the
regulation of BAT activity in both males and females. The gender-based difference in
adipose storage is not only in WAT depots, females also have more active BAT than males
in animal models (Rodriguez-Cuenca et al., 2002). On the other hand, female BAT shows
larger mitochondria and higher cristae density leading to an enhanced thermogenic
activity compared with the BAT present in males (Rodriguez-Cuenca et al., 2002). In
harmony with literature, UCP1 immunohistological staining results indicated that VAT
samples have more UCP1 protein in females in comparison to males. On the other hand,
in SCAT samples, female groups showed a significant decrease in UCP1 protein amount
compared to males and a brown to white adipocyte transdifferentiation can be occurred in
BFMI860 and 861 because of having more WAT. In females, deposition of accumulated
WAT in lower and upper body SCAT depots prevents VAT depots to prohibit the
increasing central fat expansion, insulin resistance and systemic inflammation (Bloor &
Symonds, 2014).

A higher lipid/protein and carbonyl/lipid ratios accompanied with a lower olefinic/lipid
and amide I/ amide Il ratios can be considered as obesity-induced effects on compositional
structure of adipose tissues (Kucuk Baloglu et al., 2015). If all the results given above are
evaluated together, it can be concluded that these obesity-induced effects were more
dramatic for male groups in VAT and for female groups in SCAT. As stated in literature,
VAT accumulation is significantly higher in males in comparison to females whereas
SCAT had more accumulation in females (Ibrahim, 2010; Kotani et al., 1994). It has been
known that VAT accumulation in obesity cause insulin resistance and lipid accumulation
in liver (Hardy et al., 2012b). Therefore, males are more prone to generation of insulin
resistance. Especially BFMI 860 and 861 lines were more affected from these obesity
effects in both gender groups. Consistently, it was reported that these lines showed obesity
symptoms more intensely and they have obesity induced insulin resistance (Kucuk
Baloglu et al., 2015). These alterations in SCAT and VAT distribution make females more

insulin-sensitive because of having lower visceral and hepatic adiposity linked to insulin
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resistance. Since estrogen has a positive effect on insulin and glucose homeostasis, it has
a crucial role in these gender-based differences. The elevated amount of VAT and lack of
the protective effect of estrogen in males can be responsible of their vulnerability to insulin
resistance in comparison to females (Geer & Shen, 2009). On the other hand, in obesity,
the expansion of adipose tissues is associated with an increase in adipocyte number in
females and an enlargement in adipocyte size in males, this gender-based difference is
most obvious in SCAT and least obvious in VAT (Cinti, 2005; Giese & French, 1955).
Overall, these regional gender-based differences in the number and size of adipocytes may
determine gender-based differences in the risk of obesity-induced diseases because the
SCAT in females may provide a safe lipid reservoir for excess energy (Whitbeck, 1981).
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CHAPTER IV

4. CONCLUSION

This thesis study includes three parts investigating obesity with different approaches. The
first part is aimed to characterize and compare VAT and SCAT of SBD fed BFMI mice
with regard to molecular content and investigate transdifferentiation between white and
brown adipocytes. In addition, the second part of this study is addressed to propose
triglyceride bands located at 1770-1720 cm™ spectral region as a more sensitive obesity
related biomarker using the diagnostic potential of FTIR spectroscopy in SCAT and VAT.
The purpose of third part of the study is to determine gender dependent differences in the

effect of obesity on VAT and SCAT in obese mice lines.

The results of the first part indicated an enhanced lipid concentration and considerably
decreased UCP1 protein content, implying a transdifferentiation of brown to white
adipocytes in both adipose tissues of obese groups. These results revealed that BFMI mice
lines had a lower amount of brown adipocytes in VAT and SCAT referring a tendency for
obesity. Furthermore, the increased amount of triglycerides, the decreased unsaturation
ratio, the qualitatively longer hydrocarbon acyl chain length of lipids obtained by FTIR
microspectroscopy showed that both types of adipose tissues, especially SCAT, were
prone to lipid peroxidation. It has been reported that these kind of structural and
compositional alterations in cells are closely correlated with ion channel kinetics and
membrane functioning (Awayda et al., 1985). Besides obesity, these obesity-induced
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alterations of lipids and proteins in adipose tissues can be symptoms of insulin resistance
in BFMI lines, especially for BFMI861. Another important result of the study is that both
VAT and predominately SCAT indicated remarkable obesity-induced alterations, for this
reason both tissues have crucial roles in the progression of obesity. As a result, the power
of FTIR microspectroscopy was directly revealed in the detection of spectral variations in
adipose tissue components of obese mice lines.

The second part of the study focused on spectral differences in the triglyceride region of
SCAT and VAT belonging to male obese mice. By using triglyceride band as base, a
successful differentiation between control, obesity related insulin resistant and obese
groups was achieved with high sensitivity and specificity in the adipose tissue samples.
The discriminatory power of FTIR spectroscopy coupled with multivariate analysis was
revealed in diagnosis of obesity in SCAT and VAT samples and so it was revealed that
the triglyceride band can be used as a biomarker in diagnosis of obesity. Another finding
also indicated that obesity effects on SCAT and VAT at different rates and FTIR
spectroscopy coupled with chemometrics can distinguish these effects in adipose tissues
of different BFMI mice lines. Since these special mice lines develops spontaneous obesity,
pure and reliable data can be achieved about related diseases. For this reason, the findings
of this animal study can be transferred to medicinal investigations in the field of
differential diagnosis of obesity. Since the SCAT is more accessible than the VAT for
medical operations, it can be preferred in biopsies and bariatric interventions.
Consistently, the SCAT is closely correlated with the VAT in regard to metabolic effects
of obesity such as insulin resistance. Moreover, the results have revealed that ATR-FTIR
spectroscopy coupled with chemometrics can be used to sensitively examine SCAT and
VAT in obesity and this technique will shed light on the internal diagnosis of obesity in

medicine.
The third part of the study aimed to detect gender-based differences in obesity by

comparing molecular content of SCAT and VAT in male and female mice lines. The

obesity effects on compositional structure of adipose tissues such as higher of lipid/protein
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ratio, lower unsaturation/saturation ratio, higher amount of triglycerides, were more
significant for male groups in VAT and for female groups in SCAT. Consistently, it is
known that the VAT accumulation is higher in males than in females whereas SCAT is
more accumulated in females than males. Since sex hormones naturally affect adipose
tissue function and distribution, males tend to have a classic android body shape which
has been closely correlated to insulin resistance. On the other hand, females develop a
gynoid body shape providing a protection from the negative consequences associated with
obesity and the metabolic syndrome. As a result, the samples of male and female can be
distinguished by ATR-FTIR spectroscopy coupled with chemometrics and the gender-
based differences in composition of SCAT and VAT were revealed by FTIR
microspectroscopy and UCP1 immunohistological staining. Understanding how structure
and composition of adipose tissue differ by gender can enable personalized and gender-

based treatments.
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APPENDIX

A. IR MAPS OBTAINED FROM FTIR MICROSPECTROSCOPY

Here in this section, the IR maps of the three different randomly selected area in each adipose

tissue section obtained from FTIR microspectroscopy are presented in figure A.1.
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Figure A.1. The IR maps of the three different randomly selected area in adipose tissue

section of BFMI lines obtained from FTIR microspectroscopy.
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