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Abstract

Obesity is a heterogeneous disorder which increases risks for multiple metabolic diseases,
such as type 2 diabetes. The current study aims to characterize and compare visceral and
subcutaneous adipose tissues in terms of macromolecular content and investigate
transdifferentiation between white and brown adipocytes. Regarding this aim, Fourier
transform infrared (FTIR) microspectroscopy and uncoupling protein 1 (UCP1)
immunohistological staining was used to investigate gonadal (visceral) and inguinal
(subcutaneous) adipose tissues 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 adipocytes to white adipocytes in obese groups. It has been
widely reported that brown adipose tissue has a strong effect on fatty acid and glucose
homeostasis and it could provide opportunity for therapy of obesity. When the amount of
brown adipose tissue was decreased, lower unsaturation/saturation ratio, qualitatively longer
hydrocarbon acyl chain length of lipids and higher amount of triglycerides were obtained in
both adipose tissues of mice lines. The results also revealed that subcutaneous adipose tissue
was more prone to obesity-induced structural changes, than visceral adipose tissue, which
could be originated from possessing a lower amount of brown adipose tissue. The current
study clearly revealed the power of FTIR microspectroscopy in the precise determination of
obesity-induced structural and functional changes in inguinal and gonadal adipose tissue of

mice lines.

Keywords: Obesity, visceral adipose tissue, subcutaneous adipose tissue, white adipose

tissue, brown adipose tissue, UCP1 protein, FTIR imaging, transdifferentiation.
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1. Introduction

Obesity results from a prolonged imbalance between the level of energy intake and
expenditure leading to excessive weight gain. It is also referred to as an epidemic disease
caused by the modern life style which affects increasing number of people of all social
conditions throughout the world.! Obesity is becoming one of the major public health
problems. The World Health Organization reported that more than 1.4 billion adults were
overweight and over 200 million men and nearly 300 million women of them were obese. 2
Epidemiologic studies estimate that by the year 2030, 2.16 billion people worldwide will be
overweight and 1.12 billion will be obese.® Obesity results in accumulation of triglycerides in
adipose tissues and the enlargement of adipocytes.* An excessive accumulation of lipid
droplets in cytoplasm may lead to cellular dysfunction or cell death, a phenomenon known as
lipotoxicity. >°

Adipose tissue is an essential, complex and metabolically active endocrine organ which is
distributed in a variety of locations in the body different than the other organs. ® Adipose
tissue depots are composed of two cytotypes. These cytotypes are white adipose tissue and
brown adipose tissue. White adipocytes are spherical cells whose variable size mainly
depends on the size of the single lipid droplet stored in them. This lipid droplet consists of
triglycerides and accounts for more than 90% of the cell volume. Brown adipocytes also
contain triglycerides as multiple small vacuoles; they are typically polygonal with a variable
diameter. The most characteristic organelles of brown adipocytes are the mitochondria.
Because of its greater oxygen demand, brown fat also contains more capillaries than white fat.
Nerve supply is also denser in brown adipose tissue than in white adipose tissue. The brown
color of brown adipocytes is attributable to its high mitochondrial density and high
vascularization. *1° The amount of these two types of adipose tissues in the body shows

variety according to strain, gender, age, nutritional environmental factors. Brown adipocytes
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have a completely different role than white adipocytes since they are responsible for
thermogenesis. They transfer the energy achieved from nutrition to thermal energy. 1112
Uncoupling protein 1 (UCP1), which is mostly expressed in brown adipose tissue, is
responsible for the transformation of the energy that is not used in oxidative metabolism into
heat.’®* Noradrenaline is responsible for the activation of beta-3-adrenoceptors which induces
brown adipocytes to produce heat. When brown adipocytes are not stimulated adrenergically,
they lose most of their brown characteristics and transdifferentiate into white adipocytes.!**°
This reversible morphological transformation occurs with leptin gene activation and UCP-1
gene inhibition.’ In rodents, brown adipose tissue phenotype in adipose tissues is very
important for the prevention of many metabolic diseases such as obesity and diabetes. *

FTIR spectroscopy was previously applied to obesity research for determination of fatty acid
content in human abdominal fat,!’” and recently to high fat diet induced obesity in BXD
recombinant inbred mice lines to identify specific gene loci responsible for the variations in
the molecular tissue compositions.® In the current study, FTIR microspectroscopy was
applied to identify spontaneous obesity-induced molecular changes in adipose tissues of
inbred obese mice lines. Fourier transform infrared (FTIR) microspectroscopy enables the
visualization of the distribution of molecules in a tissue.!®2? Due to the sensitivity of FTIR
microspectroscopy and the information on spatial heterogeneity possessed in the images, IR
spectral images give information on the histological structure of the tissue without the
application of staining procedures.? In this technique, every pixel includes a spectrum which
is recorded sequentially, and the pixels are collected together to form a larger image. The
recorded information by IR microscopy is represented by false-color images that simulates the
images as histological-stained samples.?*

In this study, FTIR microspectroscopic imaging was performed to determine the distribution

of molecules, especially lipids, in two different adipose tissues; inguinal adipose tissue as a
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subcutaneous adipose tissue, gonadal adipose tissue as a visceral adipose tissue, and also to
figure out the obesity-induced structural variations in the lipids. For this purpose, inguinal and
gonadal adipose tissues of control (DBA/J2) and spontaneous obese (BFMI) lines were used.
In addition, UCP1 immunohistological staining was performed to differentiate brown adipose
tissue and white adipose tissue; so transdifferentiation between brown and white adipocytes of

these tissues were investigated.

2. Experimental

2.1 Animals

All experimental protocols regarding treatment of animals were approved by the German
Animal Welfare Authorities (approval no. G0171/10). Founder animals of the Berlin Fat Mice
lines were originally purchased from several pet shops in Berlin, Germany. These mice were
selected during 58 generations, according to low protein content and then to low body weight
and high fat content. Then, BFMI line’s inbred derivates were generated and these lines were
created by brother and sister mated randomly chosen sib-pairs of the selected lines.?®

In this study, 10 weeks old males of BFMI852, BFMI1856, BFMI860 and BFMI861 inbred
lines which were separated in terms of phenotypic characteristics after six generations of
inbreeding, were used. Due to the selection history of the lines, different genetic
constellations have been fixed in the process of inbreeding leading to major differences in the
phenotype. There are significant differences between BFMI lines in terms of body fat mass,
body fat percentage, weights of dissected fat pads, inner organs and glucose concentrations.?
BFMI lines 856, 861 and 860 are the most obese lines, whereas only 860 and 861 show
features of the metabolic syndrome and reduced insulin sensitivity. It has been reported that
BFMI860 line has higher serum triglyceride levels in both standard breeding diet and high fat

diet.?® As controls male DBA/J2 mice line was used, which is a commercially available inbred
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line that is often used as a standard mice showing a wildtype-like phenotype.?”?® In the study,
each group contained 6 mice.

The mice were maintained under conventional conditions and controlled lighting with a
12:12h light/dark cycle at a temperature of 22+2°C and a relative humidity of 65%. They
were reared in groups of two to three mice in macrolon cages with a 350 cm? 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 food and water. After weaning at the age of 3 weeks, animals were fed with a rodent
standard breeding diet (SBD). The SBD (V1534-000, ssniff R/M-H, Ssniff Spezialdidten
GmbH, Soest/Germany) contains 12.8 MJ/kg of metabolisable energy the biggest amount of
which originates from carbohydrates with 58% (33% from proteins and 9% from fat). The fat

content of SBD was derived from soy oil %

2.2 Sample preparation

After 10 weeks, mice were killed by decapitation, inguinal and gonadal adipose tissues of the
mice were dissected and washed with PBS buffer to get rid of the excess blood surrounding
the tissue. They were snap-frozen in liquid nitrogen and stored at -80°C until sectioning.
Three sections were prepared for each sample. For sectioning, the adipose tissue samples were
embedded in Cryomatrix Frozen Embedding Medium (Thermo Scientific, USA). 7 pm thick
adjacent tissue sections were obtained using a cryotome (Shandon, USA) at -25°C both for
FTIR microspectroscopy and immunohistological studies. The tissue sections for FTIR study
were directly transferred onto IR transparent barium fluoride windows (Spectral Systems, NY,
USA). These IR sections were kept in a desiccator with a vacuum pump at cold room for

overnight to remove the moisture from the sections.
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2.3 Immunohistological staining

The Inguinal and gonadal adipose tissues of BFMI lines and control DBA/J2 line have been
used for UCP1 immunohistological staining in order to differentiate brown and white adipose
tissues for the monitoring of 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 wash 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 ul of this mixture onto the slides with
Enhancer. The recommended 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 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.

2.4 FTIR Microspectroscopic Data Collection and Analysis
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FTIR images were acquired using a Perkin Elmer Spectrum Spotlight 400 Imaging System
(Perkin Elmer Instruments, Boston, MA, USA), including an IR microscope. Images were
collected in the transmission mode at a spectral resolution of 8 cm™ in the wavenumber region
between 4000 and 750 cm™ with a 6.25x 6.25 pm IR detector pixel size and four scan number
per pixel. Although, adipose tissue is a highly homogenious tissue, we randomly chose three
different areas in each tissue section to collect IR maps. FTIR microscope collects these IR
images by scanning the chosen areas pixel by pixel (pixel size: 6.25 x 6.25um) and getting an
IR spectrum from each pixel. The size of the spot or pixel was determined by the size of the
microscope aperture which might be defined as micrometers. Since the size of the collected
IR maps is 700x700um, totally 12544 spectra were recorded from each chosen area of each
section. Before calculating the spectral parameters, first the average of 12544 spectra was
taken from each area. The average spectra of each area were found to be almost identical.
Then the average spectrum of these three average spectra belong to the chosen areas was used
for each section for further analysis. Thus, the spectral alterations between animal groups
reflect cellular alterations rather than experimental uncertainties. The spectra of empty IR
window were collected as background and subtracted automatically from tissue spectra by the

use of Spotlight Autoimage software (Perkin Elmer Instruments, Boston, MA, USA).

In FTIR microspectroscopic studies of tissues, the main parameter which can affect the results
of cellular alterations is sample thickness. In the analysis of FTIR images, band area ratios
were used in order to avoid the errors that might occur due to possible differences in section
thickness which may cause concentration-dependent alterations in the spectral absorbance
values.?®3! Spectral images were analyzed using ISYS software (Spectral Dimensions, Olney,

MD, USA).
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2.5 Statistics

The results were calculated as ‘mean + standard error of mean (SE)’. The differences in
variance were analyzed statistically using one-way ANOVA test. Tukey’s test was used as a
post-hoc test. p values less than or equal to 0.05 were considered as statistically significant

(such as *p < 0.05; **p <0.01; ***p <0.001).

3. Results

Biological samples contain different molecules such as proteins, lipids, nucleic acids and
carbohydrates. Hence, all these individual biochemical components have their specific
vibrational fingerprints.3*3* By using this property, FTIR microspectroscopic imaging enables
to obtain visible images of the investigated tissue, where each pixel is composed of a
spectrum originating from vibrational fingerprints. The representative FTIR spectra acquired
from control (DBA/J2) and obese (BFMI861) groups of inguinal adipose tissue in the 4000—
750 cm™ region are shown in Figure 1. The detailed spectral band assignments of mouse
adipose tissue are shown in Table 1.18:3536

In order to determine obesity-induced alterations in the concentration and composition of
biomolecules, the area ratios of several functional groups that belong to lipids and proteins
were calculated. The wavenumber limits with baseline points used for the band area ratio
calculations for each vibrational region, were given in Table 1S as a supporting material. The
lipid to protein ratio is an important parameter in molecular asymmetry.3” This ratio was
obtained by taking the ratio of the integrated areas of C-H stretching region to the area of the
amide I band. The C-H stretching region which contains significant vibrations of the fatty acyl
chains of membrane lipids is a sensitive marker for the lipid content.®“° Amide | band gives

information about total protein concentration and conformation.?!4!
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In order to obtain qualitative information on lipid structure of adipose tissues, carbonyl/lipid
and unsaturated/saturated lipid ratio were calculated. Carbonyl/lipid ratio was calculated by
taking the ratio of the area of carbonyl band to that of C-H stretching region.
Unsaturated/saturated ratio was calculated by taking the ratio of the area of the olefinic band
(unsaturated lipid) to that of CH2 antisymmetric band (saturated lipid). Qualitative lipid acyl
chain length changes were monitored by calculating the ratio of areas of the CH:
antisymmetric band to that of the CHs antisymmetric band. Furthermore, lipid and protein
amounts were obtained from CH, symmetric/CH> antisymmetric and the amide I/ amide | +
amide 11 ratios, respectively. The comparison of these ratios in terms of bar graphs for the
control (DBA/J2) and 4 different obese (BFMI) male mice lines are shown in figure 2. As
seen from these graphs, the lipid/protein ratio, carbonyl/lipid ratio, lipid amount (CH:
symmetric/CH> antisymmetric) and qualitative lipid acyl chain length changes (CH2/CHs
antisymmetric) increased; whereas unsaturated/saturated lipid ratio (olefinic/lipid) and protein
amount (amide 1/ amide | + amide Il) decreased for obese male mice lines when they were
compared with the control (DBA/J2) line.

The significant increase in the lipid/protein ratio in the obese groups compared to the control,
might be due to the dramatic increase in the lipid content as seen from CH> symmetric/CH>
antisymmetric ratio and/or from the significant decrease in protein content that we observed in
obese lines.*® The increase in the lipid/protein ratio was more remarkable in inguinal adipose
tissue rather than gonadal adipose tissue. This might be due to that inguinal adipose tissue is
prone to deposite lipids rather than gonadal tissue because inguinal tissue is a subcutenous
adipose tissue, whereas gonadal tissue is a visceral adipose tissue.*’> The increase of
lipid/protein ratio in obese groups may also be arised from a lower protein content. The
changes in amide | area/intensity values give information about total protein amount.®* We

obtained a significant decrease in the band area value of the amide | of adipose tissues of
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obese groups implying a decrease of protein content in harmony with literature values (Table
2). Decrease in protein content was also supported by the significant decrease of amide 1/
amide | + amide Il ratio (Figure 2). To obtain more information about changes in protein
composition and structure, we calculated the band area ratio of amide 1/ amide Il (Figure 2).
This ratio decreased in obese lines compared to the control group. Since amide | and amide II
profiles depend on the protein structural composition, this decrease suggests that there are
some alterations in the structures of proteins.****® In addition” slight but significant shifting in
the wavenumber of amide | band to higher values wasobserved in the all obese groups in
comparison to the control group (Table 2) which indicates alterations in protein
conformation.*®*® The changes in the spectral parameters related to protein such as; the
decrease in the area of amide | band and amide 1/amide 1l band area ratio, and the shifting of
the amide | band to higher wavenumber values, could be interpreted as a result of the
alteration of protein expression which may cause obesity-induced changes in protein structure
and conformation in adipose tissues.

The olefinic/lipid ratio can be used as an index of double bonds in the lipid structure
indicating the relative amount of unsaturated lipids.?® The significant decrease in
olefinic/lipid ratio was observed in all obese mice lines compared to the control group,
indicating that unsaturated lipid content decreased in obese mice lines. This ratio was also
lower in inguinal adipose tissue rather than in gonadal adipose tissue of all groups.

The carbonyl/lipid ratio gives information about carbonyl ester concentration in lipids of the
system.?249%0 This ratio was slightly higher in BFMI852 and BFMI856 lines but significantly
higher in BFMI 860 and BFMI861 lines.

The CH: antisymmetric stretching/CHs antisymmetric stretching ratio was used to determine
the qualitative changes in hydrocarbon acyl chain length of lipids, where higher ratios indicate

the presence of longer chained lipids.3#*°5153\We obtained an increase in this ratio in all obese

10
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BFMI lines but they were only significant for BFMI860 and BFMI861 lines. The ratio was
also more significant in inguinal adipose tissue than gonadal adipose tissue in numerous of
lines as seen from figure 2. In order to get information about qualitative lipid acyl chain
lengths changes, the ratio of the area of CH. antisymmetric stretching band to lipid (C-H
region) was also calculated. The increased ratio values obtained from this ratio also supported
relative variations towards to longer acyl chain lengths of lipids in obese mice groups
compared to the control 214

The representative spectral maps of lipid/protein, olefinic/protein and CH,/CH3s antisymmetric
ratios of inguinal adipose tissue of control (DBA/J2) and obese (BFMI861) male mice line
were shown in Figure 3 for both tissue types. Since the obesity-induced changes were seen
more dramatically for inguinal adipose tissue of BFMI861 line as seen from Figure 2, the
comparison of FTIR images of this line with the control was presented in Figure 3. The
spectral maps are represented as color-coded images which are composed of a spectrum in
each pixel and they were colored according to the calculated ratio values, where red color
corresponds to the highest ratio and blue color corresponds to the lowest ratio as shown on the
color bars in the figure. This figure clearly shows the increase in the lipid to protein ratio and
CH2/CHs antisymmetric ratio, and the decrease in the olefinic to lipid ratio. These effects
were seen to be more profound in inguinal adipose tissue.

In our immunohistological study, we aimed to differentiate brown adipose tissue and white
adipose tissue from each other, so transdifferentiation of these tissues could be investigated.
Figure 4 shows the general optical microscope images of UCP1-stained gonadal and inguinal
adipose tissue sections of the control and obese (BFMI861) male mice in 40X magnification.
Our studies revealed mainly three results; increased cell size, decreased UCP1 protein
content, and impaired membrane appearance in obese mice lines. UCP1 proteins appeared as

reddish pink color in the images. As seen from Figure 4, adipocytes in obese groups had

11
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fewer amounts of UCP1 proteins in comparison with the control groups. When we compared
the amount of brown and white adipocytes in the control and obese groups, we have seen that
brown adipocytes replaced to white adipocytes significantly in all obese groups especially in
BFMI860 and BFMI861 mice lines and this replacement was more dramatic in inguinal

adipose tissue.

4. Discussion

In most healthy cases, the subcutaneous adipose tissue is especially responsible for the storage
of fat to supply energy fuel to all kind of cells of the organism in the periods of famine. In
obesity, since the storage capacity of subcutaneous adipose tissue is limited, excess lipids
begin to be stored in visceral adipose tissue and ectopically in other organs. These excess
storages certainly affect the lipid metabolism of the adipose tissues. In our study, we found
increased lipid amount and lipid/protein ratio, increased levels of triglycerides and cholesterol
esters and qualitative changes in lipid acyl chain towards longer length and decreased content
of unsaturation in lipid structure for obese male mice lines compared to the control group.
Protein metabolism was also found to be affected via decreased protein amount and changes
in protein structure in obese lines.

The lipid to protein ratio gives information about change in lipid content in comparison to
protein content. Not surprisingly, we obtained an increased lipid/protein ratio in all obese
groups compared to the control group. The expansion of visceral adipose tissue and
subcutaneous adipose tissue mass in the body is mainly reason of obesity and it generally
results in disturbed lipid and glucose metabolism.> Since the subcutaneous adipose tissue
storage capacity is limited due to the increase in hypertrophy progresses, excess lipids also
accumulate in the visceral adipose tissue stores. It has been reported that visceral adipose

tissue is more effective on lipid and glucose metabolism, as it is more sensitive to lipolysis

12
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because of being more active, whereas subcutaneous adipose tissue is responsible for being a
passive storage depot.®® In addition, excess deposition of fat in visceral adipose tissue was
reported to be more harmful than excess deposition in subcutaneous adipose tissue, because
lipolysis of triglycerides from visceral adipose tissue results in the release of free fatty acids
into the portal vein, and in turn into liver.>’

Olefinic/lipid ratio, which is an index of the content of unsaturation in lipid structure,
decreased in obese groups compared to the control groups.® The changes in unsaturation lipid
content could negatively affect structure, stability, and function of membrane.®®
Polyunsaturated fatty acids (PUFAS) are prone to be attacked by free radicals. These reactions
lead to lipid peroxidation, causing changes in unsaturated/saturated lipid composition of the
membranes. Several studies have suggested a role for visceral adipose tissue accumulation in
the pathogenesis of insulin resistance.®® Thus, excess deposition of this type adipose tissue has
been associated with decreased sensitivity of glucose uptake to insulin stimulation. This
association can be also due to the reduced rate of free fatty acid (FFA) reesterification, and
increased resistance of lipolysis to the inhibitory effect of insulin in both visceral and
peripheral adipocytes.50-53

A higher CH> antisymmetric stretching/CHs antisymmetric stretching ratio demonstrates the
qualitatively longer hydrocarbon acyl chain length of lipids. All obese groups showed
significantly increased CH.to CHs antisymmetric stretching ratio, which implies the synthesis
of qualitatively longer hydrocarbon acyl chain in biological membranes.?%% The changes in
lipid hydrocarbon chain length would produce changes in bilayer thickness, which could in
turn produce undesirable changes in the thermodynamic stability and passive permeability of
the lipid bilayer of biological membranes. Consistently, in our immunohistological staining
results, we obtained impaired membrane appearance in adipose tissue cells of obese groups

(Figure 4).
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Carbonyl/lipid ratio indicates the levels of triglycerides and cholesterol esters in the
system.*9°964\We obtained a significant increase in the carbonyl/lipid ratio within the adipose
tissues of the BFMI860 and BFMI861 lines, especially in inguinal adipose tissue, suggesting
an increased concentration of the ester groups belonging to triglycerides in adipose tissues of
the obese groups.**® Inguinal adipose tissue, a subcutaneous adipose tissue, demonstrated
higher carbonyl/lipid ratio than gonadal adipose tissue, a visceral adipose tissue. The results
are in agreement with the other studies in the literature which state that larger adipocytes
which consists of subcutaneous adipose tissue, synthesize more triglycerides than smaller
adipocytes constituting visceral adipose tissue.%®®” The storage of triglycerides and lipids
within adipose tissue in all obese lines is positively correlated with the markers of insulin
resistance.®®® The excess release of free fatty acids arises from excess lipolysis of
triglycerides. The free fatty acids (FFAs) secreted at high quantities by enlarged adipocytes
play a critical role in the development of insulin resistance.”® Since insulin is the main
regulator of hormone sensitive lipase (HSL), the rate controlling enzyme for triglyceride
hydrolysis, the inhibitory effect of FFAs on insulin sensitivity leads to enhanced lipolysis in
adipocytes.”t The adipose tissue dysfunction has a critical role in abdominal obesity in
vascular risk and risk of developing type 2 diabetes mellitus.’

Adipocytes have a special ability to store large quantities of lipids that can be rapidly released
and used for energy by other organs when necessary; however, excessive adipose tissue,
especially in the visceral adipose tissue depot, is linked with increased risk of insulin
resistance, cardiovascular disease and cancer.”3"

These changes in membrane lipids and lipid metabolism of adipose tissues also affect the
protein metabolism of tissues in obese mice lines. Decreased protein amount calculated from
the area value of the amide | band and the area ratios of amide I/ amide | + amide Il bands in

obese lines imply changes in obesity-induced protein expression. In addition, the decrease in
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amide l/amide Il ratio, and the shifting of amide | wavenumber to higher values indicate
possible obesity-induced alterations in protein structure and conformation.*

There are several studies reported increased and decreased expression of proteins including
leptin, TNF-a, IL-6 and adiponectin, IL-10, omentin, respectively in WAT adipose
tissues.”%’>7® These proteins were measured in circulation since they were given to the
circulatory system after the secretion from adipocytes.”” However, except adiponectin which
is expressed only from WAT adipocytes, these proteins are also expressed from other tissues
and circulating cells such as hypothalamus, myocytes, hepatocytes, macrophages and
fibroblasts.”®’” Thus, among the proteins expressed in adipocytes, only the circulating levels
of adiponectin can be used to get information for the changes in protein amount in adipose
tissues. Together with the decrease in UCP1 protein (Figure 4), decrease in adiponectin
protein expression may cause a decrease in the amount of protein in adipose tissues as seen
from FTIR results (Table 2 and Figure 2).

Previous studies have shown that increased mass of adipose tissue was found to be correlated
with the decreased relative total protein content.”® As a result of our immunohistological
staining, we obtained higher amount of white adipocytes in the obese groups than the control
group (Figure 4). This can be explained by two ways, the first one is by an increase of size
and number of white adipocytes. Increased white adipose tissue mass in metabolically active
sites activates an inflammatory process,®® and this process creates a strong increase of
proinflammatory cytokines, hormone-like molecules and other inflammatory markers, defined
as “adipokines” in circulating mechanism.8%8! This complex physiological reaction progress
leads to an increased level of glucocorticoids, induce the development and differentiation of
preadipocytes, resulting in an increase of white adipose tissue mass.828 The second and more
powerful explanation can be the possibility of the transdifferentation of brown adipocytes into

white adipocytes. Accordingly, in our immunohistological staining results, we observed lower
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amount of UCP1 proteins in obese groups, implying a decreased amount of brown adipocytes
especially in subcutaneous adipose tissue. Their cohabitation could be explained by reversible
physiological transdifferentiation because they can be converted to each other, if it is
necessary. This capability is so crucial because, the brown adipose tissue is directly associated
with resistance to obesity and the brown phenotype exerts an anti-obesity effect.l”
Accordingly, it has been reported that obesity-prone mice have less brown adipose tissue than
obesity-resistant mice.®* It has been also suggested that visceral white adipocytes were
actually brown adipocytes previously, some of which turn into white adipocytes because of
the smaller size of visceral adipocytes and the different resistance to death of visceral and
subcutaneous adipocytes.©

Brown adipocytes have also an important role in glucose metabolism and insulin sensitivity.
These properties make brown adipose tissue a target for the treatment of obesity, diabetes, and
other metabolic disorders.®> A recent rodent study utilizing brown adipose tissue
transplantation from donor mice into the visceral cavity of recipient mice, achieved to
increase brown adipose tissue mass, demonstrated improved glucose tolerance, increased
insulin sensitivity, reduced body weight, and decreased fat mass.® Several studies were able
to support brown adipose tissue transplantation experiments and obtained positive treatment
results.®”8 All these data indicate that the brown adipose tissue has very crucial role in

obesity and other metabolic diseases.

5. Conclusion

The results of the current study revealed an increased lipid concentration and significantly
decreased UCP1 protein content, implying a decrease in brown adipocytes in both adipose
tissues of spontaneous obese groups. These results indicated that obese (BFMI) mice lines had

a lower amount of brown adipocytes in visceral and subcutaneous adipose tissues, which is an
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inclination for obesity. Moreover, the decreased unsaturation ratio, the qualitatively longer
hydrocarbon acyl chain length of lipids and the increased amount of triglycerides revealed by
FTIR microspectroscopy indicate that both types of adipose tissues, especially inguinal fat
were more prone to lipid peroxidation. It is well known that these kind of structural
alterations in biomolecules are strongly correlated with membrane functioning and ion
channel kinetics.8®% Obesity-related structural alterations in lipids and proteins of the BFMI
lines, especially for BFM861 line, may be an indicator of a tendency for insulin resistance,
therefore type 2 diabetes, besides obesity. One important finding of the study is that both
visceral and dominantly subcutaneous adipose tissues demonstrated considerable obesity-
induced alterations, therefore both of them take role in the progression of obesity.
Furthermore, the current study clearly revealed the power of FTIR microspectroscopy in the
precise determination of spectral variations in adipose tissue components of spontaneous mice

models.
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Table 1. General band assignment of FTIR spectrum of an adipose tissue.18:336

Band | Wavenumber - i
No (cm-1) Definition of the spectral assignment
N-H and O-H stretching: Mainly N-H stretching
1 3290 (amide A) of proteins with the little contribution
from O-H stretching of polysaccharides,
carbohydrates and water
Olefinic=CH stretching vibration: unsaturated lipids,
2 3005
cholesterol esters
CHs anti-symmetric stretching: lipids, protein side
3 2957 chains, with some contribution from carbohydrates and
nucleic acids
CH> anti-symmetric stretching: mainly lipids, with some
4 2924 I ) e
contribution from proteins, carbohydrates, nucleic acids
CHs symmetric stretching: mainly protein side chains,
5 2875 with some contribution from lipids, carbohydrates and
nucleic acids
CH2 symmetric stretching: mainly lipids, with some
6 2855 N . e
contribution from proteins, carbohydrates, nucleic acids
7 1744 Carbonyl C=0 stretch: triglycerides
8 1654 Amide | (protein C=0 stretching)
9 1545 Amide Il (protein N-H bend, C-N stretch)

24



©CoO~NOUTA,WNPE

614
615

616

617
618
619
620

621

622

623

624
625

626

627

628

629

630

Analyst Page 26 of 33

Table 2. 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 BFMI856 BFMI860 BFMI861
Amidel Gonadal  0.830.01 0.63+0.04* 0.42+0.03* 0.380.02%*  0.37+0.03**
area

value  Inguinal  0.73+0.04 0.57+0.05 0.56:0.02 0.330.04%*  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

position Inguinal  1652.93+0.93  1653.31+0.42* 1654.57+0.18** 1656.85+0.29** 1656.94+0.28**

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.

Table 1S. The spectral regions and baseline points for particular infrared bands used in
calculation of band area ratios.

Infrared band Integrated spectral Baseline points (cm™)
region (cm™)
Olefinic=CH 3020-2992 3100-2740
CHs antisymmetric stretching 2976-2948 3100-2740
CH; 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
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Legends of Figures

Figure 1. Representative FTIR spectra of IF adipose tissue of male control DBA/J2 and obese
BFMI861 line in the 4000-750 cm* region.

Figure 2. The bar graphs of the lipid/protein, CH> symmetric/CH. antisymmetric, CH2/CH3
antisymmetric, olefinic/lipid, carbonyl/lipid, CH> antisymmetric/lipid, amide I/ amide II,
amide 1/ amide | + amide Il ratios of control (DBA/J2 ) and 4 different obese (BFMI) male
mice lines (n=6 for each line). The degree of significance was denoted by * for the
comparison of control DBA/J2 line with BFMI lines as: *p < 0.05, **p < 0.01,***p < 0.001
and by * for the comparison of gonadal adipose tissue with inguinal adipose tissue in same
line as: *p <0.05, "p<0.01,"""p<0.001.

Figure 3. The representative spectral maps of lipid/protein, olefinic/protein and CH2/CH3
antisymmetric ratios belong to inguinal adipose tissue of control (DBA/J2) and obese
(BFMI1861) male mice line. The absorbance in the spectral maps was represented in color-
coded images, where low absorption was represented in blue and high absorption was
represented in red color.

Figure 4. Immunohistological UCP1 staining results of gonadal and inguinal adipose tissues
which belong to the control and obese (BFMI861) male mice. Microscopic images of Gonadal
adipose tissue of control group (A), inguinal adipose tissue of the control group (B), gonadal
adipose tissue of the obese group (C), inguinal adipose tissue of the obese group (D) in 40X
magnification. The regions which are shown by arrows are brown adipose tissue and the rest

of the cells belong to white adipose tissue.
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Textual abstract
FTIR microspectroscopy coupled with UCP1 immunohistological staining enable to detect
obesity-related molecular alterations and transdifferentiation in visceral and subcutaneous

adipose tissues in spontaneous obese mice lines.
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