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The liver plays a central role in lipid metabolism, and abnormal lipid accumulation in the liver is a key feature of
Non-Alcoholic Fatty Liver Disease. In experimental studies, quantification of liver steatosis is commonly based

Lipids on lipids staining or biochemical analysis. Here, we present a spectroscopic approach for quantitative analysis of

Vibrational spectroscopy
Oil red O staining

the lipid content in the freeze-dried liver. The method is based on vibrational spectroscopy (Raman and infrared)
measurements applied for Partial Least Squares (PLS) regression modeling. The obtained PLS models show a

good correlation of the spectroscopic data with the reference histological evaluation of steatosis based on Oil Red
O (ORO)-stained images of liver cross sections. Vibrational spectroscopy with PLS-based modeling described
here represents a useful approach for the fast assessment of the liver steatosis in a small sample of freeze-dried
liver tissue. In conclusion, our work demonstrates the easy-to-use method that can be applied in laboratory
routine as a beneficial alternative to the established ORO staining.

1. Introduction

Non-Alcoholic Fatty Liver Disease (NAFLD), is the most common
chronic liver disease, with increasing prevalence worldwide [1-3]. It
starts from an excess of hepatic lipid accumulation (isolated steatosis)
that may progress to advanced stages of non-alcoholic steatohepatitis
and fibrosis increasing the risk of cirrhosis and hepatocellular carci-
noma [4-10]. Furthermore, NAFLD is supposed to be involved in the
pathogenesis of cardiovascular disease [11].

Despite the central role of NAFLD in various diseases, there is still
no easy-to-use gold-standard method for precise total lipid content
quantification in the liver [12]. In experimental studies, one of the most
reliable techniques for this purpose that is routinely used to quantify
liver steatosis is a staining based on lysochrome, Oil Red O (ORO)
[13,14]. A hydrophobic dye used in this technique, with the absorption
maximum at 518 nm, labels the neutral lipids (tri- and diacylglycerols)
and cholesteryl esters in cells and tissues [15]. After staining, the
amount of lipids is estimated with a simple calculation of stained area
on the visible images, or as a ratio of stained to whole tissue section
area [13]. ORO staining is still a gold-standard method, however, it has
some limitations [12]. First of all, ORO staining is a time-consuming
technique because it requires a complex sample preparation. Moreover,
there is a restraint for samples for which it can be applied, e.g., alcohol-
fixed or paraffin-embedded tissues cannot be used due to extraction of

most lipids in these procedures. Finally, ORO staining does not give any
analytical information about different lipid species in the tissue and it
can be used solely for the quantification of neutral lipids because it does
not label polar lipids [16]. These limitations of ORO staining prompted
us to look for an alternative method.

Numerous studies show the capability of vibrational spectroscopy
for biomedical applications because it can provide rapid and precise
information on biochemical content of samples. Non-destructiveness
and label-free measurements are the additional advantages of vibra-
tional spectroscopy techniques. Raman as well as IR spectroscopy have
been successfully applied for various studies on liver tissue and cells,
including cancer detection [17,18], evaluation of liver fibrosis [19,20]
and liver steatosis [21-23].

Lipids, due to their characteristic spectroscopic features, can be
easily detected with the use of Raman and IR, and both techniques have
repeatedly proved to be perfectly suited for the analysis of lipid tissue
contents [24,25]. Spectral signals of lipids originate mostly from the
hydrocarbon chain vibrations. Characteristic bands of lipids can be
assigned to CH,/CHj; scissoring and twisting vibrations (deformations)
in the range of 1500-1300 cm™?, and C—C stretching vibrations ob-
served in the range of 1200-1050 cm ™. In addition, C—H stretching
modes give rise to a very characteristic and intense group of bands in
the higher wavenumber range (~3100-2800 cm ™ 1) [26]. The detailed
investigation of the nature of lipid compounds of the sample is also
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possible because information on, e.g., the presence of unsaturated
bonds or cholesterol and its esters is easy to gain from both Raman and
IR spectra. However, the quantitative analysis of tissue with the use of
Raman or IR spectroscopies usually requires a reference method to be
applied, e.g., chromatography [27,28] or tissue staining [29].

Previously, few reports addressed the quantification of liver stea-
tosis using Raman probes [30,31], IR imaging [29], Coherent Anti-
Stokes Raman Scattering [32] and Stimulated Raman Scattering [33]
microscopies. The latter seem to fit perfectly to this application because
of their speed, high chemical specificity and label-free manner, how-
ever, they are not very cost-effective [34]. Here, we decided to evaluate
the use of basic FT-Raman and compact benchtop ATR-FT-IR spectro-
meters for rapid quantification of lipid accumulation in liver tissue. For
this purpose, spectroscopic data were compared with results from the
ORO staining by applying Partial Least Squares (PLS) regression, a
method commonly used to model the relationship between two data
matrices [27,35,36]. A previous similar study showed that FT-IR ima-
ging of liver tissue cross sections provides comparable information as
the ORO-based method with no need for labeling [29]. Here, however,
we aimed to simplify the protocol further, utilizing the single-point
measurement from the freeze-dried and homogenized samples, instead
of imaging tissue cross sections. This approach does not require the
precise cutting of the tissue followed by time-consuming imaging and
analysis. Our results showed that through application of two conven-
tional techniques, the gold-standard ORO staining and Raman or IR
spectroscopy, it is possible to build a reliable mathematical model based
on PLS regression that can be further used for the quantification of liver
steatosis based on a single spectrum measurement.

2. Material and methods
2.1. Animals and experimental design

Six-week-old, male C57BL/6J mice were fed on the control (AIN-
93G) or high-fat diet (HFD; 60kcal% of fat with 1% cholesterol)
(Research Diets, USA) for 0, 4 and 8 weeks. After feeding time, 10 mice
at each time point were anesthetized with an intraperitoneal injection
of ketamine (100 mg/kg of body weight) and xylazine (10 mg/kg of
body weight) and the liver was excised. Then, three liver lobes (left,
medial, and right) were isolated and prepared for histological staining
and spectroscopic measurements.

2.2. Oil Red O staining

Liver samples were fixed in 4% buffered formalin (Chempur,
Piekary Slaskie, Poland). Samples were embedded in Optimal Cutting
Temperature (OCT) medium (Bio Optica, Milano, Italy) and stored at
—80°C. OCT embedded, 7 um sections were stained with ORO (Sigma-
Aldrich, St. Louis, MO, USA) for fat content examination. Randomly
chosen areas of tissue sections were photographed using an Olympus
BX51 light microscope (Tokyo, Japan) equipped with Olympus UPlan
Apo 20 x objective. The ORO-stained sections were analyzed for lipid
content by the Columbus Image Data Storage and Analysis System
(PerkinElmer, USA) adapted for ORO-stained sections algorithm and
expressed as % of liver tissue area stained positively for lipids. Because
of the heterogeneity of the liver tissue, this procedure was performed
for three different lobes: left, right, and medial, collecting at least 10
images per lobe, in order to acquire representative information for each
lobe.

2.3. Spectroscopic measurements and spectra preprocessing

For spectroscopic measurements, approximately 100 mg of a sample
taken from three chosen lobes was collected. All samples were weighed
and then freeze-dried for 24 h using FreeZone® freeze-dryer (LABCO-
NCO). Then samples were stored at 4 °C. Before measurements, all

BBA - Molecular Basis of Disease 1865 (2019) 165526

samples were ground in a mortar to obtain a homogeneous powder.

Raman measurements were performed using the MultiRam FT-
Raman spectrometer (Bruker, Ettlingen, Germany) equipped with
1064 nm Nd:YAG laser and a germanium detector cooled with liquid
nitrogen. The power of the laser was adjusted to 200 mW. 256 scans
were accumulated per spectrum and the spectral resolution was set to
8cm ™. For every sample, five spectra were measured. Spectra pre-
processing was executed in the OPUS (Bruker, MA, USA) software. All
spectra were smoothed with the use of the Savitzky-Golay algorithm
(nine smoothing points). In the next step, the baseline was corrected
with the use of concave rubber band correction (15 repeats). After re-
moving outlier spectra (with low signal to noise ratio), the average
spectrum from every sample was calculated.

Alpha Bruker spectrometer was used to collect the ATR-FT-IR
spectra. Sixteen scans were accumulated per spectrum for samples and
32 scans for background measurements. For every sample, five spectra
were measured. The spectral resolution was set to 4 cm ™ *. Prior to data
analysis, the data preprocessing using OPUS software was applied, in-
cluding extended ATR correction (diamond, 1 reflection) and normal-
ization (vector normalization in range of 1800-1000 cm™Y). The
spectra were derivatised (second derivative) with the use of the
Savitzky-Golay algorithm (17 smoothing points). This was done to re-
solve nearby lying bands in the original spectrum and precisely identify
them. All applied algorithms are implemented in the Opus software.

2.4. Partial Least Squares regression

The PLS regression was used here to determine the property Y of a
system from an experimentally observable X, whereby X and Y are
correlated by a calibration function: Y = X-b . The vector Y consists of
the component values as determined by the reference measurements
(here the ORO staining). The row vectors of the matrix X are formed
from the calibration spectra (here the Raman/infrared spectra of the
liver sample). The aim is to determine the vector b. When the b is
known, the prediction of unknown values for Y can be performed. In
general, the PLS analysis shows the correlation between the component
values and the spectral intensities. A description of the mathematical
algorithm that is involved in the PLS regression analysis of the data is
provided with more details in the literature [37,38].

A well-constructed PLS model can be used to predict the values of
the parameters describing the level of steatosis. In our case, the re-
ference data from ORO staining provided the information on the per-
centage of the tissue's area containing lipids. The first step was to cal-
culate the correlation between the averaged spectra collected for each
animal and three liver lobes (right, left, medial) with the ORO data.
Moreover, models based on FT-Raman and ATR-FT-IR spectroscopies
were compared to verify their efficiency in predicting the level of he-
patic steatosis. PLS models were constructed for samples taken from the
three liver lobes (left, medial and right) and calculated separately for
each lobe, as well as for the sum of them. For that purpose, the spec-
troscopic and ORO data were divided into a “training” data set for
which the PLS model was built, and a “test” data set that was used for
estimation of the liver steatosis.

For that purpose, the spectra preprocessed as described in Section
2.3 were used for the PLS model construction. The dataset (n = 30) was
defined as the averaged spectra representing each animal and corre-
sponding to the level of steatosis (the percentage of tissue stained with
ORO). The data were divided into a training set (n = 20) and test set
(n = 10), each containing samples with varying degrees of steatosis.
The PLS analysis was performed within the ranges of 2840-3040 cm ™!
(Raman spectroscopy, RS) and 1590-1780 cm~! (IR spectroscopy, IR)
for an optimal correlation with the level of steatosis. In the case of IR
measurements, the second derivatives of the spectra were used for
analysis. For calculations and presentation of the results, the OPUS and
the Origin 2018 software (OriginLab Corporation, MA, USA) were used.
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Fig. 1. Oil red O-stained section of liver taken from the left liver lobe of mice fed for 0, 4 and 8 weeks standard AIN-93G diet and HFD diet (A). Semi-automatic
quantitative analysis of ORO-stained liver fat content in NAFLD mice using the Columbus software for three different liver lobes (left, right, medial) presented for

NAFLD samples.

3. Results and discussion
3.1. Assessment of liver steatosis by ORO staining

As shown in Fig. 1, the HFD induced micro and macrovesicular
steatosis in the mice. An automatic quantitative analysis of liver fat
content using the Columbus software was applied to image the sections
of stained tissues. It revealed a significant increase in the liver steatosis
compared with the control because the lipids occupied 20-30% of the
tissue area after 4 weeks of HFD feeding and up to 40% after 8 weeks of
HFD feeding. Furthermore, for each experimental time point (0, 4 and
8 weeks) the trend of the highest fat content in the right lobe was ob-
served as compared with other lobes.

3.2. Assessment of liver steatosis by spectroscopic analysis

The spectroscopic characterization of the lipid content was per-
formed on freeze-dried samples of exactly the same livers used for ORO
staining. Because liver steatosis is heterogeneous between the lobes as
well as inside the lobes [39], to get average information on the level of
steatosis, freeze-drying and mechanical homogenization of the liver
were performed. Complementary FT-Raman (with 1064 nm laser) and
ATR-IR techniques were implemented.

Liver samples have been widely explored using RS [24,31-32] and
IR [33-35] and its spectral characteristics are well described. In brief,
the RS spectrum of liver tissue is composed of bands characteristic for
proteins at 1658 (amide I) and 1005 cm ! (phenylalanine), and lipids
at 2854 (C—H stretch), 1658 (C=C stretching), 1444 (CH,, CHs de-
formation), 1305 (-CH, deformation) or 1266 cm ™' (=CH, deforma-
tion) and lipid esters at 1754 cm ™! (Fig. 2). In the IR spectrum of liver
tissue, these bands were present at similar positions, however, band at
1545 cm ™! (amide II, proteins) is hardly seen in the RS spectrum, as
well as the characteristic set of bands attributed to glycogen at 1152,
1080, 1030 em ™! (Fig. 2). On the other hand, vitamin A signals were
observed in the RS spectrum at 1590, 1205 and 1158 cm ™ * (although
much weaker, due to lack of resonance, which can be observed, e.g.,

when 532 nm laser is used), while they are not present in the IR spec-
trum. A detailed list of Raman and IR bands detected at liver samples
can be found in Table 1 together with their assignment.

The RS and IR spectra of three different liver lobes (right, left and
medial) are presented together (Fig. 2). The right lobe is characterized
by a slightly higher intensity of lipid-specific bands, indicating higher
content of lipids in this lobe in comparison to the left and medial ones,
which is in agreement with results obtained from ORO staining (see
Fig. 1).

3.3. Analysis of NAFLD progression based on vibrational spectra compared
with ORO staining

Vibrational spectra of the right liver lobe collected for each ex-
perimental time point from NAFLD and the control group are shown in
Fig. 3. In the case of Raman spectra, the increase of the overall lipid
content, as a result of HFD was manifested by an increase of the in-
tensity of lipid bands in the high wavenumber region at 2895 and
2854 cm ™1, as well as in the low wavenumber spectral range at 1754
and 1305 cm ™. This increased intensity of lipid Raman bands is ob-
served in comparison to control spectra, however, also when spectra
from NAFLD animals after 0, 4 and 8 weeks of HFD feeding were
compared (Fig. 3). On the other hand, bands at 3015, 1658 and
1266 cm ! did not exhibit a change in the intensity, which suggests
that the increase of lipid content mainly concerns saturated lipids. In
addition, the decrease of vitamin A marker band at 1590 cm ™! was
observed for NAFLD samples in comparison to control, which is in
agreement with previous research [21,31]. Infrared spectra exhibited a
similar increase of intensity of lipid-originated bands observed at 2930,
2854, 1745 and 1464 cm ™! in comparison to control samples. Notably,
the band that strongly increased together with the duration of HFD
feeding is the band at 1745 cm ™! attributed to lipid esters (C=0 bond
stretching), which indicates an increase of triacylglycerols (TAGs)
content in the liver tissue during the progression of NAFLD.



E. Szafraniec, et al.

BBA - Molecular Basis of Disease 1865 (2019) 165526

n wn 0 O < SO N0 un n < N 0 O
3 RR% 282 TSRS 388 T EE HE8

e

=)

5 =

s 5

>

£ §

(%] ~

c ©

[}

g =

= Rel

c &

© ©

T

o

: T
3000

Wavenumber (cm™?)

———t——— 7
1800 1600 1400 1200 1000 800

T T T T T
3000 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Fig. 2. Raman spectra (A) and second derivatives of infrared (B) spectra of the liver tissue samples (freeze-dried) taken from different liver lobes: (a) left, (b) right,
and (c) medial. Spectra are presented with a standard error (shaded area) and offset for clarity.

Table 1
Assignment of the bands identified by the FT-Raman (RS) and FT-IR (IR)
spectra.

Band position [cm™ 1 Assignment

3015 (RS, IR) v(=C-H), lipids

2960 (IR) vas(C—H) —CH3, lipids, proteins
2930 (RS, IR) v5(C—H) —CHa, lipids, proteins
2895 (RS) vs(C—H) —CH,, lipids, proteins

2854 (RS, IR)
1754 (RS, IR)

vs(C—H) -CHo,, lipids, proteins
v(C=0), lipid esters

1658 (RS) v(C=C)/Amide I, lipids, proteins

1654 (IR) Amide I, proteins

1590 (RS) y(C=C), vitamin A

1545 (IR) 8(N—H) + v(C—N) (amide II), proteins
1515 (IR) ring v(C—C) of Tyr residues, tyrosine proteins
1464 (IR) 8(CHy), lipids, proteins

1444 (RS) 8(CHa, CHa), lipids, proteins

1344 (RS) 8(CH,), proteins

1305 (RS) 8(CHy), lipids

1266 (RS) 8(=CH)/Amide 111, lipids, proteins

1205 (RS) (C—C), vitamin A

1158 (RS) v(C—C), vitamin A

1152 (IR) v(C—0), glycogen

1129 (RS) ¥(Ce-N), heme

1080 (RS) v¥(C—C) trans (acyl backbone), lipids
1078 (IR) v(C—C), glycogen

1030 (IR) 8(C-0-H), glycogen

1005 (RS) Symmetric ring breathing, phenylalanine

ve-symmetric stretching, v,s-asymmetric stretching, §-deformation.
3.4. Correlation between spectroscopic and ORO-staining data

The results provided by FT-Raman spectroscopy showed a very good
correlation with the ORO staining, especially within the spectral range
between 2840 cm ™! and 3040 cm ™!, where several bands character-
istic for lipid molecules are observed, i.e., CH, symmetric stretching at
2854cm ™', CH, asymmetric stretching at 2930cm~! and =CH
stretching at 3015 cm ™~ 1 (see Table 1). In the case of IR spectra, the best
correlation with ORO staining was found for the spectral range between
1590 cm ™! and 1780 cm ™!, where the band at 1745 cm ™}, attributed
to TAGs (ester C=0 stretching), is observed. When the PLS model was
built using data originating from the same lobe, the best correlation was

obtained for the left lobe, both for the Raman spectroscopy
(R* = 0.972) and IR spectroscopy (R = 0.935, see Table 2). As men-
tioned earlier, the level of liver steatosis is known to vary between the
lobes, and it was previously reported that the left lobe provides the best
correlation between Raman data and histological evaluation [30]. The
exemplary validation results for the left lobe are presented in Fig. 4. The
comparison of the two vibrational techniques showed that both Raman
and IR can be applied for the evaluation of liver steatosis.

Because we aimed to develop an easy-to-use method for quantifi-
cation of liver steatosis, we decided to check if the model built for one
lobe can be successfully applied when the spectra are obtained for a
random part of the liver. Therefore, we used models to build for each
lobe separately (left, medial, right) and tested for Raman spectra
measured for different lobes, e.g., left-medial, left-right, right-medial.
The result of this test is presented in Table 3. The calculations showed
that PLS models provide very good prediction regardless of which liver
lobe of the sample was taken. The lowest value of R® was obtained, as
expected, for the right lobe. However, our results indicate that differ-
ences in correlation for different liver lobes are very small, therefore we
postulate that any liver lobe can be used for such a PLS model.

4. Conclusions

The gold-standard method in liver steatosis studies, the ORO
staining, is usually applied for a quantitative determination of the lipid
content in histological samples. Here, we present an alternative ap-
proach enabling rapid and accurate determination of lipids in the liver
using vibrational spectroscopy methods and freeze-dried, homogenized
liver samples.

We showed that the PLS method correlating spectroscopic and ORO-
staining data allows one to gain information about the level of steatosis
in the liver tissue of NAFLD mice model. Spectroscopic measurements
of homogenized tissue provided information of an average lipids' con-
tent, being relatively independent of the section of the part of the organ
taken for analysis. Therefore, heterogeneity in a lipid's distribution in
the tissue does not significantly affect the results. Utilizing two spec-
troscopic methods, for both FT-Raman and ATR-FT-IR we obtained PLS
models of high quality, up to R*> = 0.972 (FT-Raman) and R* = 0.953
(ATR-FT-IR). Altogether, both spectroscopic techniques can be con-
sidered equally effective in determining the level of steatosis in the liver
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Fig. 3. Raman spectra (left) and second derivatives of infrared (right) spectra of left liver lobe taken from mice fed for 0, 4, and 8 weeks standard AIN-3G diet
(Control) and HFD + 1% cholesterol (NAFLD). Spectra are presented with a standard error (shaded area) and offset for clarity.

Table 2

Values of the coefficient of determination, R?, and the Root Mean Square Error
of Prediction, RMSEP, describing the correlation between FT-Raman or ATR-FT-
IR spectra and ORO-staining results; applied spectral ranges for Raman and IR
spectra were 2840-3040 cm ™! and 1590-1780 cm ~*, respectively.

Lobe FT-Raman spectroscopy ATR-FT-IR spectroscopy
R? RMSEP R? RMSEP
Sum 0.970 2.3 0.935 3.4
Left 0.972 2.1 0.953 2.8
Medial 0.959 2.5 0.922 3.3
Right 0.949 3.2 0.908 4.3

tissue sample, and hence the level of liver steatosis.
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found, in online version.
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Table 3

Correlation between the Oil red O staining results (stained area/tissue area, %)
and Raman spectra for samples taken from different parts of the liver: left lobe
(L), median lobe (M) and right lobe (R). Coefficient of determination, R? (top)
and Root Mean Square Error of Prediction, RMSEP are shown (bottom). PLS
models were based on Raman spectra in the range of 2840-3040cm ™.

Correlation parameters obtained for the same lobe are in bold.

RS ORO
L M R
L 0.972 0.981 0.977
2.1 1.4 2.6
M 0.992 0.959 0.981
1.3 2.5 2.0
R 0.874 0.992 0.949
4.7 0.9 3.2
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