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Abstract: We aimed to identify the browning of white adipocytes using partial least squares regression
(PLSR), infrared spectral biomarkers, and partial least squares discriminant analysis (PLS-DA) with
FTIR spectroscopy instead of molecular biology. PLSR helps distinguish human beige adipocytes
treated with norepinephrine and rosiglitazone. When PLSR was based on the selected regions
of 3997–3656 and 1618–938 cm−1, PLSR achieved an R2 of cross-validation of 88.95, a root mean
square error of cross validation (RMSECV) of 2.13, and a ratio performance deviation (RPD) of 3.01.
Infrared spectral biomarkers [1635 cm−1 (β-sheet amide I), 879–882, 860–3 cm−1 (A-form helix),
and 629–38 cm−1 (OH out-of-plane bending)] were identified in human beige adipocytes based
on spectral differences between human beige adipocytes and human white adipocytes, principal
component analysis-linear discriminant analysis (PCA-LDA) cluster vector, U-test, and Fisher’s score
per wavenumber. PLS-DA yielded a useful classification of adipocytes and expression distribution
of adipogenesis genes in adipocytes. PLSR, infrared spectral biomarkers, and PLS-DA using FTIR
spectroscopy are proposed as effective tools for identifying specific biological activities in a limited
environment through features that do not require labeling and are relatively inexpensive in terms of
time and labor.

Keywords: FTIR; browning; beige adipocytes; obesity; PLSR; infrared spectral biomarker; PLS-
DA; lipidomics

1. Introduction

Obesity is defined as an abnormal accumulation of fat cells in the body. Obesity is
a worldwide concern, and is associated with type 2 diabetes, heart disease, metabolic
syndrome, and cancer [1–6]. Obesity impacts both white and brown adipocytes. White
adipocytes have a unilocular lipid droplet shape, low mitochondrial density, lack the ther-
mogenic marker mitochondrial proton pump uncoupling protein 1 (UCP1), and participate
in energy storage and endocrine regulation [7,8]. Brown adipocytes contain multi-locular
lipid droplets, exhibit high mitochondrial density, and express UCP1. They also participate
in thermogenesis and endocrine regulation [7,8].

Several studies have investigated obesity severity. Among them, research on the
browning of white adipocytes has recently gained popularity. This is because browning in
white adipose tissue has been recognized as a potential therapeutic strategy for obesity-
related treatment. It contributes to an energy balance through browning, which mainly
induces energy-storing white adipocytes into energy-consuming beige/brite adipocytes
such as brown adipocytes [9–11]. Browning is defined as the transformation of white
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adipocytes into beige adipocytes in the presence of cold exposure, β3-adrenergic receptor
agonists (e.g., norepinephrine), PPAR gamma agonists (e.g., rosiglitazone), cancer cachexia,
and tissue injury [12,13]

FTIR spectroscopy uses an infrared source to view chemical pictures of materials [14].
It is employed in various industries, including polymers, forensics, semiconductors, petro-
chemicals, and medicine. Infrared spectra reveal information regarding molecular vi-
brations. In particular, FTIR has been applied to various applications in biomedicine,
including adipocyte biology [15–19]. FTIR helped elucidate that the anti-adipogenic effects
of baicalein are mediated through the bioactive lipid pathway in adipocytes and enabled
the analysis of the composition, structural alterations, and triglyceride-dependent differ-
entiation of adipose tissue [20–23]. FTIR analysis also revealed that genomic loci regulate
the tissue response in high-fat diet-fed mice [24]. Most of the data were used to determine
changes in a given peak, to compare the ratio between peaks, or to use unsupervised
classical learning of machine learning, such as principal component analysis (PCA).

In addition to comparison of ratios of specific peaks, there are methods of comparison
that use the full infrared wavelength containing chemical information. These methods
are regression and classification in supervised classical learning of machine learning [25].
Regression and classification algorithms are two ways used to create a prediction model.
Regression methods predict continuous values such as price, salary, and age, whereas
classification algorithms (also called logistic regression) predict discrete values, such as
gender and true/false findings. Linear statistical regression models establishe a linear
relationship between the independent variables x (x1, x2, . . . , xκ) and the dependent
variable y. In contrast to the linear regression model, logistic regression analysis shows
that the value of the independent variable y is binary (0 or 1), which can easily lead to a
classification problem in which a decision is made as true/false or effective or not [26,27].
However, according to several studies, linear regression is superior in binary classifications
and used to measure the efficacy of medications [28–31]. Linear regression was also
utilized to identify the geographical origin of plants such as red pepper and soybean,
which contain the same genomes and similar compositions [32,33]. In PCA scatter plots,
linear discriminant analysis (LDA) scatter plots, and partial least squares regression (PLSR)
comparative trials, the R2 of PLSR was the best in FTIR-based diagnosis of dengue fever [34].
PCA and LDA are unsupervised classical learning methods and PLSR is a regression of
supervised classical learning. PLSR is a linear regression method based on both the
target and the data matrix concurrently [34]. PLSR is a linear quantitative multivariate
model that extracts latent variables, and forms a linear combination of the original spectral
variables with the highest covariance between the spectral variables and the variable to be
predicted [35,36].

Based on the advantages of linear regression in discrimination analysis, PLSR and
FTIR spectroscopy were utilized in this study to determine the browning of adipocytes. In
addition, infrared spectral biomarkers as biological signals of browning in adipocytes and
PLS-DA for classification of adipocytes and expression distribution of adipogenesis genes
in adipocytes were investigated.

2. Materials and Methods
2.1. Human Adipose-Derived Stem Cell Culture and Differentiation

The human adipose-derived stem cells (hADSCs) were provided by Biosolution Co.,
Ltd. (Seoul, Korea). The hADSCs (human preadipocytes, hPA) were cultured to a max-
imum of five times passages in order to minimize cell abnormalities. Cells were grown
in Dulbecco’s modified Eagle’s medium and Ham’s F-12 (DMEM/F12) containing 1%
penicillin-streptomycin, 10% fetal bovine serum (FBS), and GlutaMAX (Gibco, New York,
USA) at 37 ◦C in a humidified atmosphere with 5% CO2. They were differentiated into
mature adipocytes after modifying the protocol as previously described [37]. For beige
adipogenic differentiation, cells were cultured for 48 h after being fully confluent (day 0).
Next, cells were induced in differentiation induction medium supplemented with 0.5 mM
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isobutylmethylxanthine (IBMX), 100 nM dexamethasone, 1 µM rosiglitazone, 2 nM 3,3′,5-
triiodo-L-thyronine (T3), and 100 nM insulin (Sigma-Aldrich, Massachusetts, USA) for
7 days. They were further cultured for 8 days until adipogenic differentiation was com-
pleted in the maintenance medium supplemented with 1 µM rosiglitazone, 2 nM T3, and
100 nM insulin (hBA + Rosi). White adipogenic differentiation was incubated without
rosiglitazone from days 3 to 15 in the above beige protocol (hWA). Furthermore, 1 µM
norepinephrine (NE) (Sigma-Aldrich, USA) was added for 6 h to induce beige adipocyte
phenotype through adrenergic stimulation (hBA + NE). Adipocytes were harvested imme-
diately after differentiation was completed, and all conditioned media were incubated for
48 h.

2.2. Oil-Red-O Staining

Differentiated adipocytes were incubated in 12-well plates, washed with phosphate-
buffered saline (PBS, Cellgro, New York, USA), and fixed with 4% paraformaldehyde
(Daejung, Seoul, Korea) for 1 h at room temperature. The cells were stained with 0.5%
filtered Oil-red-O (ORO) (Sigma, New York, USA) solution in isopropanol for 1 h at room
temperature and washed with PBS. Lipid droplets stained with ORO dye were observed
through a microscope.

2.3. Quantitative Reverse Transcription PCR (qRT-PCR) Analysis

The total RNA of differentiated adipocytes cultured in 6-well plates was extracted
with TRIzol (Invitrogen, Massachusetts, USA) according to the manufacturer’s instructions,
followed by cDNA synthesis from 1 µg of total RNA and 100 µM of oligo-dT primers,
using a cDNA synthesis kit (CellSafe, Yongin, Korea). For real-time qPCR, the Capital™
qPCR green mix high ROX (Biotechrabbit, Berlin, Germany) was used to detect adipocyte-
specific gene expression using the StepOnePlus Real-Time PCR system (ThermoFisher,
Massachusetts, USA). The primers used in this study were as follows (Table 1):

Table 1. List of primers used for qRT-PCR.

Gene Forward (5′–3′) Reverse (5′–3′) Accession No.

GAPDH GGAAGGTGAAGGTCGGAGTC GAAGGGGTCATTGATGGCAAC NM_001256799
CIDEA TGGGAGACAACACGCATTTCA TCATACATGGTGGCCTTCACG NM_001279
PPARG GACCCAGAAAGCGATTCCTTC TCCATTACGGAGAGATCCACG NM_001330615

ADIPOQ TTGCCTACCACATCACAGTCT TTACGCTCTCCTTCCCCATAC NM_001177800
UCP1 ACTTGGTGTCGGCTCTTATCG CCGTTGGTCCTTCGTTAGTGA NM_021833

CITED1 CCTCACCTGCGAAGGAGGA GGAGAGCCTATTGGAGATCCC NM_001144885
FABP3 ACCAAGCCTACCACAATCATCG CAAGTTTCCCTCCATCCAGTGT NM_001320996
FABP4 GCAGCTTCCTTCTCACCTTGA TCACATCCCCATTCACACTGA NM_001442
PAT2 TATGTCGCCTCCTGAAAGTGC TTCTTCACAGCGAGGGGTAGT NM_181776

SLC25A20 AGACACAGCCACCGAGTTTG TCCCCAAACCAAACCCAAAGA NM_000387
PDK4 TCAGCCTTCCCTTACACCAAT AAACCAGCCAAAGGAGCATTC NM_002612
DIO2 GTCCTCCATCAGGTTTTAGCAA CTCACCCAATTTCACCATCCA NM_000793

Uncoupling protein 1 (UCP1), type II iodothyronine deiodinase (DIO2), and cell death-
inducing DFFA (CIDEA) are thermogenic markers [7–9]. Fatty acid-binding protein 4
(FABP4), adiponectin (ADIPOQ), and peroxisome proliferator-activated receptor gamma
(PPARG) are general adipogenic markers [8,12]. Cbp/p300-interacting transactivator 1
(CITED1), pyruvate dehydrogenase kinase 4 (PDK4), fatty acid-binding protein 3 (FABP3),
phosphate acetyltransferase (PAT2), and mitochondrial carnitine/acylcarnitine carrier
protein (SLC25A20) are beige-specific markers [7,8].

2.4. Preparation and Collection of FTIR Spectra

Human adipocytes were fixed on a CaF2 window (Bruker Optics, Ettlingen, Germany)
by air-drying. Human adipocytes on a gelatin-coated slide glass and human adipocyte-
conditioned medium on a slide glass (Marienfeld, Lauda-Konigshofen, Germany) were
fixed by air-drying. They were stored at −20 ◦C prior to FTIR analyses. FTIR spectra were
collected three times using a LOMUS (Bruker Optics, Ettlingen, Germany) with 2 cm−1

resolution, 5 × 5 µm pixel size, and 16 scans per pixel.
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2.5. Partial Least-Squares Regression (PLSR) and Partial Least-Squares Discriminant Analysis
(PLS-DA) Modeling

PLSR models of adipocytes were prepared using OPUS 8.5 (Bruker Optics, Ettlingen,
Germany). A value of 100 was used for hBA, and a value of 0 was used for other human
adipocytes. In adipocyte-conditioned media, a value of 100 was entered for hBA-CM,
and a value of 0 was entered for other adipocyte-conditioned media (Tables 2 and S1).
The number of spectra, preprocessing conditions, and the used wavenumbers for PLSRs
were searched using the ‘optimize’ function in OPUS (Tables 2 and S1). Cross-validation
was performed with k-fold cross-validation (k = 4) using OPUS. The number of spectra,
preprocessing conditions and used wavenumbers for PLS-DA are described in Table S1.
PCA, PLS, and PCA-LDA scatter plots were run using the IRootLab toolbox, and PLS-DA
was run using the PLS Toolbox (Eigenvector Research, Inc., Washington, USA) in MATLAB
Version 2021a (The Math Works Inc., Massachusetts, USA).
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Figure 1. Characteristics of human adipocytes assessed via ORO, expression of human adi-
pogenic/thermogenic markers, and PLSR using FTIR spectra of human adipocytes. (A) Schematic
images of human adipose-derived stem cell differentiation. (B) Characteristics of mature adipocytes
assessed with ORO. (C) Expression levels of general adipogenic markers in adipocytes determined
via qPCR analysis. (D) Expression levels of thermogenic markers in adipocytes determined via qPCR
analysis. (E) Expression levels of beige-specific markers were assayed by qPCR. (F) PLSR for hBA
and transparent yellow box indicating non-overlapping area. (G) Pre-processed spectra used in PLSR
for hBA. ORO and qPCR results are shown as mean ± SEM (n = 3). * p < 0.05; ** p < 0.01 compared to
each group.
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Table 2. Comparing PLSRs using FTIR spectra of human adipocyte.

PLSR for
Objective

No. of Spectra
from 3 Tests

(n = 3)

Used
Wavenumbers Pre-Treatment Input Value Predicted

Value
Peaks in Pre-Processed
Spectra Used for PLSR R2 a RMSECV b RPD c Comment

hBA
15 (hWA),

12 (hBA + NE),
11 (hBA + Rosi)

3997–3656,
1618–938 cm−1

1st derivative,
vector

normalization,
17 smoothing

points,
PLS

hWA; 0
hBA + NE,
hBA + Rosi;

100

−18.2~32.5
68.8~134.5

3700–3584 cm−1 (OH),
1509 cm−1 (CH in-plane),
1448 cm−1 (CH3 asy d),
1221 cm−1 (phosphate),

1145 cm−1

(oligosaccharides),
970 cm−1 (DNA)

88.95 2.13 3.01 Figure 1F,G

hBA on a slide
glass

14 (hWA),
15 (hBA + NE),
15 (hBA + Rosi)

3997–3756,
3278–3037,

2798–1838 cm−1

1st derivative,
vector

normalization,
17 smoothing

points,
PLS

hWA; 0hBA +
NE, hBA +
Rosi; 100

−26.0~29.5
66.7~122.7

3700–3584 cm−1

(lipid-related CH), 3216
cm−1 (OH sym e), 3078
cm−1 (CH ring), 2731

m−1 (NH)

92.11 1.72 3.56 Figure 2A,B

hBA-CM on a
slide glass

13 (hWA-CM)
16 (hBA +
NE-CM),
16 (hBA +
Rosi-CM)

3997–3338,
3118–2898,
2678–2459,

2239–1800 cm−1

1st derivative,
vector

normalization,
17 smoothing

points,
PLS

hWA-CM; 0
hBA +

NE-CM, hBA +
Rosi-CM; 100

−27.0~31.6
80.6~111.9

3561 cm−1 (OH), 3111
cm−1 (CH), 3050 cm−1

(Amid B), 2975 cm−1

(NH, CH), 2956 cm−1

(CH3 asy (lipids)), 2947
cm−1 (CH), 2678 cm−1

(NH), 2600 cm−1 (H
bonded NH)

93.39 1.53 3.89 Figure 2C,D

a R2, Coefficient of determination of cross-validation; b RMSECV, Root Mean Square Error of Cross-Validation; c RPD, ratio performance deviation; d asy, asymmetry; e sym, symmetry.
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Figure 2. PLSR using FTIR spectra of human adipocytes on a gelatin-coated slide glass and human
adipocyte-conditioned media on a slide glass. (A) PLSR for hBA on a gelatin-coated slide glass and
transparent yellow box indicating non-overlapping area. (B) Pre-processed spectra used in PLSR for
hBA on a gelatin-coated slide glass. (C) PLSR for hBA-CM on a slide glass and transparent yellow
box indicating non-overlapping area. (D) Pre-processed spectra used in PLSR for hBA-CM on a
slide glass.

2.6. Infrared Spectral Biomarkers

The number of spectra, preprocessing conditions, and wavenumbers used for infrared
spectral biomarkers are described in Table S1. As methods of finding the difference be-
tween two groups with full infrared wavelength containing chemical information, infrared
spectral biomarkers were identified by overlapping peak wavenumbers based on differ-
ences between mean spectra, PCA-LDA cluster vector, the U test, and Fisher’s score per
wavenumber using the IRootLab toolbox in MATLAB Version 2021a (The Math Works
Inc., Massachusetts, USA). Molecular vibration information related to infrared spectral
biomarkers can be found in Movasaghi [38].

2.7. Statistical Analysis

Data from the ORO and qPCR analyses were analyzed using Tukey’s one-way ANOVA
followed by a post-hoc test for multiple comparisons using GraphPad Prism 8 (GraphPad
Software, California, USA). Statistical significance was set at p < 0.05.

3. Results
3.1. PLSR Using FTIR Spectra of Established Human Adipocytes

hPA was differentiated into mature adipocytes by inducing with an adipogenic cocktail
for 15 days (Figure 1A). Differentiated hBA + Rosi, hBA + NE, and hWA were confirmed
using ORO staining. Lipid accumulation was significantly increased by approximately
four-fold in the differentiated groups compared with the hPA group (Figure 1B). The
differentiation of hBAs and hWA was established using adipogenic markers, including
PPARG, FABP4, and ADIPOQ, using qPCR and compared to the hPA group (Figure 1C). To
confirm beige adipocyte differentiation, the expression of thermogenic and beige-specific
genes was investigated. The expression of thermogenic markers, including UCP1, CIEDA,
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and DIO2 was significantly enhanced in the hBA + Rosi and hBA + NE groups compared
to the hPA and hWA groups (Figures 1D and S6A). Moreover, the expression of beige-
specific markers, including FABP3, PDK4, PAT2, SLC25A20, and CITED1 was significantly
up-regulated in the BA + Rosi group compared with the hPA, hWA, and hBA + NE groups.
The hBA + NE group showed an increasing trend compared with the hPA and hWA groups
(Figure 1E). Furthermore, the protein level of UCP1 was significantly elevated in the hBA
+ Rosi group than in the hPA, hWA, and hBA + NE groups (Figure S6B). As a screening
method for drug induced hBA, PLSR was prepared as a reference to the mRNA expression
of thermogenic markers (Figure 1F). The differences in the pre-processed spectra used in
PLSR for hBA were used to investigate the biological basis of the accurate PLSR-based
prediction (Figure 1F). The peaks in PLSR for hBA were related to OH, CH in-plane,
asymmetric CH3, phosphate, oligosaccharides, and DNA (Figure 1G, Table 2).

3.2. PLSR Using FTIR Spectra of Human Adipocytes and Human Adipocyte-Conditioned Media
on a Slide Glass

After confirming the possibility of human adipocyte experiments on the CaF2 window,
the possibility of PLSR for hBA on a slide glass was tested despite the inability to obtain
spectra at wavenumbers lower than 1600 cm−1 owing to the use of a slide glass (Figures S7
and S8). Glass slides were smeared with gelatin to attach the adipocytes to the slide glass,
and the adipocytes were cultured. PLSR screened for browning in human adipocytes on a
gelatin-coated slide glass (Figure 2A). Differences between hWA (black), hBA + Rosi, and
hBA + NE (red) in the spectra were confirmed (Figure 2B). The peaks in PLSR for hBA on a
slide glass were related to lipid-related CH, OH symmetry, and NH (Figure 2B, Table 2). As
described in the previous human adipocyte experiment using a slide glass, wavenumbers
up to 1600 cm−1 were used in the experiment involving human adipocyte conditioned
media (data not shown). A significant result was obtained (Figure 2C, Table 2). The peaks
in PLSR for hBA-CM were related to OH, CH, amide B, NH, and asymmetric CH3 (lipids)
(Figure 2D, Table 2).

3.3. Comparing PLSRs

All PLSRs were performed with PLS, first derivative, vector normalization, and
17 smoothing points (Table 2). Important wavenumbers, such as amide I/II and B-form
DNA, were included in hBA. Otherwise, olefinic, asymmetric CH3, and asymmetric CH2
were included in hBA on a slide glass and hBA-CM on a slide glass (Table 3).

Table 3. Inclusion of important wavenumbers in the infrared region for each PLSR.

Type

Wavenumber 3005 cm−1

Olefinic
2955 cm−1

CH3 asy 1
2920 cm−1

CH2 asy
2870 cm−1

CH3 sym 2
2850 cm−1

CH2 sym
1744 cm−1

TG 3
1652 cm−1

Amide I
1543 cm−1

Amide II
1240 cm−1

B-Form
DNA

1220 cm−1

B-Form
DNA

hBA X 4 X X X X X X O 5 O O
hBA on a slide glass O O O O O O O NA 6 NA NA

hBA-CM on a slide glass O O O X X X X NA NA NA

1 asy, asymmetry; 2 sym, symmetry; 3 TG, triglyceride; 4 X, not included; 5 O, included; 6 NA, not available.

3.4. Infrared Spectral Biomarkers on Human Beige Adipocytes

An alternative to PLSR for identifying infrared spectral biomarkers was reviewed by
searching for overlapping peak wavenumbers. Infrared spectral biomarkers of hBA + NE
were related to OH asymmetry, β-sheet amide I, PO2 symmetry, νPO4 (of nucleic acids and
proteins), A-form helix, and OH out-of-plane bending (Figure 3A–D, Table 4). Infrared
spectral biomarkers of hBA + Rosi were related to β-sheet amide I, amide III, collagen, C-O,
A-form helix, and OH out-of-plane bending (Figure 3A–D, Table 4). Amide, DNA change,
and OH out-of-plane bending-related infrared spectral biomarkers (1635, 879–882, 860–3,
629–38 cm−1) were identified in both hBA + NE and hBA + Rosi (Table 4).
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Table 4. Infrared spectral biomarkers for browning in human adipocytes in adipocyte/conditioned medium.

Statistical Test Peak Wavenumber (cm−1 )

Meaning
of peaks OH asy β-sheet

amide I PO2 sym νPO4
A-form

helix

OH
out-of-plane

bend

Meaning
of peaks

β-sheet
amide I

Amide
III,

collagen
C-O A-form

helix

OH
out-of-plane

bend

OH
out-of-plane

bend

differences between
mean spectra

hBA + NE

3347 1635 1099 970 881 629

hBA + Rosi

1626 1171 668 631

PCA-LDA cluster 3449 1100 972 882 1628 1206 1167 861 668 638
U-test per wavenumber 3444 1635 1100 977 633 1635 1204 861 633

Fisher’s score per
wavenumber 3444 1635 1097 972 879 1635 1206 1164 860 668

Meaning
of peaks C-H ν(C=C) C=O amide I amide I amide I Meaning

of peaks C=O amide I amide I amide I amide I

differences between
mean spectra hBA +

NE-CM on
a slide
glass

2940 1754 1728 1640
hBA +

Rosi-CM
on a slide

glass

1666 1648

PCA-LDA cluster 2941 1752 1728 1688 1658 1733 1686 1663 1659
U-test per wavenumber 1731 1689 1656 1642 1731 1689 1656 1642

Fisher’s score per
wavenumber 1688 1656 1643 1688 1656 1645



Photonics 2023, 10, 2 11 of 18

3.5. Infrared Spectral Biomarkers on Human Beige Adipocyte-Conditioned Media on a Slide Glass

The spectra were removed at less than 1600 cm−1 in the hBA-CM on a slide glass
(Figure S8). Therefore, infrared spectral biomarkers were only obtained between 4000 and
1600 cm−1. The infrared spectral biomarkers of hBA + NE-CM were related to C-H, ν (C=C)
(lipids and fatty acids), C=O (fatty acid ester), and amide I (Figure 4A–C, Table 4). The
infrared spectral biomarkers of hBA + Rosi-CM were related to C=O (fatty acid ester) and
amide I (Figure 4A–C, Table 4). Infrared spectral biomarkers (1728–33, 1656–9, 1640–8 cm−1)
associated with fatty acid esters and amide I were identified in both hBA + NE-CM and
hBA + Rosi-CM on a slide glass.
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3.6. PLS-DA, Classification of Adipocytes and Expression Distribution of Adipogenesis Genes
in Adipocytes

Additionally, good results were achieved using PLS-DA, which is a discrimination
method based on PLS regression. The predicted hPA and a bit of overlap between hBA +
NE and + Rosi in predicted hBA + NE and hBA + Rosi were shown (Figure 5A). Otherwise,
there was overlap (among hBA +NE, +Rosi, and hWA) in the predicted hWA (Figure 5A).
Predicted genes showed a tendency similar to the mRNA expression of qPCR in predicted
UCP1, PPARG, and FABP3 (Figures 1C,D and 5B–D).
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Figure 5. Classification of adipocytes and expression distribution of adipogenic genes in adipocytes
determined using PLS-DA. (A) Classification of adipocytes using PLS-DA. (B) UCP1′s expression dis-
tribution using PLS-DA. (C) PPARG’s expression distribution using PLS-DA. (D) FABP3′s expression
distribution using PLS-DA.
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4. Discussion

This study was conducted to determine whether PLSR and FTIR spectroscopy can be
used instead of molecular biology approaches to identify the browning of white adipocytes
and the spectral peaks in pre-processed spectra used for PLSR as biological signals. FTIR
is suggested to be an effective tool in a limited environment because it does not require
labeling and is relatively free of time and labor. A predictive model of PLSR was used
to identify beige adipocytes instead of changes in a given peak and to compare the ratio
between peaks [39]. This is because it can be checked intuitively without needing to
carefully observe and compare the spectra. hBA and hBA-CM were difficult to distinguish
via PCA-LDA, PCA, and PLS scatter plot analyses, which are unsupervised classical
machine learning methods [25] (Figures S1 and S2). Furthermore, PLS-DA, an unsupervised
classical machine learning method, was also not able to clearly distinguish between hBA
and others (Figure 5B). For reference, UCP1 is one representative mRNA at the time of
browning in adipocyte, and is described in Method and Materials. Interestingly, there has
been a recent report on the discrimination between Korean domestic and foreign soybeans
using modified PLSR, a supervised classical learning of machine learning technique [25],
in near-infrared spectroscopy [32]. In addition, a previous study showed that PLSR can
be applied to the identification of cell type to discriminate between ginseng cultivated
for 5 five and six years by FTIR analysis [40]. Based on these studies, the application of
PLSR yielded significant results for hBA and was confirmed with the test set validation
as external validation (Figures 1F and S3). This was done as a previous study, in which
dengue was diagnosis with sera using PLRS and FTIR [34]. When using a high throughput
search for future drug candidates, it would be effective if the predicted value of PLSR
is less than 35 as a negative effect, 35–70 as uncertainty, and more than 70 as a positive
effect (Figure 1F and Table 2). By converting PLSR to a confusion matrix according to
“less 35 as a negative and over 70 as a positive” and making an AUC-ROC curve based on
Narkhede’s papers [41,42], the AUC will be one higher than the AUC in the PLS-DA ROC
curve (Figure S5). Additionally, the advantage of PLSR is that it does not require testing
white adipocytes to check the effect in high throughput searches for future drug candidates,
and the effect of the drug candidates is intuitively confirmed as the numerical result of
PLSR’s predictive model.

Several metabolic events are activated and connected during adipocyte differentiation.
PPARG is known as a key transcriptional player in adipogenesis, and ADIPOQ and FABP4
are also adipogenic markers [8,12]. In addition, beige adipocytes maximize the metabolic
process for energy burning through the thermogenesis of mitochondria [4,8]. In particular,
UCP1 is the most important factor in the thermogenesis of beige adipocytes, and CIEDA
and DIO2 are also involved [8–10]. Moreover, factors such as PAT2, SLC25A20, FABP3,
PDK4, and CITED1 are involved in determining the phenotype of beige adipocytes [7,8]. In
this study, adipocyte differentiation was confirmed by indicating that lipid accumulation
and expression of adipogenic genes were significantly increased (Figure 1B,C). It was
also demonstrated that beige adipocytes were established through the up-regulation of
thermogenic and beige-specific gene expression (Figure 1D,E). Rosiglitazone activates
PPARG, fatty acid increases, and AMP increases via oxidation and NE-β3 adrenoceptor
binding [13]. Thus, as shown in Figure 1F, detection of the peaks associated with the
lipid region in pre-processed spectra of PLSR for hBA were linked to increased AMP and
triglyceride breakdown to boost fatty acid levels [12,43]. This study also revealed significant
findings, verifying nucleic acid-related peaks, since many transcription factors, such as
PPARG, are involved in multiple gene (DNA/RNA) activations during the browning
process (Tables 2 and 3) [12,13]. Detection of both lipid and nucleic acid peaks implies that
the PLSR approach is a robust alternative to complex molecular biological methodologies
that require a lot of time, intensive labor, and reagents. Examples of molecular biology
methodologies are Oil-red-O staining, Quantitative Reverse transcription PCR analysis, and
Western blotting. These methods are described in Materials and Methods (Figures 1B–E
and S6).
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Generally, in FTIR, data are analyzed using CaF2 windows; however, this has the
disadvantage of being expensive. However, it has been reported that cell types can be iden-
tified through FTIR analysis using glass substrates, a relatively inexpensive material [44].
Therefore, in this study, the possibility of using a slide glass considering the economic
aspects of FTIR was verified by referring to previous studies (Figure 2A). PLSR for hBA on
a slide glass yielded critical information regarding increased fatty acid levels (Figure 2B).
In addition to its convenience, the use of inexpensive slide glass is comparable to using
expensive conventional CaF2 windows (Table 2). Although a slide glass was employed
in human adipocyte-conditioned media, a regression (Figure 2C, Table 2), similar to the
results shown in Figure 2A was achieved. Liquid samples, such as conditioned medium in
this study and fertilized eggs or blood serum from breast cancer patients, were analyzed by
FTIR, establishing its efficacy and applicability in biological studies [45,46].

Infrared spectral biomarkers, which are important wavenumber variables, are associ-
ated with chemical bonds in various cellular activities [47]. In this regard, several methods
have been reported: the spectral difference between normal and abnormal, PCA-LDA
cluster vector, U-test per wavenumber and Fisher’s score per wavenumber [48–53]. The
spectral biomarkers found in this study can also be thought to be linked to genes, especially
thermogenic markers (e.g., UCP1), related to the browning of adipocytes. Thus, this study
demonstrates the possibility of lipidomics using spectral variables. In addition, the spectral
peaks in pre-processed spectra used for PLSR to distinguish beige adipocytes and the
infrared spectral biomarkers in the four adipocytes (hPA, hWA, hBA + NE, hBA + Rosi)
seem to have a low correlation (Tables 2 and 4).

In this study, infrared spectral biomarkers and PLSR were used to detect hBA. Amide,
DNA changes, and OH out-of-plane bending-related infrared spectral biomarkers were
identified in hBA (Table 4) [50]. Infrared spectral biomarkers associated with fatty acid
ester and amide I were discovered in hBA-CM on a slide glass [50]. Due to the distinct
mechanisms of Rosi and NE, variations in infrared spectral biomarkers were detected
in hBA and hBA-CM (Table 4). Furthermore, using PLS-DA based on the PLS method,
the adipocyte-type prediction model showed excellent results (Figures 5A and S4) [54].
Although it was difficult to distinguish between adipocytes based on the expressed gene
using PLS-DA, predicted genes of PLS-DA showed a tendency similar to qPCR analysis
(Figures 1C,D, 5B–D and S5). This should be verified through single-cell analysis in the
future; however, the distribution of the expressed genes among cells may be determined
through PLS-DA (Figures 5B–D and S5).

5. Conclusions

In conclusion, this study indicates that PLSR and FTIR spectroscopy are efficient
tools for screening drug candidates and identifying specific biological phenomena. It is
particularly useful for browning in adipocytes. However, this study has several limitations.
For example, the activator is not strong, as in the case of Rosi or NE, only the uncertainty
values would appear. In addition, overfitting is possible when using PLS. Thus, there
is a need for cross-validation using molecular biological methods with actual candidate
drugs in advance, when PLSR and FTIR spectroscopy are applied. In addition, the study
indicated that PLSR, infrared spectral biomarkers, and PLS-DA using FTIR spectroscopy are
efficient tools for identifying specific biological activities in lipid biology (Table S1). Further,
these approaches may be used in high-throughput analysis as alternatives to molecular
biological methods.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics10010002/s1, Figure S1: The 3D scatter plots of PCA-
LDA, PCA, and PLS using FTIR spectra of human adipocytes; Figure S2: The 3D scatter plots of
PCA-LDA, PCA, and PLS using FTIR spectra of human adipocytes conditioned media; Figure S3:
Test set validation (A) Test set validation of PLSR for hBA. (B) Test set validation of PLSR for hBA on
a slide glass. (C) Test set validation of PLSR for hBA-CM on a slide glass; Figure S4: ROC of PLS-DA
used in classification of adipocytes; Figure S5: ROC of PLS-DA used in expression distribution
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of adipogenic genes in adipocytes; Figure S6: Analysis of brown-like adipocyte characteristics of
adipocytes in differentiated hBA; Figure S7: Raw spectra of hBA, hPA and hWA on a slide glass;
Figure S8. Raw spectra of hBA-CM, hPA-CM and hWA-CM on a slide glass; Table S1: Summarization
of objective, methods, results, and discussion of this study.
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hADSCs: human adipose-derived stem cells [also called hPA, human preadipo-cytes]; hBA,
human beige adipocytes; hBA + NE, human beige adipocytes treated with norepinephrine; hBA +
Rosi, human beige adipocytes treated with rosiglitazone; hWA, human white adipocytes; hPA-CM,
human preadipocyte-conditioned medium; hBA-CM, human beige adipocyte-conditioned medium;
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Rosi-CM, human beige adipocyte-conditioned medium treated with rosiglitazone; hWA-CM, human
white adipocyte-conditioned medium.
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