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Abstract

Obesity is becoming a leading cause of health problems world-wide. Obesity and overweight are
associated with the structural and chemical changes in tissues; however, few methods exist that
allow for concurrent measurement of these changes. Using Brillouin and Raman
microspectroscopy, both the mechanical and chemical differences can be assessed simultaneously.
We hypothesized that Brillouin spectroscopy can measure the adipose tissues’ stiffness, which
increases in obesity. Samples of brown and white adipose tissues obtained from control and diet-
induced obese adult rats were analyzed. The results show that both adipose tissues of the obese
group exhibit a greater high-frequency longitudinal elastic modulus than the control samples, and
that the brown fat is generally stiffer than white adipose. The Raman spectra indicates that the
lipids” accumulation in adipose tissue outpaces the fibrosis, and that the high-fat diet has a greater
effect on the brown adipose than the white fat. Overall, the powerful combination of Brillouin and
Raman microspectroscopies successfully assessed both the mechanical properties and chemical
composition of adipose tissue simultaneously for the first time. The results indicate that the
adipose tissue experiences an obesity-induced increase in stiffness and lipid content, with the
brown adipose tissue undergoing a more pronounced change compared to white adipose.

Graphical Abstract

Obesity is associated with tissues’ structural and chemical changes; however, few methods are
capable of their concurrent measurement. Using a powerful combination of Brillouin and Raman
microspectroscopy, adipose tissue’s mechanical and chemical differences between control and
obese rats are assessed simultaneously for the first time. The results indicate the adipose tissue
experiences an obesity-induced increase in stiffness and lipid content, with brown adipose
undergoing a greater change than white adipose.
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1. Introduction

The prevalence of obesity has been on the rise over the past several decades; an estimated
1.9 billion adults worldwide were overweight or obese in 2014. [1] It is becoming a global
epidemic, and the incidence of obesity and overweight is only expected to increase further.
The causes of obesity range from poor dietary choices and lack of exercise to hereditary
predisposition and adverse effects of medications. Obesity and overweight are associated
with an increased risk of chronic health conditions, such as coronary heart disease,
hypertension, diabetes, sleep-breathing disorders and some types of cancer. [2,3]

Obesity and overweight are characterized by increased adiposity — the ratio of the lipids
stored in adipose tissue to the total body mass. The increase in lipid storage is accomplished
with both an enlargement of the existing adipocytes (hypertrophy), and an increase in the
number of new adipocytes (hyperplasia). During the progression of obesity, the adipose
tissue undergoes remodeling, which includes the changes in the cell type and distribution,
size and function, as well as changes to the composition and structure of the extracellular
matrix (ECM). [4,5]

The changes occurring during weight gain have an effect on the mechanical properties of
both adipocytes and the adipose tissue (AT). On microscopic level, the mechanical
properties of adipocytes are largely determined by the number, size, and content of their
lipid droplets. [6] On the macroscopic level the stiffness of the AT is determined by the
ECM and cellular composition of the tissue (including type, size and distribution of cells).
[4,7] Adipocytes are mechanosensitive and mechanoresponsive cells whose differentiation
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and function are affected by the applied stress and mechanical properties of their
environment, [8,9] which is, in turn, affected by the surrounding adipocytes.

The mechanical properties of AT are important to its proper function. Changes in these
properties may interfere with the role of the tissue in protection against mechanical stress,
while the changes in the adipocytes’ environment have a potential to affect lipid storage.
However, there is limited information on mechanical properties of AT. [10] The studies that
did investigate the elastic properties of AT used destructive tension and compression testing
and investigated only bulk properties of the sampled tissue. These techniques cannot be
applied to investigation of elastic properties of individual adipocytes, which requires greater
spatial resolution. On the other hand, atomic force microscopy, [6] while suitable for
measurements of individual cells, cannot investigate tissue mechanical properties. There is,
therefore, a need for a method of mechanical characterization of AT that is suitable for
noninvasive analysis of both bulk tissue and individual cells.

Unlike other techniques, elastography based on Brillouin scattering provides non-destructive
measurements of elasticity (specifically, the high-frequency longitudinal elastic modulus)
with high spatial resolution. Brillouin scattering is an inelastic scattering phenomenon that
occurs due to the interaction of the incident photons with the sample’s spontaneous phonons.
The inelastic interaction results in a small, 1-10 GHz, frequency shift of the scattered
photon compared to that of the incident light. This frequency shift, which is often called

Brillouin shift, follows Ay, = + 2 %Sm(g), where nis the material’s index of refraction,
V;is the speed of sound in the material, A is the wavelength of the incident light, and @is
the angle between the incident and scattered light (the collection angle).

The measured Brillouin shift can be used to assess material’s mechanical properties, such as
speed of sound and, correspondingly, the high-frequency longitudinal elastic modulus. The
speed of sound for collection angle 8= m can be calculated from the measured Brillouin

frequency shift: , — AUQB 0. The speed of sound is related to the real part of the longitudinal

modulus, M, asy/,— ‘/%, where p is the material’s mass density. The high-frequency
longitudinal elastic modulus can, therefore, be calculated directly from the Brillouin shift for

backscattered signal collection as M’:% p (B0 )2. Brillouin elastography (also known as
Brillouin spectroscopy), an emerging spectroscopic technique, [11,12] is capable of
assessing the elasticity for biomedical applications on the level of tissue [13-15] and

individual cells. [16,17]

The obesity-related changes in the AT mechanical properties are related to the composition
and organization of ECM; [7] however the accumulation of the collagen is not the only
contribution to the increase in stiffness. [18] Evaluating the changes in the composition of
AT would prove a useful tool to understand the changes in the elasticity. There are many
different approaches to chemical assessment of the AT, such as fluorescence imaging,
second-harmonic generation microscopy, [7] and Raman spectroscopy. [19,20] Raman
spectroscopy can be combined with Brillouin elastography for simultaneous measurements.
[17,21-23] Raman spectroscopy is based on inelastic scattering that occurs due to specific
molecular vibrations in the molecule of interest. The scattered photon exhibits a frequency
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shift compared to the frequency of the incident photon. The full Raman spectrum will, thus,
represent the ensemble of vibrations of the molecule under study and can be used to
chemically characterize the sample. The Brillouin and Raman spectral measurements can be
recorded simultaneously from the same position on the sample to provide complimentary
assessment of the sample’s mechanical properties and chemical composition. [17,23]

The AT is characterized into two distinct forms: white adipose tissue (WAT) and brown
adipose tissue (BAT). The two types of AT possess different structural characteristics,
biological functions, and localization. [24] The mechanical properties and structure of the
AT are generally determined by the mechanical load acted upon it, and vary by the
anatomical location. [10] White and brown adipose are associated differently with obesity,
and may exhibit varying degree of changes. The current study obtains measurements of
elasticity and composition from both white and brown adipose in lean and obese rodents.

Mechanical properties of AT are crucial for its proper function, and they can be affected by
obesity and overweight on both microscopic and macroscopic levels. However, there are few
studies that focused on evaluating the obesity-induced changes in AT’s elastic properties,
most of which used destructive techniques that assessed the properties in either tissue or cell
culture, but are not suitable for both. Additionally, these studies either did not obtain
chemical information, or obtained chemical information separately from the mechanical
measurements. In the present study, we have utilized non-destructive Brillouin and Raman
spectroscopy to obtain simultaneous mechanical and chemical information, allowing for a
more thorough characterization of the sampled location. We have successfully assessed the
changes in mechanical properties and chemical composition of BAT and WAT in lean
(control group) and diet-induced obese (high-fat diet, HFD, group) rats. The results support
our hypothesis that the stiffness and lipid content of adipose tissues increases in obesity,
with an additional indication that the BAT is affected greater than the WAT.

2. Materials and Methods

2.1. Animals

The tissue samples for the current study were obtained from adult male Sprague-Dawley rats
of the same age, 7-months old. All animal procedures were reviewed and approved by our
Institutional Animal Care and Use Committee and were in accordance with federal and local
regulations. The rats were divided into two groups, 3 per group, and given unlimited access
to food and water. The diet-induced obese group received high-fat diet (HFD) with 60%
energy from fat (#58Y1, TestDiet, St. Louis, MO, USA), while the control group received
matched regular diet with 10% energy from fat (#58Y 2, TestDiet, St. Louis, MO, USA). The
animals were sacrificed after 16 weeks. On the experimental day, all rats were anesthetized
with a solution containing a combination of Fentanyl/Droperidol (0.3 mL/kg IM) and
Diazepam (2.5 mg/kg IM). Prior to sample collection, the rat was shaved in the areas of
interest to prevent hair getting on the samples. Subsequently, the chest was opened (which is
a terminal procedure) and the samples of white and brown adipose tissues were collected
immediately post mortem through surgical extraction.
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2.2. Sample preparation and analysis

WAT was collected from inguinal adipose deposit. The euthanized rat was placed on its
back, the skin on lower abdomen was lifted using tweezers, and incised, revealing a large
white fat deposit located between the abdomen and the hind limb. The sample of the WAT
was dissected and placed in a sealed container on ice.

Next, BAT was obtained from the interscapular brown adipose tissue (IBAT) deposit. The
animal was placed on the abdomen, and the skin approximately one inch below the shoulder
blades was grasped with tweezers, lifted, and incised. The skin was widely cut laterally and
forward to open the shoulder region. The revealed lightly-colored fat pad contained IBAT
covered with a thin layer of white adipose. The WAT was carefully lifted and excised,
revealing a butterfly-shaped darker-colored BAT. The brown fat pad was carefully dissected
to ensure no white adipose or muscle remained attached to the sample, and placed in a
sealed container on ice.

Both the Raman and Brillouin spectral data were simultaneously collected from the same
location on the same day of tissue extraction. The AT samples were brought to room
temperature prior to data acquisition.

2.3. Experimental setup

The schematic for the Raman/Brillouin spectrometer is shown in Figure 1(a). The detailed
description of the spectrometer is discussed in Reference [25] Raman and Brillouin spectra
were collected simultaneously using a 532 nm single-frequency laser as the source of
incident radiation (Lasermate Group Inc.; model: GMSL-532-100FHA; nominal linewidth
~640 kHz, power output ~120 mW), delivering ~30 mW of power onto the sample. A half-
wave-plate was placed before a polarizing beamsplitter to adjust the power of light incident
onto the sample. The polarizing beamsplitter redirected the incident light towards the
infinity-corrected 20x microscope objective lens (Nikon Inc., CFI Plan Fluor 20x, N.A. =
0.5), providing a beam spot diameter of ~1.3 um on the sample.

The microscope objective lens was used to focus the incident light onto the sample and to
collect the backscattered signal. The finite NA objective lenses contribute to a spectral
broadening of the Brillouin peaks, which is more pronounced when using high NA
objectives (NA>0.5). A lower NA objective limits this spectral broadening at a sacrifice of
the spatial resolution. The NA=0.5 objective lens used in the present study causes
insignificant broadening due to the 180° signal collection angle. The backscattering
geometry results in a less pronounced spectral broadening, compared to a 90° collection
angle. [26] Additionally, due to backscattered collection geometry, measurements of
Brillouin scattering contain mainly contribution from longitudinal wave, and not the shear
(transverse) waves. [27]

A quarter-wave-plate was placed before the objective to rotate the polarization of the
backscattered beam by 90° in order to direct it towards the Brillouin and Raman
spectrometers. The backscattered beam was split by a long-pass filter; the longer
wavelengths were passed through towards the home-built Raman spectrometer (fiber-
coupled Shamrock 303i spectrometer with the attached iDUS 401 CCD, Andor, Inc.;
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spectral resolution of approximately 3.5 cm™2, or 0.1 nm), while the rest of the collected
light was redirected towards the Brillouin spectrometer (Figure 1(b)).

The Brillouin spectrometer (Figure 1(b)) utilized a temperature-tunable iodine absorption
cell (Opthos Instruments, Inc.) set to 112°C as an ultra-narrow notch filter that absorbed the
undesired elastic scattered light. The shape of Brillouin spectra is often affected by the
absorption of the iodine cell; [28] however, the absorption spectrum of molecular iodine is
well characterized (see, for example, Reference [29]), and the spectral amendments can be
taken into account for a very precise (+1 MHz, or ~3.3E-5 cm™2) Brillouin spectral shift
identification. [30] A 532-nm line filter was placed after the cell to block the undesired
fluorescence from the iodine. The filter was followed by the virtual image phase array
(VIPA; model: OP-5642, Light Machinery Inc.) spectrometer design as described by
Scarcelli and Yun. [31]

2.4. Data processing and analysis

3. Results

Spectral data were analyzed using OriginPro 2016, Sr1 (OriginLab, Northampton, MA); the
results were expressed as mean + SEM (average n=15 in each subgroup).

To process the Raman measurements 5 replicate spectra (1 second acquisition time) from
each spatial location were averaged after dark background subtraction. The spectra were
smoothed using a moving average method (5 points window), baseline corrected, and vector
normalized to facilitate comparison.

To process the Brillouin spectra, 5 replicate spectra (1 second acquisition time) from each
spatial location were averaged, and the Lorentzian function fit was used to determine the
central frequency of Brillouin peaks and residual elastic peaks. The spectral position on the
CCD was converted to GHz using third order polynomial interpolation and the fact that the
spacing between the elastic peaks is equal to the free spectral range (FSR) of the VIPA,
33.334 GHz. The value of the Brillouin shift was determined as difference between
frequencies of the elastic and Anti-Stokes Brillouin peaks.

The measurements from control and HFD groups were compared using one-way analysis of
variance (ANOVA) to determine if there are statistically significant differences between the
groups. The data that showed great distribution, the control BAT and WAT, were also
grouped into clusters based on their similarity using K-means clustering analysis (KCA).
The KCA is a simple unsupervised learning algorithm that groups a dataset into a user-
predefined number of clusters based on their spectral similarity. The KCA was repeated
several times for an increasing number of user-specified clusters, until the spectra of two or
more clusters could not be easily distinguished from each other.

and Discussion

The averaged Raman spectra brown and white adipose tissues in each group are shown in
Figure 2(a); the plots are offset for clarity. The Raman spectra of AT of both groups are
dominated by high-intensity bands in the 2500-3000 cm™1 region, associated with CH, CH5,
and CH3 symmetric and asymmetric stretching in lipids and proteins. [32] Lipids are the

J Biophotonics. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Troyanova-Wood et al. Page 7

main contributor to the lower energy level peak, while the higher energy peak represents the
vibrations present in adipose’s protein. [20]

While there are some minor changes in the spectra between control and HFD groups, the
most pronounced of them occur in the abovementioned region. The two peaks in the region,
located at 2895 and 2830 cm™! (highlighted in gray), were used to estimate the protein-to-
lipid ratio in the sampled area by calculating the ratio of the peaks’ intensities. The results
are displayed in Figure 2(b) as mean + SEM.

The BAT of the control group displayed, on average, a greater relative amount of protein
than any other subgroup. The high protein content of BAT in the control group is expected
due to its composition and function. [24] Overall, the Raman spectra of control BAT and
WAT have displayed greater diversity of composition than the AT of the HFD group. Using
KCA, the measurements of control BAT can be broadly divided into 3 groups (Figure 3(a))
based on their Raman spectra: 1) lipid-rich and 2) protein-rich areas, and 3) blood vessel
(high water content, region highlighted in gray). The WAT of the control group can be
divided into only 2 groups (Figure 3(b)): 1) lipid-rich, and 2) protein-rich with high water
content (blood vessel).

The results indicate that the consumption of a high-fat diet has a greater effect on the BAT
than on the WAT. The changes in the protein-to-lipid ratio of both the BAT and WAT are
statistically significant (p<0.01) between the control and HFD groups.

Figure 4(a) displays Lorentzian function-fitted averaged Anti-Stokes Brillouin peaks of BAT
and WAT in control and HFD groups. For clarity, the spectra are vertically offset and the
individual data points are not displayed. The central frequencies of the Brillouin peaks were
determined from the fit, and are summarized in Figure 4(b); the data are shown as mean *
SEM.

A greater Brillouin shift value corresponds to stiffer tissue. Overall, the control BAT is the
softest tissue out of the measured samples, while the WAT of the HFD group has the greatest
Brillouin shift. The stiffness of AT increases between the control group and the HFD group;
Brillouin shifts of control group’s BAT and WAT are statistically significantly different
(p=0.01) from those of the HFD group.

As discussed in the Introduction section, longitudinal high-frequency elastic modulus M~

can be calculated from the value of the Brillouin shift as M'=1p(2rs )2 (for
backscattered collection geometry). Additionally, the speed of sound in the material can be

determined as Vsz%' In both abovementioned equations, Avg s the Brillouin shift, 7is
the material’s index of refraction, Ais the wavelength of the incident light, and p is the
material’s mass density. While a literature search failed to yield values of density and
refractive index of WAT and BAT specifically, we were able to estimate the elastic modulus
and speed of sound using general values of adipose refractive index, 7= 1.455, [33] and
density, p = 0.916. [34] The values of Brillouin shift, longitudinal high-frequency elastic
modulus, and speed of sound are summarized in Table 1. Traditionally, the Brillouin shift is
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expressed in GHz, but converted values in cm™1 units are added to the table for comparison
purposes.

The control group’s BAT and WAT have a greater variation of stiffness than the adipose of
the HFD group. The simultaneously obtained Raman spectra also showed greater
distribution in these two groups; however, separating the Brillouin shifts into the clusters
based on their Raman spectra did not yield smaller distribution of Brillouin shifts. Instead,
KCA of the control group’s Brillouin measurements resulted in three clusters that matched
the animal the tissue was harvested from. Additionally, for each animal, the WAT displayed
a greater Brillouin shift than the BAT (p<0.05), indicating the white adipose is generally
stiffer.

Studies show that obesity is accompanied with AT fibrosis, characterized by collagen fiber
accumulation, which is correlated with increased AT stiffness in obese individuals (see, for
example, Reference [18]). If the amount of collagen increased at the same rate as the
accumulation of lipids due to adipocyte hypertrophy or hyperplasia, the Raman spectra
would show little change in the protein-lipid ratio.

However, in our measurements we see a significant drop in the protein content relative to the
amount of lipids, suggesting that the accumulation of lipids outpaces the increase in
collagen. The observed increase in the stiffness of both BAT and WAT between control and
HFD groups is then most likely the result of adipocyte enlargement and greater crosslinking
of collagen fibers, both of which are present in obesity and correlated to an increase in
stiffness. [6,8]

4. Conclusion

In the present study we, for the first time, have evaluated the effect of high-fat diet (HFD) on
elasticity and chemical composition of brown (BAT) and white (WAT) adipose tissues using
concurrent spectroscopic techniques. The novel simultaneous chemical and mechanical
assessment of the adipose tissue (AT) was achieved using Raman and Brillouin
spectroscopies. Overall, the stiffness of both BAT and WAT is significantly greater in HFD
group compared to the control, as indicated by an increase in their Brillouin shift, and,
therefore, their elastic moduli. Additionally, while the stiffness of AT of the control group
varied slightly from animal to animal, the BAT generally possessed a lower Brillouin shift
than the WAT. Elasticity measurements in studies of obesity’s effect on adipose [10,18] and
lipid accumulation’s effect on adipocytes [6] indirectly support our findings. The Raman
spectra were used to estimate the protein to lipid ratio in the sampled location, and the
results indicate that the amount of lipids increases greatly in the HFD group, as the ratio
decreases. The Raman spectra also indicate that control BAT possesses a greater structural
and chemical diversity, while both AT of the HFD group are more homogeneous. The HFD-
induced changes are more profound in the brown adipose.

We have shown, using Brillouin elastography, that elasticity of interscapular BAT and
inguinal WAT is affected by a HFD, with the stiffness of the tissues increasing. However,
expanding the study to include other fat depots would provide a better understanding on the
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obesity’s effect on different AT locations. Several studies have shown that different AT
depots possess different elastic modulus, [7,10] and ECM composition and structure. [35,36]
The degree of obesity-associated inflammation, [37] and the macrophage accumulation [38]
are also location-dependent. Additionally, progression of obesity differs between male and
female rodents, [39] so the HFD-induced elasticity changes are likely different between the
two groups. We believe that our experimental approach validated in this study opens wide
possibilities to obtain wide spectrum of this necessary scientific knowledge.

We note that while, at present, it takes about 1 second to collect the data from a single point,
coherent optical spectroscopies based on coherent anti-Stokes Raman scattering and
stimulated Raman scattering, [40,41] and coherent and impulsive Brillouin scattering

[42,43] have a capability of tremendously speeding up the current data acquisition process,
while providing microscopic spatial resolution in a depth of a tissue. [44] By maintaining the
peak power of laser beams below the safety limits, [45,46] such as in the present study, /n
vivo measurements become feasible, providing an opportunity to implement our
experimental approach in future clinical studies.
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Figure 1.
(a) Schematic diagram of instrumental setup for simultaneous Raman and Brillouin

spectroscopy, (b) detailed diagram of the Brillouin spectrometer.
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Figure 2.

(a) Mean Raman spectra and (b) protein-to-lipid ratio (ratio of peaks’ intensities at 2895 and
2830 cm™1) of control and high-fat-diet (HFD) groups’ brown (BAT) and white (WAT)
adipose tissues.
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Mean Raman spectra calculated for different clusters obtained after KCA (K-means
clustering analysis) on the control (a) brown (BAT) and (b) white (WAT) adipose tissue.
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Figure 4.
(a) Mean fitted Brillouin peaks and (b) Brillouin shifts of control and high-fat-diet (HFD)

groups’ brown (BAT) and white (WAT) adipose tissue.
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Table 1

Measured values of Brillouin shift, and calculated elastic moduli and speed of sound of brown (BAT) and
white (WAT) adipose tissue in control and diet-induced obese (HFD: high-fat diet) groups. All values are

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

presented as mean + SEM.

Tissue Brillouin shift [GHz]  Brillouin shift [cm™]  Elastic modulus [GPa]  Speed of sound [m/s]
Control BAT 8.249 + 0.067 0.275 £ 0.002 2.083 £ 1.39E-4 1508 + 12
Control WAT 8.463 + 0.096 0.282 +0.003 2.193 + 2.84E-04 1547 + 18

HFD BAT 8.514 + 0.047 0.284 + 0.001 2.219 + 6.91E-05 1556 £ 9
HFD WAT 8.822 + 0.027 0.294 + 0.001 2.383 + 2.16E-05 1613+5
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