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General Introduction

Obesity and adipose tissue development

Obesity is one of the conditions which frequently visible to the general population.
Due to its rising incidence (Bliiher, 2019) and ability to raise the risk of metabolic disorders
(Anandacoomarasamy et al., 2008; Czernichow et al., 2011; Sarma et al., 2021), obesity has
gained serious attention worldwide. Obesity is simply defined as the accumulation of
excessive adipose tissue in the body to the degree to which it might be risky to an individual’s
health (Diament et al., 2003). Therefore, studies on the fundamental processes of adipocyte
formation and possible treatments for obesity have been the subject of investigations.
Adipose tissue development can occur via two different mechanisms: hypertrophy, an
increase in the size of existing adipocytes, or hyperplasia, an increase in the number of
adipocytes (Arner et al. 2010). In adipose tissue development, the process includes the
adipocyte formation and development known as adipogenesis. Since mature adipocytes are
post-mitotic cells that become incapable of division (Pairault and Green, 1979),
differentiation of the preadipocytes or adipocyte progenitor cells (APCs) is required for
adipose tissue to develop new adipocytes (Berry and Rodeheffer, 2013).

Over decades, a significant number of research has been conducted in an attempt to
clarify the mechanisms behind adipose tissue development. Preadipocytes undergo a
morphological rounding during early differentiation, followed by the transformation into
mature lipid-storing adipocytes in the terminal differentiation stage. The latter stage involves
the synthesis and transport of lipids, metabolic activation related to insulin, and secretion of
adipocyte-specific proteins (Farmer, 2006). The coordination of adipocyte differentiation is
controlled by a transcriptional cascade, including nuclear receptor peroxisome proliferator-

activated receptor gamma (PPARy) and the CCATT/enhancer binding protein (C/EBP)



family of transcription factors. PPARY is essential for differentiation and maintenance, while
C/EBP members, namely C/EBPa, C/EBPB, C/EBPo, C/EBPy, and C/EBP homologous
protein (CHOP) are essential for total adipocyte differentiation. C/EBPP expression is
essential in early differentiation stages, while C/EBPa is required for adipogenesis alongside
PPARy (Esteve Rafols, 2014). Transcriptional regulation in adipogenesis and the different
stages involved in the change from preadipocyte to mature adipocyte are schematically
illustrated in Figure GIL.1. It is well-known that the differentiation of preadipocytes into
adipocytes requires complex regulation of numerous key transcription factors, including two
master regulators, PPARy and C/EBPa (Rosen and MacDougald, 2006; Tang and Lane,
2012), whose coexpression necessarily controls adipocyte gene program (Madsen et al.,
2014). PPARY, one of the PPARSs that is most specific to adipose tissue, is induced before the
transcriptional activation of the majority of adipocyte genes (Braissant et al., 1996; Evans et
al., 2004). In more detail, of the PPARy isoforms, PPARy2 is an adipocyte-specific
transcription factor (Tontonoz et al., 1994), although PPARyl is also reported to be
compensatory and capable of promoting adipogenesis (Mueller et al., 2002; Zhang et al.,
2004). Moreover, mature adipocytes express PPARY at its maximum level, with expression
rising rapidly during early differentiation (Brun et al., 1996; Chawla and Lazar, 1994).

A study revealed that PPARY is the proximal effector of adipogenesis since C/EBPa
cannot promote adipogenesis in the absence of PPARy (Rosen et al., 2002). However,
previous studies showed that C/EBPa is critical for insulin sensitivity and required to
maintain the PPARY expression in mature adipocytes (El-Jack et al., 1999; Wu et al., 1999).
This evidence highlights that the PPARyY and C/EBPa cross-regulation has a crucial role in

the transcriptional regulation of adipocytes.



Roles of sulfated glycosaminoglycan, chondroitin sulfate/dermatan sulfate, in cell
biology

Glycosaminoglycans (GAGs) are the main glycans commonly found on animal cell
surfaces, construct the extracellular matrix, and are involved in many physiological
functions (Amendum et al., 2021; Mikami and Kitagawa, 2017; Puri et al., 2020). GAGs are
large complex carbohydrate molecules that contain repeating disaccharide units, with
molecular masses of about 10—100 kDa, including chondroitin sulfate (CS), dermatan sulfate
(DS), keratan sulfate (KS), heparin (HP), and heparan sulfate (HS) that are classified as the
sulfated GAGs, whereas hyaluronan (HA) is classified as a non-sulfated GAG (Gandhi and
Mancera, 2008). Those GAG members are typically constructed of repeating disaccharides
with variable sulfation patterns. The alternating disaccharide units D-glucuronic acid (GIcA)
or L-iduronic acid (IdoA) and N-acetyl-D-galactosamine (GalNAc) constitute the CS or DS,
respectively, while GlcA and N-acetyl-D-glucosamine (GlcNAc) are the constituent of HA
(Yamada et al., 2011).

Many studies have demonstrated the crucial role of CS in maintaining cell proliferation
and differentiation, such as in mouse embryonic stem cells (Izumikawa et al., 2014), mouse
neural stem cells (Sirko et al., 2007), and U-937 cell line (Volpi et al., 1993). Moreover,
studies have revealed that the specific potential function of the CS/DS compound is
determined by distinct sulfation patterns of the CS/DS chains. For example, CS-A chains
consist mostly of A-unit [GIcA-GalNAc(4S)], acting as a cell surface receptor in
Plasmodium falciparum-infected erythrocyte adhesion to the placenta during pregnancy-
associated malaria (Achur et al. 2000; Gowda 2006). The CS that contains the C-unit [GIcA-
GalNAc(6S)] plays a crucial role in brain neuroplasticity and memory during aging (Miyata
et al. 2012; Yang et al. 2021). Previous studies have demonstrated that CS-D, derived from

shark cartilage containing D-unit [GIcA(2S)-GalNAc(6S)], can promote neurite outgrowth



(Clement et al. 1998; Nadanaka et al. 1998; Shida et al. 2019). The CS-E compound derived
from squid cartilage, which is mainly made up of E-unit [GlcA-GalNAc(4S,6S)], has
exhibited a variety of beneficial effects in scientific studies, including promoting osteoblast
differentiation (Koike et al., 2012), stimulating neurite outgrowth and providing
neuroprotective effects in vitro (Clement et al., 1999; Sato et al., 2008), acting as an antiviral
agent against several viruses (Bergefall et al., 2005; Kato et al., 2010), and inhibiting cancer

cell migration and metastasis (Li et al., 2008; Willis and Kluppel, 2014).

Chondroitin sulfate in adipocyte development

What is the correlation between CS/DS and adipocyte development? Although there
are several pieces of evidence about the critical roles of CS/DS in cell proliferation and
differentiation as described above, the detailed phenomena that occurred during
adipogenesis still need to be clearly understood. Previous studies reported decreased
chondroitin sulfate proteoglycans (CSPGs) during the 3T3-L1 differentiation (Musil et al.,
1991; Zizola et al., 2007). On the contrary, Han et al. (2020) reported an increase in the large
aggregating CSPGs, versican and biglycan, in obesity. Thus, my study here shows not only
that the CS/DS levels are decreasing during 3T3-L1 adipogenesis but also that the CS/DS
composition changes in adipogenesis.

This study aims to determine the dynamic of the CS/DS profile during adipocyte
differentiation and which CS/DS type is mainly present in the 3T3-L1 cell line. Additionally,
the study also evaluates if CS is possibly involved in the regulation of adipocyte
differentiation. This study has objectives to facilitate the achievement of these aims,
including (1) analyzing the CS/DS composition in non-differentiating and differentiating
3T3-L1 cells and (2) analyzing the effect of exogenous CS treatment on the 3T3-L1 cell

differentiation.



Since gene expression analyses by using reverse transcription-quantitative real-time
polymerase chain reaction (RT-qPCR) is one of the methods used in this study, validation
of the reference genes that are suitable for our 3T3-L1 experimental design was done and
will be discussed in detail in Chapter 1 “Reference gene expression variability in
differentiating and non-differentiating 3T3-L1 cells”. Briefly, this chapter describes the
reference gene with the most stable expression among the ten candidates used throughout
the study. In Chapter 2, “Qualitative and quantitative analyses in sulfated
glycosaminoglycans, chondroitin sulfate/dermatan sulfate, during 3T3-L1 adipocytes
differentiation”, CS/DS disaccharides amount and composition during 3T3-L1 adipocyte
differentiation were analyzed to reveal the dynamic changes and trends of CS/DS profile
during adipocyte differentiation. Moreover, Chapter 2 describes the sulfation pattern of the
CS/DS contained in the non-differentiating and differentiating 3T3-L1 cells, as well as
depicts the major CS/DS disaccharide in the 3T3-L1 cell line through the compositional
analysis done by using a high-performance liquid chromatography (HPLC) system.
Furthermore, this chapter provides information on whether CS/DS levels change following
adipocyte differentiation or whether CS/DS biosynthesis controls adipocyte differentiation.

In addition to the changes in the CS/DS profile that occurred during adipocyte
differentiation, therefore, in the Chapter 3, “Cartilaginous fishes-derived chondroitin
sulfate suppresses 3T3-L1 adipocyte differentiation”, the effect of the exogenous CS
treatment on the 3T3-L1 cell differentiation was examined. This chapter describes the
inhibitory potential of CS substrates on the 3T3-L1 adipocyte differentiation, mainly by

decreasing the lipid droplet accumulation.
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Chapter 1

Reference gene expression variability in differentiating and non-

differentiating 3T3-L1 cells

1.1 Introduction

Obesity has become a global concern owing to its increasing prevalence (Bliiher, 2019)
and its potential to increase the risk of metabolic diseases (Anandacoomarasamy et al., 2008;
Czernichow et al., 2011; Sarma et al., 2021). Consequently, the number of studies on obesity
has increased worldwide (Coronado-Ferrer et al., 2022; Zhao et al., 2019). Numerous studies
have been conducted to understand the underlying mechanisms of adipocyte development
and discover potential therapies for obesity. Various mouse-derived cell lines such as 3T3-
L1 and its sublines 3T3-F442A (Green and Kehinde, 1976; Green and Meuth, 1974), Ob17
(Négrel et al., 1978), C3H10T1/2 (Taylor and Jones, 1979), AP-18 (Doi et al., 2005), OP9
(Wolins et al., 2006), and mouse embryonic fibroblasts (MEFs) (Huang et al., 2012) have
been established as alternatives to primary cultures and animal models to study adipogenesis.
Among these cell lines, 3T3-L1 is the most widely used for adipogenesis studies (Dufau et
al., 2021). Adipogenesis, the process of adipocyte differentiation, is regulated at the
molecular level by several key transcription factors, including peroxisome proliferator-
activated receptor gamma (PPARy) and CCAAT/enhancer binding protein alpha (CEBPa)
(Rosen and MacDougald, 2006). Because multiple molecular events occur during
adipogenesis, it is essential to evaluate the expression of various genes that underlie this
process, which may be affected by adipogenesis.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) has been

widely utilized for mRNA quantification in gene expression analysis because of its high



sensitivity and accuracy, as well as its ability to perform real-time analysis (Bustin, 2000;
Smith and Osborn, 2009). However, some technical issues must be considered, including
RNA extraction, handling, storage, reverse transcription, and amplification efficiency.
Therefore, appropriate normalization of the data against a valid reference gene, which could
control possible experimental errors throughout the process (Huggett et al., 2005), should be
considered to ensure the reliability of the qPCR data, as described in the Minimum
Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines
(Bustin et al., 2009).

Several genes such as beta-actin (Actb), glyceraldehyde-3-phosphate dehydrogenase
(Gapdh), and 18S ribosomal RNA (Rnl8s) are commonly used as reference genes; however,
their use has decreased as the utilization of other potential reference genes has increased
since the publication of the MIQE guidelines (Chapman and Waldenstrom, 2015). There is
no universal reference gene because it cannot be guaranteed that such a gene will be suitable
for every experimental condition (Derks et al., 2008). Thus, validating suitable reference
genes is an essential step in gene expression studies using RT-qPCR. Although some studies
have reported stable reference genes for RT-qPCR analysis in various 3T3-L1 adipocyte
differentiation studies (Anbazhagan et al., 2019; Arsenijevic et al., 2012; Ferguson et al.,
2010; Zhang et al., 2014), validation of reference genes suitable for 3T3-L1 adipocyte
studies that directly compare differentiating and non-differentiating conditions has not yet
been performed. The expression levels of reference genes in 3T3-L1 cells may be altered
throughout the experimental timeline under these two conditions; thus, normalizing the
expression levels of target genes using unvalidated reference genes will lead to
misinterpreting gene expression data.

In this study, we evaluated the expression patterns of genes that have been used or

recognized as relatively stable in various experimental designs for 3T3-L1 cell



differentiation studies (Anbazhagan et al., 2019; Arsenijevic et al., 2012; Zhang et al., 2014;
Asano et al., 2014), including Rn18s, hydroxymethylbilane synthase (Hmbs), peptidylprolyl
isomerase A (Ppia), beta 2 microglobulin (B2m), and TATA box-binding protein (7bp). In
addition, the gene expression stability of the transferrin receptor (7fic), non-POU domain-
containing octamer-binding protein (Nono), ribosomal protein L13A (Rp/13a), and two
commonly used reference genes, Actb and Gapdh, were evaluated. Our study focused on
evaluating the stability of gene expression and validating the most suitable reference genes

for 3T3-L1 adipocyte studies under both differentiation and non-differentiation conditions.

1.2 Materials and Methods
Cell culture and differentiation

Mouse 3T3-L1 preadipocytes (JCRB9014, RRID: CVCL 0123) were obtained from
the Japanese Collection of Research Bioresources Cell Bank (JCRB Cell Bank, Osaka,
Japan). Cells were seeded at 5 x 10* cells/mL/well in 12-well plates at the same passage
number (5) for all triplicate samples. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, 4.5 g/L glucose; FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) supplemented with 10% fetal bovine serum (FBS; Biosera, Ringmer, UK) and 1%
penicillin and streptomycin (FUJIFILM Wako Pure Chemical Corporation) at 37°C under
5% COas. The cells were treated with or without differentiation induction media and divided
into five time-based groups: (i) control, day 0; (ii) non-differentiated (ND), day 5; (iii) ND,
day 10; (iv) differentiated (DI), day 5; and (v) DI, day 10. Two days post-confluence (day
0), differentiation induction was started for the DI groups by replacing the medium with a
differentiation medium containing 10 pg/mL insulin, 2.5 uM dexamethasone, and 0.5 mM
3-isobutyl-1-methylxanthine (Adipolnducer Reagent, Takara Bio, Shiga, Japan). The

medium was replaced every 2 days with a medium containing 10 g/mL insulin. The cells



were cultured according to the manufacturer’s instructions. The medium was replaced with
DMEM containing 10% FBS in the ND group. Cells were collected for RNA extraction on
day 0O (control) and days 5 and 10 for the ND and DI groups. Cell cultures were prepared for
Oil Red O (ORO) staining at the aforementioned time points. All cell culture experiments

were performed in triplicate.

Oil red O staining

The cells were processed for ORO staining to verify lipid droplet accumulation and
adipocyte differentiation. The cultured cells were washed with phosphate-buffered saline
(pH 7.4) and fixed in 10% neutral-buffered formalin (pH 7.4; FUJIFILM Wako Pure
Chemical Corporation) at a temperature ranging from 22°C to 24°C overnight. ORO staining
solution (Lipid Assay Kit; Cosmo Bio, Tokyo, Japan) was freshly prepared by mixing the
solution with distilled water (dH>O) at a ratio of 3:2. The working solution was filtered and
stained according to the manufacturer’s protocol. The cells were then washed thrice with
dH>O and air-dried. ORO solution was added to the culture plates, and the cells were
incubated at room temperature for 1 h on an orbital shaker. After the ORO solution was
removed, the stained cells were washed three times with dH>O, and images of the cells were
captured using an inverted light microscope (Olympus IX71; Olympus, Tokyo, Japan). A
semi-quantitative method was employed to determine lipid droplet accumulation.
Isopropanol was used to extract the dye from the stained lipid droplets, and the absorbance
of the dye was measured at 492 nm using a microplate reader (Sunrise Remote; Tecan

Austria GmbH, Grodig, Austria).
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RT-qPCR

Total RNA was isolated from the cells using the ISOSPIN Cell & Tissue RNA kit
(Nippon Gene, Tokyo, Japan), and 500 ng of RNA with an A260/280 ratio ranging from
2.08 to 2.13 was reverse transcribed for cDNA synthesis using ReverTra Ace® qPCR RT
Master Mix with gDNA Remover (Toyobo, Osaka, Japan) according to the manufacturer’s
instructions. FastStart Essential DNA Green Master reaction mix (Roche Diagnostics GmbH,
Mannheim, Germany), with a final volume of 20 pL for each sample, was used for gPCR
analysis, which was performed on a LightCycler® Nano Real-Time PCR Instrument (Roche
Diagnostics GmbH). The following 10 reference genes were analyzed: Actb, Gapdh, Rnl8s,
Hmbs, Ppia, B2m, Thp, Tfrc, Nono, and Rpll3a. We ensured that the primer efficiencies
followed those in the LightCycler® Real-Time PCR Systems-Application Manual, which
stipulates that PCR efficiency should be at least 85%. The PCR efficiencies of all primer
sets used in this study varied between 87.6% (Gapdh) and 102.2% (Tfrc), which were within
the acceptable range (Voss and Ceder, 2023). Moreover, the standard curves showed strong
linearity with 7? values, ranging from 0.9838 (B2m) to 0.9999 (Gapdh), which is within the
acceptable values for RT-qPCR reactions (7> > 0.98) (Broeders et al., 2014; Taylor et al.,
2010). Detailed information, including sequences, accession numbers, product sizes, and
efficiencies of the primer sets for the 10 reference genes used for RT-qPCR, are presented
in Table 1.1. The following primers were used for Leptin (Lep) expression analysis: forward,
5'-TCCCTGCCTCAGACCAGTG-3"and reverse, 5-TAGAGTGAGGCTTCCAGGACG-3'
(Zeigerer et al., 2008). Two adipogenic transcription factors, Pparg and Cebpa, were
evaluated. The following primers were used for the target genes: Pparg forward, 5'-
CAAGAATACCAAAGTGCGATCAA-3' and reverse, 5'-GAGCAGGGTCTTTTCAGAA
TAATAAG-3' (Kanda et al., 2009); Cebpa forward, 5'-CTAGGAGATTCCGGTGTGGC-3'

and reverse, 5'-CCCGAGAGGAAGCAGGAATC-3' (Lietal., 2019). The expression levels

11



of all genes provided in the present study were automatically determined using the
LightCycler® Nano Real-Time PCR System (Roche Diagnostics) based on the calibration
curve from each qPCR. As previously mentioned, it is important to normalize gene
expression to account for possible technical factors. Therefore, the expression of each gene

in the analysis was referred to as a non-normalized expression.

Creation of a heatmap for gene expression levels and the evaluation of 10 reference genes
using five algorithms

Heatmap images of the expression of the 10 genes included in the analysis of the ND
and DI groups were generated using Heatmapper (Babicki et al., 2016). Z scores for the
expression levels of each gene were calculated, and genes with higher and lower than the
average expression levels are marked in red and green, respectively. The Average Linkage
clustering and Pearson distance measurement methods were used. The expression stability
of each gene was evaluated using the geNorm (http://www.qbaseplus.com/) (Vandesompele
et al., 2002), NormFinder (https://www.moma.dk/normfinder-software) (Andersen et al.,
2004), BestKeeper (http://www.gene-quantification.de/bestkeeper.html) (Pfaffl et al., 2004),
and RefFinder (https://www.heartcure.com.au/reffinder/) (Xie et al., 2012). In the ACt
approach, the stability level was manually calculated using the comparative ACt method

proposed by Silver et al. (2006).

Data analysis

For the expression levels of reference genes and the determination of target gene
expression levels normalized against the reference genes, the data are presented as the mean
+ standard deviation (SD). Comparisons between the reference gene mRNA expression

levels in each group on days 5 and 10 (both ND and DI groups) and those on day 0 (control

12



group) were performed using Dunnett’s test. For the semi-quantitative analysis of oil droplet
accumulation and Lep, Pparg, and Cebpa expression analyses, comparisons between means
were performed using the Bonferroni test. Microsoft Excel add-in statistical software (Bell
Curve for Excel version 4.02; Social Survey Research Information, Tokyo, Japan) was used
to perform the statistical analyses. Differences were considered statistically significant at *P

< 0.05 and **P < 0.01.
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1.3 Results
Verification of adipocyte differentiation after adipogenic induction

In the present study, 3T3-L1 cells from the DI group exhibited morphological changes
to adipocyte-like structures, with lipid droplet accumulation observed on days 5 and 10 after
adipogenic induction. In contrast, cells in the ND group did not show lipid droplet
accumulation, similar to those in the control group (Figure 1.1A). Semi-quantitative
measurements showed that the DI group had 6.2-fold higher lipid droplet accumulation than
the control group on day 5, and 15.1-fold higher accumulation on day 10 (Figure 1.1B).
Additionally, Lep mRNA expression was higher in the DI group on days 5 and 10, indicating
the presence of mature adipocytes (Figure 1.1C). Induction of differentiation triggers deep
phenotypic changes in preadipocytes as they transition into mature adipocytes. In contrast,
the cells that were not subjected to differentiation induction maintained their fibrocyte-like

phenotypes.

Different reference gene expression levels in non-differentiating and differentiating 37T3-
L1 cells

The cycle threshold (Ct) values of the 10 reference genes and their gene expression
levels, as calculated from the calibration curves, are provided in Tables 1.2 and 1.3,
respectively. The candidate reference genes showed a wide range of Ct values of 10
reference genes across all five sample groups, ranging from 13.11-26.07. Rnl8s and Gapdh
exhibited the highest expression levels, with median Ct values of 13.38 and 17.93,
respectively. In contrast, 7hp showed the lowest expression, with a median Ct value of 25.85
(Figure 1.2). In addition, Ppia and Thp exhibited relatively smaller ranges of Ct values than
other candidate genes. We observed fluctuations in the expression levels of the 10 reference

genes at different time points (0, 5, and 10 days), regardless of their exposure to
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differentiation induction, as shown in the Z-score heatmap (Figure 1.3A). Furthermore, these
results show for the first time that the expression levels of reference genes vary at different

time points in non-differentiated 3T3-L1 cells as well as in differentiation-induced cells.

Validation of suitable reference genes using five algorithms

The stability of the expression levels of the 10 candidate reference genes was analyzed
to determine the most suitable reference genes for 3T3-L1 adipocyte studies under both non-
differentiating and differentiating conditions. The results of the gene expression stability
ranking analysis using the five algorithms are presented in Table 1.4. geNorm evaluates the
reference gene stability (M), defined as the average pairwise variation in the expression
levels of a certain gene and all candidate genes (Vandesompele et al., 2002). A lower M
value obtained using the geNorm algorithm indicates more stable gene expression. The
genes that exhibited the most stable expression in both non-differentiating and
differentiating 3T3-L1 cells (days 0, 5, and 10) were Ppia and Tbp. The expression stabilities
of the remaining candidate genes, from highest to lowest, were Rni8s, Nono, Actb, Rpl13a,
Hmbs, Tfrc, B2m, and Gapdh (Figure 1.3B, Table 1.4).

NormFinder automatically determines the stability values for all candidate reference
genes analyzed in any number of samples arranged into any number of experimental groups
(Andersen et al., 2004). The NormFinder algorithm-derived stability values of the 10
reference genes shown in Figure 1.3B and Table 1.4 demonstrate that B2m had the least
stable gene expression, with a stability value three times higher than that of the second most
unstable gene, Gapdh. The gene expression stability ranking of the 10 reference genes from
NormFinder showed that Ppia and Thp had the most stable gene expression (Table 1.4).

Although the expression of the middle-ranked reference genes varied slightly, the genes with

15



the most and least stable expression identified using NormFinder were consistent with the
results obtained using geNorm, as mentioned previously.

BestKeeper evaluates the expression stability of reference genes by calculating the SD
of Ct values and the coefficient of variation, followed by a pairwise correlation analysis of
the BestKeeper index and an analysis of the correlation between the expression levels of
each candidate gene (Pfaffl et al., 2004). Based on the analysis performed using the other
three algorithms and the comparative ACt method, RefFinder provides geomean ranking
values (Xie et al., 2012). As shown in Figure 1.3B, the results generated by the BestKeeper
and RefFinder programs validate the results of the other algorithms. According to these
algorithms, the gene with the most stable expression was Thp, followed by Ppia, whereas
the genes with the most unstable expression were Gapdh and B2m. Manual calculations
using the comparative Ct method gave results similar to those generated by the other four
algorithms, with Ppia and Thp as the genes with the most stable expression and Gapdh and
B2m with the least stable expression (Figure 1.3B). Moreover, the ranking of gene
expression stabilities obtained using the Ct method was the same as that obtained using the
geNorm method (Table 1.4).

The ranking of the expression stability of the reference genes analyzed in this study is
shown in Table 1.4. The geometric means of the ranks calculated from these five algorithms
indicated that Ppia and Thp had the highest ranks for expression stability, whereas Gapdh
and B2m had the least stable expression. Thus, Ppia and Thp could be considered the most
suitable reference genes for gene expression studies under both non-differentiating and
differentiating conditions. However, Gapdh and B2m might not be suitable for studying gene

expression in 3T3-L1 cells.
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Impact of reference gene selection on the interpretation of the expression levels of target
genes

In the present study, gene expression levels calculated from the calibration curve were
used to prepare graphs. Our results showed that the expression patterns of the reference genes
in 3T3-L1 cells might be altered not only in differentiating cells owing to adipogenic
induction but also in non-differentiating cells (Figure 1.4A). Ppia was the gene with the most
stable expression in 3T3-L1 cells. Rnl8s expression increased on day 5 and decreased
slightly on day 10, regardless of adipogenic induction. The expression levels of Hmbs
increased in a day-dependent manner and accelerated in the DI group. In addition, the
expression levels of Tfrc were relatively stable in the ND group; however, their expression
levels increased with adipogenic induction on day 5 and then slightly decreased on day 10.
The expression patterns of the other six reference genes are shown in Figure 1.5. Thp, the
gene with the second most stable expression, exhibited a stable expression pattern, in
addition to Ppia. On day 10, Nono, Actb, and Rpli3a showed decreased expression levels.
Despite the significance levels in comparison with the control group, their expression was
relatively lower in the DI group than in the ND group. B2m expression levels were lower in
the ND group on day 5, followed by a significant increase on day 10, whereas its expression
level remained consistently lower in the DI group. Gapdh, the gene with the least stable
expression, showed an increase in gene expression in a day-dependent manner, which was
more significant in the DI group.

In the present study, we normalized two adipogenesis-related transcription factors,
Pparg and Cebpa (Madsen et al., 2014), against four selected reference genes, Ppia, RnlS8s,
Hmbs, and Tfrc, which have expression patterns with different stabilities ranging from more
to less stable (Figure 1.4B,C). This was performed to demonstrate how the selection of

reference genes affected the gene expression analysis results. The expression of PPARy and
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CEBPa cooperatively induces adipogenesis (Madsen et al., 2014). These genes exhibit
similar expression patterns. The expression level of Pparg in the DI group was significantly
increased on days 5 and 10 after adipogenic induction. Specifically, the raw expression level
of Pparg was 1.35-fold higher on day 10 than on day 5 after induction. When the expression
level of Pparg was normalized to that of Ppia and Rnl8s, Pparg expression increased by
1.38- and 1.55-fold, respectively. These expression patterns are consistent with the raw
expression patterns (Figure 1.4B). However, the magnitude of Pparg expression on day 10
in the DI group, when normalized to Hmbs expression levels, did not increase, unlike the
raw expression profile. Generally, Pparg expression levels were markedly increased
compared to the raw expression levels when normalized to 7frc, whose expression levels
were relatively low. Moreover, Pparg expression levels in the DI group were 3.08-fold
higher on day 10 than on day 5 after induction. These consistent and inconsistent expression
patterns compared to the raw expression pattern were also observed for Cebpa (Figure 1.4C).
Pparg and Cebpa expression levels normalized to those of 7bp, Nono, Actb, Rpll3a, B2m,
and Gapdh are presented in Figure 1.6. On day 10, the DI group showed a 1.31-fold increase
in Pparg expression levels normalized to 7hp compared to day 5, which was similar to the
non-normalized expression level. Additionally, Pparg expression levels normalized to Nono,
Actb, and Rpli13a in the DI group were 1.81-, 2.03-, and 1.83-fold higher, respectively, on
day 10 than on day 5 after adipogenic induction. Normalizing Pparg expression against the
genes with the least stable expression, B2m and Gapdh, resulted in distinctive expression
patterns compared to non-normalized expression. As Pparg and Cebpa mRNA levels were
similar in 3T3-L1 cells, the correct and incorrect patterns of Cebpa normalized against 7bp,

Nono, Actb, Rpli3a, B2m, and Gapdh were similar to those of Pparg (Figure 1.6).
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1.4 Discussion

The strategy for normalizing the expression levels of a gene of interest against
appropriate reference genes in RT-qPCR gene expression analysis is based on the
assumption that reference genes are expressed at constant levels across various treatments
and experimental conditions (Thellin et al., 1999). However, an ideal reference gene does
not exist (Huggett et al., 2005; Vandesompele et al., 2002; Zhang et al., 2015). Disparities
in gene expression levels were observed at different time points for all housekeeping genes
analyzed in this study, regardless of adipogenic induction, as shown in the Z-score heatmap
(Figure 1.3A). The most common reference genes, such as Gapdh, Actb, and Rn18s are often
used to normalize gene expression data in RT-qPCR analysis. Commonly used reference
genes, such as Gapdh and Actb, are acceptable for qualitative or semi-quantitative assays,
including conventional RT-PCR (Huggett et al., 2005). However, several studies have
demonstrated that some commonly used reference genes such as Actb, Rnl8s, and Gapdh
are unstable in different tissues under various experimental conditions (Adachi et al., 2015;
Svingen et al., 2015).

In a previous study of 3T3-L1 differentiation, Rn/8s and Hmbs were the most stable
reference genes (Zhang et al., 2014). Hmbs and B2m are the most stable reference genes for
3T3-L1 adipocyte differentiation under hypoxic and normoxic conditions (Anbazhagan et
al., 2019). Other research groups have recommended normalization against Atp5b, Nono,
and Hprt as the most suitable reference genes during the mitotic clonal expansion (MCE)
phase of 3T3-L1 differentiation, whereas Actb, Nono, Rpli3a, and Ywhaz have been reported
as the best reference genes during the terminal differentiation phase (Arsenijevic et al.,
2012). From our perspective, appropriate reference genes may differ between studies
depending on the experimental design. However, the use of commonly used reference genes

without validation before gene expression analyses has yielded unreliable results. Therefore,
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the normalization of gene expression levels against inappropriate reference genes may have
a major impact on the conclusions of the study owing to false statistical analysis results and
misinterpretation of data (Ferguson et al., 2010).

Unlike previous validations, the present study evaluated the expression of 10 candidate
reference genes, not only in adipogenic-induced 3T3-L1 cells but also in non-differentiated
cells during the culture period. A comparison of gene expression between differentiating and
non-differentiating cells, which were maintained for the same culture period, is necessary to
determine whether the alteration in gene expression was caused by adipogenic induction or
whether it was naturally altered during the culture period (day 0-10). In the present study,
all five algorithms showed that Gapdh and B2m were unsuitable because their expression
levels were unstable across the experimental groups. Despite its common utilization as a
reference gene in gene expression analysis, Gapdh mRNA is stimulated by insulin on 3T3-
Ll and 3T3-F442A cell lines (Alexander et al., 1985; Alexander et al., 1988), as well as
upregulated during rat brown adipocytes differentiation (Barroso et al., 1999). This suggests
that Gapdh must be avoided in in vitro adipogenesis studies because insulin is frequently
used in adipocyte culture media (Dufau et al., 2021).

Our study also validated Ppia and Thp as the most suitable reference genes for 3T3-
L1 adipogenesis studies comparing differentiating and non-differentiating cells. As shown
in Figure 1.4B,C), we demonstrated the importance of selecting an appropriate reference
gene. Normalization against Ppia resulted in consistent Pparg and Cebpa expression levels
compared with their non-normalized expression levels (Figure 1.3B,C). Similar results were
obtained when expression levels were normalized to those of 7bp (Figure 1.6). In addition
to the top-ranked reference genes Ppia and Thp, we demonstrated that normalization to
Rn18s was acceptable for determining Pparg and Cebpa expression levels. Although Rni8s

expression is not the most stable, the results of this study are consistent with those of a
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previous study (Zhang et al., 2014). The difference in Pparg and Cebpa expression levels
between differentiated and non-differentiated cells was extremely significant, and the surge
in gene expression levels was also significantly different between the time points. Therefore,
normalization to unstable reference genes may not detect any changes in the gene expression
patterns. This result emphasized that reference gene suitability may also affect target gene
expression patterns. The present study showed that the expression of the unstable reference
gene Hmbs, increased in a day-dependent manner, regardless of the presence or absence of
differentiation induction, whereas Zhang et al. (2014) revealed consistent expression of
Hmbs during differentiation. Normalization of Pparg and Cebpa expression against Hmbs
showed no difference in expression levels between undifferentiated and differentiated cells,
resulting in incorrect expression patterns (Figure 1.4B,C). In the determination of Pparg and
Cebpa expression levels, normalization against 7frc showed extremely high gene expression
levels with a similar statistical justification; however, this resulted in incorrect data (Figure
1.4B,C). Moreover, normalization against other unstable reference genes, namely, Nono,
Actb, Rpll3a, B2m, and Gapdh, resulted in inaccurate expression levels (Figure 1.6). Taken
together, these data highlight that normalizing gene expression levels to those of an
inappropriate reference gene can lead to misinterpretation of data.

Gene expression variability may be affected by various factors, including glucose
concentration (Mohammadi-Farani et al., 2014; Nishitani et al., 2019), FBS supplementation
(Bieback et al., 2010; Kwon et al., 2016), pH (Lemma et al., 2018; Rauschner et al., 2021),
and temperature (Vergara et al., 2014; Torres et al., 2018). In addition, gene expression
variability is caused by the cell passage number (Chang-Liu and Woloschak, 1997;
O’Diriscoll et al., 2006), culture duration (Yang et al., 2012; Emam et al., 2015), cell cycle
synchronization (Mukhitov et al., 2019), and experimental treatments (Choi et al., 2006;

Schreiber et al., 2017; Brzeszczynska et al.,, 2020). Among these factors, the
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physicochemical environment (pH and temperature) is accurately controlled. The
biochemical conditions of the cellular environment in this study were maintained using the
same cell culture medium throughout the experiments. A constant glucose concentration, a
single batch of FBS contained in the culture media, and the implementation of a routine
media replacement protocol eliminated the possibility of these factors causing gene
expression variability. Cells at the same passage number were used to ensure homogeneity
of the physical characteristics of the cells among all experimental groups. However, in this
study, we did not synchronize the cell cycle before day 0. Therefore, an unsynchronized cell
cycle might affect gene expression, especially in the ND groups. Nonetheless, our study
revealed that some reference genes were stably expressed across the different treatments and
throughout the experimental period. Gene expression variability was likely caused by
treatment with adipogenic induction reagents and the experimental duration, rather than by
a lack of synchronization.

We showed that the expression levels of reference genes may be affected over time,
even in non-differentiating cells, and that Ppia and Thp were stable reference genes
throughout 10 days in both undifferentiated and differentiated 3T3-L1 cells. The expression
of these housekeeping genes remained stable in both the undifferentiated and differentiated
3T3-L1 cells after 10 days. One limitation of this study is that it focused on only 10 reference
genes; thus, reference genes other than those analyzed in this study may be suitable under a
similar experimental design. Notably, the expression of known reference genes was altered

in non-differentiating cells throughout the experiment.
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1.5 Summary

Since gene expression analysis requires proper normalization to obtain reliable data,
validation of the reference genes before the gene expression analysis is important. In this
study, the stability of the expression of 10 reference genes in the 3T3-L1 cell line, which is
the most widely used cell line in adipogenesis studies, with and without adipogenic induction,
was evaluated. These 10 reference genes were subjected to RT-qPCR analysis and the
evaluation of expression stability was performed using the following five algorithms:
geNorm, NormFinder, BestKeeper, RefFinder, and the ACt method. The findings of the
study revealed that (1) the expression levels of the reference genes changed over time, even
in non-differentiating cells, and (2) peptidylprolyl isomerase A (Ppia) and TATA box-
binding protein (7hp) were stable reference genes for 10 days in both undifferentiated and
differentiated 3T3-L1 cells. In addition, glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) and beta 2 microglobulin (B2m) were found to be the least stable genes. Notably,
the expression of known reference genes in non-differentiating cells was altered throughout
the experiment. This study highlights that the validation of reference genes prior to the RT-

qPCR analysis is crucial for adipogenesis studies.
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Table 1.1 Mouse cDNA primer sequences of the 10 reference genes used for RT-qPCR

Gen Product  Primer References
ene Primer sequences (5'-3") Accession number size efficiency of primer
symbol o value
(bp) (%) sequences
Actb F:AGCCATGTACGTAGCCATCC NM _007393.5 250 93.1 0.9987 -
R:TTTGATGTCACGCACGATTT
Gapdh  F:AGGTCGGTGTGAACGGATTTG NM_001289463.1 123 87.6 0.9999 -
R:TGTAGACCATGTAGTTGAGGTCA
Rnli8s F:GCAATTATTCCCCATGAACG NR_003278.3 123 90.3 0.9856  Anbazhagan
R:GGCCTCACTAAACCATCCAA et al. (2019)
Hmbs F:ATGAGGGTGATTCGAGTGGG NM 001110251.1 134 88.9 0.9864  Zhang et al.
R:TTGTCTCCCGTGGTGGACATA (2014)
Ppia F:CAGGTCCATCTACGGAGAGA NM_008907.2 146 90.3 0.9990 Mutfioz et
R:CATCCAGCCATTCAGTCTTG al. (2021)
B2m F:ATACGCCTGCAGAGTTAAGC NM _009735.3 70 87.9 0.9838 Mutfioz et
R:TCACATGTCTCGATCCCAGT al. (2021)
Tbp F:CCAATGACTCCTATGACCCCTA NM 013684.3 104 98.8 0.9998  Asano et al.
R:CAGCCAAGATTCACGGTAGAT (2014)
Tfrc F:GTTTCTGCCAGCCCCTTATTAT NM 011638.4 152 102.2 0.9994  Zhang et al.
R:GCAAGGAAAGGATATGCAGCA (2014)
Nono F:TGCTCCTGTGCCACCTGGTACTC NM 023144.2 170 94.5 0.9995  Arsenijevic
R:CCGGAGCTGGACGGTTGAATGC et al. (2012)
Rpli3a  F:GGCTGCCGAAGATGGCGGAG NM_009438.5 131 93.8 0.9995  Arsenijevic

R:GCCTTCACAGCGTACGACCACC

etal. (2012)
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Table 1.2 The Ct values of non-differentiated and differentiation induced 3T3-L1 cell line

Gene Actb Gapdh  Rnl8s  Hmbs Ppia B2m Tbp Tfrc Nono Rpli3a
Control, Day 0 (1) 18.748 19.930 13.636 25.199 19.166 19.023 25843 25.177 21.871 22.348
Control, Day 0 (2) 18.982 20.800 13.868 25354 19.105 19.033 26.072 25.380 22.017 22.653
Control, Day 0 (3) 18.812 19.631 13.813 25306 19.200 18.802 25950 25.226 22.119 22.703
ND Day 5 (1) 18.004 19.884 13.209 24990 18.968 19.656 25879 25313 21.664 22.623
ND Day 5 (2) 18.129  19.488 13.200 24937 18.789 19363 25804 25310 21.844 22.255
ND Day 5 (3) 18.088 19.576 13.304 24951 18.998 19.467 25815 25344 21.588 22.384
ND Day 10 (1) 18.741 17.647 13.560 24949 19.026 18.169 25958 25.253 21.705 22.510
ND Day 10 (2) 18.333  17.618 13.532 24.718 18.889 17.933 25801 24976 21.624 22.648
ND Day 10 (3) 18.558 17.441 13.442 24856 18.946 18.022 25957 25.199 21.685 22.573
DI Day 5 (1) 18.520 17.932  13.195 24553 19.113 20396 25763 23.642 22304 23.140
DI Day 5 (2) 18.595 17.828 13.215 24.577 18.824 20.428 25928 23.746  21.869 22.659
DI Day 5 (3) 18.443 19.642 13.109 24.450 18.980 20.201 25.860 23.588  21.566 22.625
DI Day 10 (1) 19.092 16472 13319 24.026 18970 20.194 25805 24.810 22.480 23.294
DI Day 10 (2) 19.154 16.392 13383 24.076 19.123 20.315 25.848 24.855 22.346 23.355
DI Day 10 (3) 19.190 16.230 13.479 24.067 18.979 20.153 25788 24.838  22.366 23.257
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Table 1.3 The gene expression levels calculated from calibration curves

Gene Actb  Gapdh Rnl8s Hmbs Ppia B2m  Thp Tfrc  Nono Rpli3a
Control, Day 0 (1) 0.140 0.011 0.090 0.066 0.092 0.361 0.123 0.028 0.144 0.202
Control, Day 0 (2) 0.120 0.006 0.077 0.059 0.096 0.359 0.105 0.024 0.131 0.165
Control, Day 0 (3) 0.135 0.013 0.080 0.061 0.090 0416 0.114 0.027 0.122 0.160
ND Day 5 (1) 0.229 0.011 0.118 0.075 0.105 0.242 0.120 0.026 0.165 0.168
ND Day 5 (2) 0.211 0.014 0.119 0.077 0.117 0.292 0.126 0.026 0.147 0.215
ND Day 5 (3) 0.217 0.014 0.111 0.077 0.103 0.273 0.125 0.025 0.174 0.197
ND Day 10 (1) 0.141 0.046 0.094 0.077 0.101 0.620 0.113 0.027 0.161 0.181
ND Day 10 (2) 0.185 0.047 0.096 0.089 0.110 0.719 0.126 0.032 0.170 0.166
ND Day 10 (3) 0.159 0.052 0.102 0.082 0.106 0.680 0.113 0.028 0.163 0.174
DI Day 5 (1) 0.163 0.038 0.119 0.099 0.095 0.152 0.130 0.083 0.108 0.120
DI Day 5 (2) 0.155 0.041 0.118 0.097 0.115 0.149 0.116 0.077 0.144 0.164
DI Day 5 (3) 0.172 0.013 0.126 0.106 0.104 0.172 0.121 0.086 0.176 0.168
DI Day 10 (1) 0.112 0.096 0.110 0.138 0.105 0.173 0.126 0.037 0.096 0.108
DI Day 10 (2) 0.107 0.101 0.106 0.134 0.095 0.160 0.122 0.035 0.105 0.104
DI Day 10 (3) 0.105 0.112 0.099 0.135 0.104 0.177 0.127 0.036 0.104 0.111
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Table 1.4 Gene expression stability ranking by five different algorithms on non-
differentiated and differentiation-induced 3T3-L1 cells

geNorm NormFinder BestKeeper RefFinder ACt method
Gene Gni(;:;eg;c Geomean
symbol ranks value Rank S?;ﬂ:y Rank S[T (]:,)IS]V Rank rancl)ing Rank Né%m Rank

values

Ppia 1.320 0.121 1 0.018 1 0.094 2 1.4 2 0.532 1
Thp 1.516 0.126 2 0.019 2 0.069 1 1.2 1 0.549 2
Rnli8s 3.178 0.145 3 0.027 4 0.187 3 3.0 3 0.567 3
Nono 3.776 0.227 4 0.023 3 0.268 4 4.0 4 0.587 4
Actb 5.697 0.267 5 0.038 8 0.312 6 5.5 5 0.649 5
Rpli3a 5.966 0.283 6 0.036 7 0.281 5 6.0 6 0.650 6
Hmbs 6.787 0.368 7 0.034 6 0.356 7 6.4 7 0.727 7
Tfrc 7.282 0.456 8 0.030 5 0.479 8 8.0 8 0.895 8
B2m 9.192 0.589 9 0.156 10 0.737 9 9.0 9 1.151 9
Gapdh 9.791 0.791 10 0.039 9 1.322 10 10.0 10 1.600 10
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Figure 1.1 Oil red O (ORO) staining and quantification of accumulated lipid droplets in
non-differentiated (ND) and differentiated (DI) 3T3-L1 cells on days 0, 5, and 10.
(A) Accumulation of lipid droplets was observed in the DI groups by staining with ORO,
at days 5 and 10 after differentiation induction. Scale bar = 100 um. (B) Quantification of
lipid droplet accumulation in 3T3-L1 cells. The absorbance of the eluted ORO obtained
from the stained oil droplets was measured using a microplate reader at 492 nm. *P <0.05
and **P < 0.01 using Bonferroni test. (C) Relative Lep mRNA expression per 50 ng of
RNA in all five groups. Lep expression was higher in the DI groups than in the ND groups,
indicating the stage of mature adipocytes in the DI groups. *P <0.05 and **P < 0.01 using
Bonferroni test. Data are presented as the mean + standard deviation (SD) of triplicate
samples.
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Figure 1.2 Distribution of cycle threshold (Ct) values of each candidate reference gene
across all sample groups. A line within each box indicates the median Ct values, whereas
the lower and upper boundaries of each box indicate the first and third quartiles of the
data, respectively. Minimum and maximum values are indicated by the lower and upper

ends of the whiskers, respectively.
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Figure 1.3 Heatmap of the gene expression levels of 10 reference genes and the gene
expression stability levels evaluated using five algorithms. (A) Heatmap image for each
gene expression level in the Control, non-differentiated (ND), and differentiated (DI)
groups. The colors in the heatmap show the Z scores of gene expression levels in the
triplicate samples. Gene expression levels higher than the mean are indicated in red and
those lower than the mean are indicated in green. (B) The expression levels of 10 reference
genes were analyzed using geNorm, BestKeeper, NormFinder, RefFinder, and the ACt
method in the Control, ND, and DI groups. A lower value (right side of the horizontal
axis) indicates a reference gene with a more stable expression.
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Figure 1.4 Selection of reference genes affects the expression pattern of the target genes.

(A) Expression pattern of representative stable and unstable reference genes in non-
differentiating and differentiating 3T3-L1 cells. The non-normalized expression levels of
Ppia, Rnl8s, Hmbs, and Tfrc show different patterns indicating that the gene expression
levels differed among the groups. Differences were considered statistically significant at
*P < 0.05 and **P < 0.01 compared to the Control group using Dunnett's test. (B)
Comparative gene expression levels of Pparg in non-differentiated (ND) and
differentiated (DI) groups against the representative gene expression levels. *P < 0.05 and
**P < 0.01 using Bonferroni test. (C) Cebpa expression levels in non-differentiated (ND)
and differentiated (DI) groups normalized to the selected reference genes. *P < 0.05 and

**P <0.01 using Bonferroni test. Data for all graphs are presented as the mean + standard
deviation (SD) of triplicate samples.
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Figure 1.5 Expression pattern of stable and unstable reference genes in non-
differentiating and differentiating 3T3-L1 cells. The expression levels (non-normalized)
of Thp, Nono, Actb, Rpll3a, B2m, and Gapdh show different patterns, indicating that the
gene expression levels differed among the groups. Data are presented as the mean +
standard deviation (SD) of triplicate samples. *P < 0.05 and **P < 0.01 compared to the
Control group using Dunnett’s test.
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Figure 1.6 Comparative gene expression levels of the adipogenesis-related transcription
factors, (A) Pparg and (B) Cebpa, in non-differentiated (ND) and differentiated (DI)
groups against 7bp, Nono, Actb, Rpl13a, B2m, and Gapdh. Data are shown as the mean +
standard deviation (SD) obtained from triplicate samples. The Bonferroni test was used to
evaluate the significance of differences between means (**, P <0.01).
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Chapter 2

Qualitative and quantitative analyses in sulfated glycosaminoglycans,
chondroitin sulfate/dermatan sulfate, during 3T3-L1 adipocytes

differentiation

2.1 Introduction

Chondroitin ~ sulfate/dermatan  sulfate (CS/DS) is a type of sulfated
glycosaminoglycans (GAGs) that construct the extracellular matrix in various vertebrates
and invertebrates’ tissues (Yamada et al., 2011) in the form of CS proteoglycans (CSPGs),
which are involved in various biological events (Mizumoto et al., 2015). Chondroitin sulfate
contains repeating disaccharide structures of D-glucuronic acid (GlcA) and N-acetyl-D-
galactosamine (GalNAc), in the form of 4)GIcAB(1—3)-GalNAcB(1 structure (Miyachi et
al., 2015; Mizumoto et al., 2015; Zhang et al., 2019). Structural variations associated with
the position of sulfation construct the major CS subclasses, such as O [GlcA-GalNAc], A
[GlcA-GalNAc(4S)], C [GlcA-GalNAc(6S)], D [GIcA(2S)-GalNAc(6S)], and E [GlcA-
GalNAc(4S6S)] units (Sugahara and Mikami, 2007; Sugiura et al., 2012). The epimerization
of the uronic acid, D-GIcA into L-iduronic acid (IdoA), results in the formation of DS chains,
which are indicated as 10, 1A, iC, iD, and iE units according to the coding system proposed
by Sugahara and Mikami (Sugahara and Mikami, 2007). The detailed structure of the
repeating disaccharides of CS and DS is presented in Figure 2.1A.

Biosynthesis of the CS repeating disaccharide region involves several enzymes known
as glycosyltransferases. Chondroitin GalNAc transferase-1 (ChGn-1) and ChGn-2 which
possess both GalNAc transferases I (GaINAcT-I) and GalNACcT-II activities, respectively,

catalyze the chain initiation and elongation of CS backbone (Gulberti et al., 2012; Sato et
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al., 2003; Uyama et al., 2003). Other glycosyltransferases, chondroitin synthase-1 (ChSy-1),
ChSy-2, ChSy-3, and chondroitin polymerizing factor (ChPF), that possess GIcA transferase
I (GIcAT-II) and GalNACT-II activities, respectively, are involved in the chondroitin
polymerization (Izumikawa et al., 2007; Kitagawa et al., 2003; Yada et al., 2003). Moreover,
formation of the structural variation of CS/DS chains is catalyzed by sulfotransferases and
epimerases: chondroitin 4-O-sulfotransferase 1 (C4ST-1), C4ST-2, C4ST-3, chondroitin 6-
O-sulfotransferase 1 (C6ST-1), GalNAc 4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST),
uronyl 2-O-sulfotransferase (UST), dermatan 4-O-sulfotransferase 1 (D4ST-1), and
glucuronyl C-5 epimerases (DS-epil and DS-epi2) (Mizumoto and Yamada, 2021). A
schematic diagram of the CS/DS biosynthesis and sulfation pathways, as well as the related
enzyme-encoding genes, are shown in Figure 2.1B.

Study on the content and composition of GAGs, especially CS/DS, in animal tissues
has been carried out for decades on various species from both vertebrates and invertebrates
(Cahyadi et al., 2022; Higashi et al., 2015; Muthusamy et al., 2004; Okazaki et al., 1992;
Sundaresan et al., 2018; Suzuki et al., 2019; Takeda-Okuda et al., 2019; Takeda et al., 2016;
Toledo et al., 1977; Vasan et al., 1983; Volpi, 2004; Yamada et al., 2011). In addition,
investigations of their biological roles at the cellular and molecular levels have also been
carried out progressively. CS/DS is essential for the maintenance of cell proliferation and
differentiation (Izumikawa et al., 2014; Mizumoto and Yamada, 2021; Mizumoto and
Yamada, 2022; Ogura et al., 2021; Sirko et al., 2007; Volpi et al., 1993). Furthermore, the
fluctuation of CS levels during cell differentiation may provide essential information for a
better understanding of cell and tissue development. Interestingly, such basic knowledge
could provide a potential tool in controlling cells’ commitment to differentiate by
manipulating the CS abundance. For example, in a previous study, Mikami et al. (2012)

revealed that CS amount is reduced during myogenesis, and its enforced suppression of CS
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promotes myogenic differentiation. Thus, in other words, factors controlling CS levels may
provide therapeutic potential for muscle degeneration.

In adipose tissue development, a serial process of adipogenesis, which includes
preadipocyte proliferation and differentiation, occurs and is followed by the enlargement of
the lipid droplet. During adipogenesis, transcription factors such as peroxisome proliferator-
activated receptor gamma (PPARy), CCAAT-enhancer-binding protein alpha (C/EBPa),
and fatty acid binding protein 4 (FABP4) express to regulate adipogenesis (Rosen and
MacDougald, 2006). In addition to the study in C2C12 myoblast (Mikami et al., 2012),
studies on GAG and gene expression profiles during tissue stem cell differentiation have
been conducted in MC3T3-El osteoblast (Haupt et al., 2009), human bone marrow
mesenchymal stromal cells (h(BMSCs, toward hepatocytes) (Mikael et al., 2019), and murine
embryonic stem cells (mESCs, toward embryoid bodies and extraembryonic endodermal
cells) (Nairn et al., 2007, 2012). Moreover, analysis of CSPG expression in adipose tissue
and 3T3-L1 cells adipogenesis, which is our focus in this study, has also been reported in
several studies (Calvo et al., 1991; Han et al., 2020; Musil et al., 1991, Zizola et al., 2007).

However, information on the detailed composition of CS types and expression profiles
of CS-related genes in the 3T3-L1, the most used cell line in adipogenesis studies, is still
limited. Given the role of CS in tissue stem cell proliferation and differentiation, we believe
that understanding the changes in CS/DS content and composition during adipogenesis is
essential to elucidate the role of CS/DS in the regulation of adipogenesis. Adipocyte biology
has been studied in animal sciences for decades, involving studies related to the enhancement
of carcass composition by reducing fat deposition (Etherton, 2000) or the improvement of
intramuscular fat deposition as it enhances meat quality and provides sensory benefits
(Albrecht et al., 2015; Guan et al., 2017). Similarly, numerous studies on adipocyte

development and the discovery of potential therapies for obesity have been conducted for
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decades (Ambele et al., 2016; Calvo et al., 1991; Choi et al., 2006; Guan et al., 2017; Han
et al., 2020). Since CS/DS is thought to be important in adipocyte differentiation, the present
study aims to profile the amount and composition of CS/DS in adipogenesis, as well as gene
expression associated with their synthesis and degradation. Of note, the significance of this
study is to provide a better understanding of the quantitative and qualitative changes in
CS/DS profiles in adipocyte differentiation, which potentially contribute to the control of

adipose tissue development.

2.2 Materials and Methods
Cell culture and differentiation

The 3T3-L1 mouse preadipocytes cell line (JCRB9014, RRID:CVCL 0123) was
obtained from the Japanese Collection of Research Bioresources Cell Bank (JCRB Cell Bank,
Osaka, Japan). Cells were cultured at 37°C under 5% CO: condition in the Dulbecco’s
modified Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan), supplemented with 10% fetal bovine serum (FBS; Biosera, Ringmer, UK) and 1%
commercial mixture of antibiotic containing penicillin and streptomycin (FUJIFILM Wako
Pure Chemical Corporation), hereinafter referred to as basic culture medium. Two days after
reaching the confluency, the cells proceeded without or with adipogenic induction for non-
differentiated (ND) and differentiated (DI) groups, respectively. For the DI group,
differentiation was started (day 0) by adding the differentiation medium, which was the basic
culture medium supplemented with Adipolnducer Reagent containing 10 pg/mL insulin, 2.5
UM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine (Takara Bio, Shiga, Japan),
for two days. The medium was then replenished with maintenance medium (basic culture

medium supplemented with 10 ug/mL insulin) every two consecutive days, until day 10. A
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standard culture medium added with phosphate-buffered saline (PBS, pH 7.4) was used to
replenish the medium for the ND group at the same time course.

For studies to determine the CS/DS amount and composition as well as the molecular
weight analysis, the 3T3-L1 preadipocytes were cultured in T75 flasks and divided into two
groups, ND and DI groups. Cells were harvested for analysis on day 10. For gene expression
analysis using reverse transcription quantitative real-time polymerase chain reaction (RT-
qPCR), cells were seeded in 12-well plates and divided into five groups at three different
time courses as follows: (i) Control, confluent preadipocytes on day 0, (i) ND and (iii) DI

groups on day 5, and (iv) ND and (v) DI groups on day 10.

Oil red O staining

Oil Red O (ORO) staining was performed on the Control group, as well as the ND and
DI groups on days 5 and 10, to determine the progression of adipocyte differentiation, which
was shown by lipid droplet accumulation. Cells were washed with PBS and fixed with 10%
neutral-buffered formalin (pH 7.4; FUJIFILM Wako Pure Chemical Corporation) overnight
at room temperature. Further, cells were stained with a freshly prepared ORO staining
solution (Lipid Assay Kit; Cosmo Bio, Tokyo, Japan) according to the manufacturer’s
instructions. Briefly, after staining for at least 15 minutes at room temperature, the ORO
staining solution was removed, and the stained cells were washed with distilled water (dH20O)
three times. Images of the cells were captured using an inverted light microscope (Olympus
IX71; Olympus, Tokyo, Japan). Isopropanol was used to extract the dye from the stained
lipid droplets. Semi-quantitative approach by measuring the absorbance of the dye extraction
using a microplate reader (Tecan Sunrise Remote, Grodig, Austria) at 492 nm was performed

to quantify the amount of oil droplets.
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Isolation of GAGs from the 3T3-L1

On day 10, the culture medium was aspirated from the flasks, and the cells were
washed with PBS to completely remove the remaining culture medium. The PBS was then
aspirated, and 3 mL of absolute ethanol (EtOH) was added to each flask. The cells were
harvested by using a cell scrapper. The EtOH and the precipitates were moved to the sample
tubes and dried in a desiccator equipped with a vacuum pump for 2 h. These dried samples
were weighed and then proteolyzed, concisely, distilled water (8§ mL/g dried sample) was
added into the tube containing the dried sample and this suspension was incubated at 55°C,
followed by the addition of borate buffer (0.5 M, pH 7.0, 10 mL/g dried sample) and 5%
protease (PROTIN NY 100, Amano Enzyme, Nagoya, Japan) (50 mg/g dried sample). After
completing the incubation for 5 days, each suspension was cooled on ice and quenched by
adding the trichloroacetic acid (5%, w/v), followed by centrifugation. Sodium acetate (5%,
w/v) and 4 times the volume of EtOH were added. The samples were then spined down and
the EtOH was removed. To each sample, 0.5 mL of purified water was added, and the

suspension was freeze-dried overnight.

Compositional analysis of CS/DS

Prior to the compositional analysis of CS/DS, 300 pL of dH20 was added to the dried
samples. The enzymatic digestion was performed by adding 100 pL of the sample substrate
in a mixture of bovine serum albumin (BSA) solution (0.01 mg/uL), 250 mM Tris-HCI
buffer (10 puL, pH 8.0), and chondroitinase ABC (1 mU/uL) (EC 4.2.2.4, Sigma Aldrich,
Tokyo, Japan) or chondroitinase AC (1 mU/uL) (EC 4.2.2.5, IBEX Pharmaceuticals,
Montreal, Canada) for 8 h at 37°C or 30°C, respectively. Chondroitinases, enzymes that have
been used for CS/DS disaccharides compositional analysis (Yoshida et al. 1989), create a

double bond between carbons 4 and 5 in the uronic acid residue at the cleavage site, resulting
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in unsaturated disaccharides. Therefore, the CS/DS disaccharides we analyzed in this study
were in the form of unsaturated disaccharides rather than in the form of CS/DS
oligosaccharides. A schematic diagram of the enzymatic digestion of GAGs is presented in
Figure 2.2. Unsaturated disaccharides obtained from the enzymatic digestion were filtered
with centrifugal filter units (Millipore Ultrafree-MC-HV, Durapore-PVDF 0.45 pm, Merck
Millipore, Carrigtwohill, Ireland). CS/DS amount and type were analyzed using a high-
performance liquid chromatography (HPLC) system as previously described by Yoshida et
al. (1989). In the present study, the analysis was performed using HPLC Waters 616 Pump
with Waters 600s Controller and Waters 2487 Dual A Absorbance Detector (Waters
Corporation, Milford, MA, USA). A volume of 25 uL of sample was injected onto a YMC-
Pack PA-G column (4.6 X250 mm, 5 um; YMC, Kyoto, Japan) and the analysis was
performed under the following conditions: isocratic conditions with eluent 16 mM NaH,PO4
buffer for the first 10 min followed by a linear gradient from NaH>PO4 buffer to 800 mM
NaH>POg4 buffer at 25 °C, flow rate of 1 mL/min, UV absorbance at 232 nm. To distinguish
the hyaluronic acid (HA) from the CS/DS hybrid chains, the 4,5-unsaturated hexuronic acid
(AHexA)-GalNAc and AHexA-GIcNAc were detected by using an HPLC system (AKTA
Purifier, General Electric Healthcare, Boston, MA, USA), according to the method described
in the previous study (Hjerpe et al., 1982). Briefly, analysis on 50 puL of sample was carried
out on the Hypersil APS-2 columns (100x4.6 mm+250%4.6 mm, 5 um; Thermo Scientific,
Waltham, MA, USA) in combination with the Shodex OHpak SB-G 6B guard column (6.0
x50 mm, Showa Denko K. K., Kanagawa, Japan), under the following conditions: isocratic
at 35 °C, using 9 mM of NaH,PO4 (pH 2.55), flow rate of 0.8 mL/min, UV absorbance at
231 nm. Calculation of the amounts of CS/DS hybrid chains and their sulfation patterns was
performed by using a calibration curve based on the HPLC peak area of the standard

unsaturated disaccharide (Seikagaku Corporation, Tokyo, Japan). In short, as previously
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described by Akatsu et al. (2011), the total amount of disaccharide from chondroitinase AC
digests subtracted from chondroitinase ABC digests to estimate the IdoA-containing

disaccharides.

Determination of molecular weight of the GAGs

The molecular weight of the crude glycans was estimated by using size exclusion
chromatography (SEC). A concentration of 1 mg/mL glycan solution in dH,O was prepared
and analyzed in a system consisting of a Shodex OHpak SB-G 6B guard column (6.0 x50
mm, Showa Denko K. K.) followed by the Shodex OHpak SB-805 HQ analytical column
(8.0x300 mm, Showa Denko K. K.) using 0.1 M NaNOs; buffer at a flow rate 1 mL/min.
This HPLC analysis was performed over an 18-min period and monitored with a refractive
index (RI) indicator. For this measurement, the result obtained from pullulan standards
(Shodex Standard Pullulan Kit P-82, Showa Denko K. K.) was used to generate the

molecular weight calibration curve.

RT-qPCR

The total RNA was extracted from the cells by using ISOSPIN Cell & Tissue RNA
(Nippon Gene, Tokyo, Japan) and quantified by using NanoDrop 2000c Spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). An aliquot of each total RNA (500 ng)
sample was reverse transcribed for cDNA synthesis using ReverTra Ace qPCR RT Master
Mix with gDNA Remover (Toyobo, Osaka, Japan). The RT-qPCR experiments were carried
out on a LightCycler® Nano Real-Time PCR Instrument using FastStart Essential DNA
Green Master (Roche Diagnostics GmbH, Mannheim, Germany). Adipogenesis
transcription factors, peroxisome proliferator-activated receptor gamma (Pparg) and fatty

acid binding protein 4 (Fabp4), were examined to verify the adipogenic induction, in
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addition to the ORO staining quantitative approach. Furthermore, the following gene
expression levels were analyzed: chondroitin sulfate N-acetylgalactosaminyltransferase 1
(Csgalnactl), chondroitin sulfate N-acetylgalactosaminyltransferase 2 (Csgalnact?),
chondroitin sulfate synthase 1 (Chsyl), chondroitin polymerizing factor (Chpf),
hyaluronoglucosaminidase 1 (Hyall), hyaluronoglucosaminidase 2 (Hyal2), carbohydrate
sulfotransferase 12 (Chstl2), carbohydrate sulfotransferase 15 (Chstl5), uronyl-2-
sulfotransferase (Usf), carbohydrate sulfotransferase 14 (Chstl4), dermatan sulfate
epimerase (Dse), and dermatan sulfate epimerase-like (Dsel). Each gene expression level
was normalized to that of a previously validated suitable reference gene, peptidylprolyl
isomerase A (Ppia) (Cahyadi et al., 2023). Detailed information about the primer sets used

in RT-qPCR reactions is presented in Table 2.1.

Data analysis

All data are presented as mean + standard deviation (SD). A significant difference
between the two groups was determined using an unpaired two-tailed #-test, while the
comparisons among the means in multiple groups were performed using a one-way analysis
of variance (ANOVA) followed by a Bonferroni post hoc test. A P-value less than 0.05 was
considered statistically significant. Statistical analyses were performed using the Microsoft
Excel add-in statistical software (BellCurve for Excel version 4.02; Social Survey Research

Information, Tokyo, Japan).
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2.3 Results
Confirmation of the status of adipocyte differentiation

The ORO staining confirmed that 3T3-L1 cells in the DI group transformed into
adipocyte-like structures and accumulated lipid droplets on days 5 and 10 after being
induced to differentiate. However, cells in the ND group, like those in the control group,
maintained their fibroblast-like phenotype and did not accumulate lipid droplets (Figure
2.3A). This result was confirmed by a semi-quantitative analysis of the absorbance for lipid
droplet accumulation (Figure 2.3B). In addition, as many studies revealed the cellular events
that occurred during adipogenesis, we have also confirmed the surge of the mRNA
expression of the adipogenesis transcription factors, Pparg and Fabp4, in the DI group on

days 5 and 10 (Figure 2.3C,D).

Quantitative analysis of CS/DS contents

Representative chromatograms of GAG peptides after digestion with chondroitinases
are shown in Figure 2.4A. The amount of unsaturated CS/DS and HA disaccharides, as well
as their compositions calculated from the HPLC analysis, are summarized in Figure 2.4B,C,
and in Table 2.2. In this study, the compositional analysis of CS/DS was performed only on
the 3T3-L1 cells that underwent 10 days of adipogenic differentiation. This was done to
highlight the difference between the ND and DI groups, as on day 10 of the DI group, the
cells were considered almost completely differentiated. The amount of the unsaturated
disaccharides of CS/DS from the 3T3-L1 cell cultures was significantly decreased in the DI
group compared to the ND group (P<0.01). A measured amount of CS+DS in the cells from
ND and DI groups was 0.48 + 0.13 mg and 0.10 + 0.03 mg, respectively. In addition to the

CS/DS detected in our analysis, the HA amount in the cells from the DI group was about
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90% less (0.04 = 0.00 mg) than that of the ND group (0.46 + 0.15 mg) (P<0.01) (Figure

2.4B).

Molecular weight of the GAGs contained in 3T3-L1 cells

In addition to the GAG compositional analysis, the present study investigated its
molecular weight. The molecular weight revealed in this study corresponds with the chain
length of the GAGs. However, the estimation of this molecular weight should be considered
as from the mixture of the CS/DS and HA. Lower weight-average molecular weight (Mw;
3.1 £ 0.3 kDa) was detected in the samples from the differentiating 3T3-L1 cells (DI group)
with a low degree of dispersion indicated as Mw and number-average molecular weight
(Mn) ratio (Mw/Mn; 2.2 + 0.1). Contrarily, the GAGs contained in the cells from the ND
group possessed the Mw value 10.3 + 1.0 kDa with a higher degree of dispersion (Mw/Mn;
5.2+ 0.1). Representative HPLC chromatograms and the comparative Mw between ND and

DI groups are shown in Figure 2.4D,E.

Decreased expression of Csgalnactl, Csgalnact2, and Chpfin differentiated cells

To investigate the functional analysis of the CS synthesis in 3T3-L1 cells, the mRNA
expressions of genes encoding glycosyltransferases that are involved in the CS biosynthesis,
Csgalnactl, Csgalnact2, Chsyl, and Chpf, were examined. In the DI group, regardless of
the time course, our results showed the remarkably low expression of Csgalnactl and Chpf,
and considerably lower expression of both Csgalnact2 on day 10, but not Chsy !, which was
not altered during the differentiation compared to that of non-differentiated cells, as well as

the control group (Figure 2.5A-D).
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CS degradation-associated Hyall expression

In addition to the glycosyltransferases-encoded genes expression, we also investigated
the expression of CS hydrolases-related genes, Hyall and Hyal2. Our results showed that
Hyall expression in the ND group was significantly decreased on day 10. Although Hyall
expression on day 10 in the DI group was not different compared to those of the ND and DI
groups on day 5 and the control group, the expression was considerably higher compared to
that of the ND group on day 10 (P = 0.074). On the other hand, the expression level of Hya/2
was not altered over the time course and by the adipogenic induction, except for its decreased

expression in the DI group on day 10 compared to that of on day 5 (Figure 2.5E,F).

Decrease in Dsel expression in the differentiated cells

The DI group showed a difference in the composition of the GlcA and IdoA residues
of CS/DS compared to the ND group. This led us to investigate the expression of DS-
epimerases-encoding genes, Dse and Dsel, which promote the formation of IdoA in the
CS/DS chain (Akatsu et al., 2011; Maccarana et al., 2009; Pacheco et al., 2009a). Our study
revealed that the Dse expression in the DI group on day 5 was decreased compared to that
in the ND group, but there was no difference between both groups on day 10 (Figure 2.6A).
On the other hand, the DI group on day 10 exhibited a significantly lower Dsel expression

compared to the ND group (Figure 2.6B).

Composition of CS/DS types and sulfotransferases gene expression

The composition of the unsaturated disaccharides of CS/DS in 3T3-L1 preadipocytes
was revealed in our study, demonstrating the AA unit [GlcA-GalNAc(4S) and IdoA-
GalNAc(4S)] (calculated from A+iA units) as the major CS/DS disaccharides in 3T3-L1 cell

line that reached 89% and 86% in ND and DI groups, respectively (Figure 2.4C). In fact,
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compositions of the unsaturated disaccharides in CS vary among the cell lines, but the AO
unit (ADi-0S), AA unit (ADi-4S), or AC unit (ADi-6S) are the major three disaccharides
(Higashi, 2020). By using the adipogenic-induction medium to promote cell differentiation,
our results also showed a significant change in its composition between both groups. The
composition of the GIcA residues, A unit [GlcA-GalNAc(4S)], was increased in the DI
group (44%), compared to the ND group (27%). Contrarily, the less IdoA residues [IdoA-
GalNAc(4S)] were detected in the DI group (42%), compared to the ND one (62%). The
GlcA and IdoA residues of AO unit, O [GlcA-GalNAc(0S)] and iO [IdoA-GaINAc(0S)]
CS/DS disaccharides in non-differentiated 3T3-L1 cells were 8% and 2%, respectively.
However, both O and 10O units were not detectable in the DI group, suggesting the absence
or possibly a very low amount of the AO unit presence in the differentiated 3T3-L1 cells.
Moreover, only IdoA residues of AE unit, iE, were detected in both ND (2%) and DI groups
(14%).

We have demonstrated the mRNA expression level of CS/DS sulfotransferase-related
genes as shown in Figure 2.6C—F. The mRNA expression level of Chst/2 was increased
significantly in the DI group on day 10, supporting the result that the composition of the A
unit of CS was increased. Our study also revealed that the Chst15 expression level on day
10 was substantially higher compared to those on day 5 and the control group. The mRNA
expression level of this gene on day 10 was significantly decreased in the DI group compared
to the ND group. Another sulfotransferase-encoded gene, Ust, was generally expressed
higher on day 10 compared to those on day 5 and the control group with no significant

difference observed between ND and DI groups.
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2.4 Discussion

In this chapter, our study confirms that both the lipid droplet accumulation and
expression of the adipogenesis markers increase in a day-dependent manner. A decrease in
CSPG levels in various cells has been reported in some studies. Calvo et al. (1991) reported
that CSPGs increase during the differentiation of 3T3-L1 cells, but Zizola et al. (2007)
confirmed the decrease in large CSPG molecule level after a few days, as observed at 72 h
after the initiation of cell differentiation. Previous research showed that the CSPG contents
are decreased in the differentiated U-937-4 macrophage-like cells (Kolset et al., 1988) and
in the differentiated HL-60 cells toward granulocytes and monocytes (Laskin et al., 1991;
Reiss et al., 1985). Although in this study we measured the CS/DS disaccharide under a
different experimental design compared to those previous studies, it seems that the decrease
in GAGs biosynthesis is a common phenomenon that occurs upon cell differentiation in
some cell types including 3T3-L1 adipocytes. Moreover, our results indicate the decrease of
CS/DS biosynthesis and/or the increase of their degradation during the 3T3-L1 cell
differentiation.

The remarkably low molecular weights of the GAGs detected in our study are still
within the range of the CS/DS subclass, which is from 2 to 50 kDa (Leal et al., 2023). The
decrease in the GAG molecular weight representing the shorter CS/DS chains supports the
results of the decreased CS/DS contents after adipocyte differentiation. Regarding the
expression of CS biosynthesis-related genes, a previous study reported a similar result of the
decreased expression of the CSGALNACTI gene (compared to controls) in human adipose-
derived stromal cells (ASCs) at 7 and 21 days after adipogenic induction (Ambele et al.,
2016). It is known that some glycosyltransferases, namely ChGn-1, ChGn-2, ChSy-1, ChSy-
2, ChSy-3, and ChPF, regulate CS synthesis. These glycosyltransferases are involved in a

series of events, including chain initiation and catalyze chondroitin polymerization, forming
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the repeating GlcA and GalNAc disaccharide residue (Gulberti et al., 2012; Izumikawa et
al., 2007, 2008; Mikami and Kitagawa, 2013; Sato et al., 2003). Moreover, this complex
polymerization activity in CS biosynthesis involves various combinations of the above
enzymes (Izumikawa et al., 2007, 2008). These phenomena of the decreased expression of
the genes encoding glycosyltransferases strongly support the results of CS/DS analysis, in
which the content was significantly decreased in the DI group. These findings suggest that
during 3T3-L1 differentiation, there is a decrease in glycosyltransferase activity required in
the CS biosynthesis.

In conjunction with the results of CS/DS contents, this study evaluates the CS
degradation-related genes, Hyall and Hyal2. Both Hyall and Hyal2 encode hyaluronidases,
which have degradation activity against CS, as well as HA (Gushulak et al., 2012; Honda et
al., 2012; Yamada and Mizumoto, 2022). These results may indicate the involvement of
hyaluronidases, mainly HYALI, in the occurrence of CS degradation in the differentiating
cells. However, compared to the glycosyltransferase reduction, the change in Hyall
expression is thought to be insignificant. Thus, we suggest that the decrease in the molecular
weight, as well as the amount of CS/DS, is predominantly caused by the decrease in their
biosynthesis.

DS-epil and DS-epi2 encoded by Dse and Dsel, respectively, facilitate the
epimerization of the GlcA residue into IdoA residue resulting in the formation of a DS chain
(Pacheco et al., 2009a). Stachtea et al. (2015) reported that double knockout of both DS-epil
and DS-epi2 mice showed no epimerase activity due to the complete absence of IdoA residue.
However, a study in the DS-epil-null mice showed that epimerase activity is mainly
regulated by DS-epil in several organs but the brain, which is suggested to be regulated by
DS-epi2 (Maccarana et al., 2009). Dsel expression in the mouse brain is higher than that of

Dse and is suggested to be mainly responsible for the IdoA residue (Akatsu et al., 2011).
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Suppression of Dsel is linked to the decrease of DS-epi2 activity, which may contribute to
the decrease in the proportion of IdoA residue compared to GIcA residue. Here we also
suggest that epimerase activity in adipose tissue is mainly regulated by DS-epi2.

Sulfotransferase encoded by the Chst12 gene, C4ST-2, is known to catalyze the sulfate
transfer of chondroitin and desulfated dermatan sulfate to position 4 of the GalINAc (Hiraoka
et al., 2000), and is involved in CS-A formation. The increased Chst12 expression in the DI
group on day 10 may contribute to the increased ratio of CS-A in the DI group. In addition,
an absence of non-sulfated (AO unit) CS/DS in the DI group suggests that sulfation at GIcA-
GalNAc residues occurred and the CS/DS types were formed; it is reasonable to assume that
the increase in Chstl2 promoted the formation of non-sulfated CS/DS to A unit CS/DS. In
contrast, the significantly lower expression level of Chst14 was observed in the same group
on day 5 and day 10. The decreasing expression level of another sulfotransferase-encoding
gene, Chstl4, that encodes D4ST-1, is consistent with the genome-wide analysis in human
ASCs previously reported, in which the CHST14 gene was down-regulated on days 7, 14,
and 21 post-adipogenic induction (Ambele et al., 2016). Previous studies showed that a lack
of D4ST-1 activity due to the CHST4 gene mutation causes a substantial reduction in the
number of IdoA residues (Miyake et al., 2010; Pacheco et al., 2009b). The significant
decrease in Chst14 expression in the DI group probably promotes the substantial reduction
of IdoA residue, especially DS-A.

The formation of highly sulfated CS/DS, E units, is facilitated by GalNAc4S-6ST,
encoded by Chstl5, which catalyzes the transfer of sulfates to positions 4 and 6 of their
GalNAc residue (Ito and Habuchi, 2000; Ohtake et al., 2003). This lower expression of
Chstl5 in the DI group compared to the ND group on day 10, is consistent with the previous
research that showed the downregulated CHST15 gene expression in human ASCs on day

14 of post-adipogenic induction compared to the control group (Ambele et al., 2016). As
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previously mentioned, only iE, the IdoA residue of AE unit, was detected in the DI group.
However, on the contrary, Chstl5 expression was decreased in the DI group compared to
the ND group, regardless of its relatively high expression on day 10. Thus, we suggest that
the decrease of this Chst15 expression might occurred in correlation to the decreased CS/DS
amount revealed by HPLC analysis, but was not at the level of reducing GalNAc4S-6ST
activity. UST, encoded by Ust, transfers a sulfate group to position 2 of GIcA and IdoA
residues in CS/DS (Kobayashi et al., 1999). However, the absence of its product, AD unit,
in the present study, suggests that the content of the AD unit was very low in 3T3-L1 cells
and may have been below the minimum threshold detected by HPLC analysis.

After accounting for the CS biosynthesis-related gene expression trends and the CS/DS
contents in both differentiating and non-differentiating cells, we highlight that a decrease in
glycosyltransferase activities is the primary cause of the decreased CS/DS contents that
occurred during adipogenesis. These findings are graphically illustrated in Figure 2.7. The
trend should remain consistent, but we cannot exclude the possibility that fluctuations in the
relative amounts of each CS/DS type could occur as a result of the cell culture conditions.

In this study, we showed that the A unit (ADi-4S) is the predominant disaccharide in
CS/DS from the 3T3-L1 cell line, both in differentiated and non-differentiated cells. The
present findings also confirm that the amount of CS/DS was reduced in cells undergoing
differentiation. However, it was still unclear whether the CS/DS levels change along with
adipocyte differentiation or whether this CS/DS biosynthesis controls adipocyte
differentiation. The details of these cause-and-effect relations remain an issue to be
elucidated in future studies to support the potential strategies for controlling fat development.
Nonetheless, these qualitative and quantitative changes in CS/DS before and after adipocyte
differentiation revealed in our study may provide important molecular information for a

detailed understanding of adipocyte differentiation.

50



2.5 Summary

In this study, a high-performance liquid chromatography (HPLC) system was used to
reveal the chondroitin sulfate/dermatan sulfate (CS/DS) contents, average molecular weight
(Mw), and sulfation pattern in 3T3-L1 during adipogenesis. Additionally, CS/DS
synthesis/degradation- and sulfotransferase-related gene expression was also analyzed by
reverse transcription real-time PCR (RT-qPCR). The results showed that the CS/DS amount
was significantly decreased in the differentiated (DI) group compared to the non-
differentiated (ND) group, along with a lower expression of CS biosynthesis-related genes,
chondroitin  sulfate N-acetylgalactosaminyltransferase 1, chondroitin sulfate N-
acetylgalactosaminyltransferase 2, and chondroitin polymerizing factor. The
glycosaminoglycans (GAGs) in the DI group also showed lower Mw than those of the ND
group. Furthermore, it was revealed that the A unit (ADi-4S) is the predominant disaccharide
in CS/DS from the 3T3-L1 cell line, both in differentiated and non-differentiated cells, with
a proportionally higher CS-A ratio in the DI group. This was consistent with the expression
of carbohydrate sulfotransferase 12 that encodes chondroitin 4-O-sulfotransferase, for CS-
A formation. Unlike the ND group, both GlcA and IdoA residues in the O unit of CS/DS
from the DI group were absent. Overall, the findings of the study confirm that the CS/DS
biosynthesis was reduced in cells undergoing differentiation. It was still unclear whether the
CS/DS levels change along with adipocyte differentiation or whether this CS/DS
biosynthesis controls adipocyte differentiation. Nonetheless, these qualitative and
quantitative changes in CS/DS and CS/DS-synthases/hydrolases before and after adipocyte

differentiation reveal valuable insights into adipocyte development.
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Table 2.1 Mouse cDNA primer sequences of the various genes used for RT-qPCR

. Product  References
Gene . Accession . .
Primer sequences size of primer
symbol number
(bp) sequences
Pparg 5" CAAGAATACCAAAGTGCGATCAA-3' NM _001127330.3 69 Kanda et al.
5'-GAGCAGGGTCTTTTCAGAATAATAAG-3' (2009)
Fabp4 5-TGGAAGCTTGTCTCCAGTGA-3' NM_024406.4 121 Kanda et al.
5'-AATCCCCATTTACGCTGATG-3' (2009)
Csgalnact]  5'-TCTCTGGTTCCTGCTCACTGAAATA-3' NM_001252623.1 144  Ogawaetal.
5'-TCTGCTTGGTCTGAGACTTTGGTAG-3' (2012)
Csgalnact?  5'-TCTGCCTGGTACCTGTGTTCTGA-3' NM_001362149.1 115 Ogawa et al.
5'-TATCTGCCTGAACATTTCGACCAA-3' (2012)
Chsyl 5-AACTTTCTCTTCGTGGGAGTCA-3' NM_001081163.2 89 Lyu et al.
5'-GGAATTGTCTTGGACCATGT-3' (2022)
Chpf 5-TTCGTCCCTCTCCGCTAGCTGACG-3' NM_001001566.3 83 Ogawa et al.
5'-AAGGCGGCCGCTGTCCGACGTGTC-3' (2012)
Hyall 5-TACACAGCATGCTCAGAAAG-3' NM_008317.6 193  Myungetal.
5'-AGTGTCTCCATTCCAAACAG-3' (2019).
Hyal2 5'-CGAGGACTCACGGGACTGA-3' NM._010489.3 57 Jadin et al.
5'-GGCACTCTCACCGATGGTAGA-3' (2008)
Chstl2 5-ATCAGCATCACCAGCAACA-3' NM 021528.3 138 Koike et al.
5TTGGTCATGCTGCCCTG-3' (2015)
Chstl4 5'-CCAAAGTGGCCTGCTCTAACTG-3' NM 028117.3 100 Yoshizawa
5'AAGTCACTGCGGTGGTCCAT-3' etal. (2018)
Chstl5 5-TATGACAACAGCACAGACGG-3' NM_029935.6 153 Mizumoto et
5" TGCAGATTTATTGGAACTTGCGAA-3' al. (2013)
Ust 5-TCGTACCGTGGTCTTGCTTC-3' NM 177387.3 148 Hosaka et al.
5" TAAATAGGGCTGTTCGGCGG-3' (2022)
Dse 5'-AGCACATTGCAGCTCGGCTTAC-3' NM_172508.3 211 Stachtea et
5'-GCTGCCATCCTCTCCATGTAGTC-3' al. (2015)
Dsel 5-ACGTGGTCAAATGGCTTCAT-3' NM 0010813162 274 Stachtea et
5'-GCTGTGAAATCCAGGTGACAT-3' al. (2015)
Ppia 5-CAGGTCCATCTACGGAGAGA-3' NM_008907.2 146 Muiioz et al.
5'-CATCCAGCCATTCAGTCTTG-3' (2021)
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Table 2.2 Amount type of disaccharides, and ratio of disaccharides members contained in non-differentiated and differentiated 3T3-L1 cells

. Actual
Defatted dry Concentration concentration o
Sample weight (mg) (g/100 g defatted (whole cultured CS, DS composition (%)
dry cells) cells) (mg)
CS+DS HA CS+DS HA 0] i0 A 1A C iC D+D E iE
Non-differentiated (ND)
ND (1) 17.3 3.57 3.51 0.62 0.61 7 4 25 62 0 0 0 0 3
ND (2) 10.1 3.59 4.65 0.36 0.47 1 34 55 0 0 0 0 2
ND (3) 10.2 4.52 3.08 0.46 0.31 10 0 20 68 0 0 0 0 2
Mean  0.48 0.46 8 2 27 62 0 0 0 0 2
SD  0.13 0.15 1 2 7 7 0 0 0 0 0
Differentiated (DI)
DI (1) 24.0 0.39 0.15 0.09 0.04 0 0 49 37 0 0 0 0 14
DI (2) 24.5 0.26 0.15 0.06 0.04 0 0 47 39 0 0 0 0 13
DI (3) 27.7 0.46 0.14 0.13 0.04 0 0 36 50 0 0 0 0 14
Mean  0.10 0.04 0 0 44 42 0 0 0 0 14
SD  0.03 0.00 0 0 7 7 0 0 0 0 1

Abbreviations of disaccharides: O, -GlcA-GalNAc-; 10, -IdoA-GalNAc; A, -GlcA-GalNAc4S-; iA, -IdoA-GalNAc4S; C, -GlcA-GalNAc6S-; iC, -IdoA-GalNAc6S;
D, -GlcA2S-GalNAc6S-; iD, -IdoA2S-GalNAc6S; E, -GlcA-GalINAc4S6S; iE, -IdoA-GalNAc4S6S
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Figure 2.1 Structure and biosynthesis of CS and DS. (A) The chemical structure of CS
and DS disaccharides repeating units comprise GIcA or IdoA, and GalNac. (B) Schematic
diagram of CS/DS biosynthesis. A number of glycosyltransferases catalyze chain
initiation and elongation, as well as participate in chondroitin polymerization. Several
sulfotransferases catalyze the sulfation at various positions in CS/DS, resulting in the
formation of different CS/DS types. Abbreviation: GIcA, glucuronic acid; GalNAc, N-
acetylgalactosamine; IdoA , iduronic acid; ChSy, chondroitin synthase; ChPF, chondroitin
polymerizing factor; ChGn, chondroitin GalNac transferase; C4ST, chondroitin 4-O-
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sulfotransferase; C6ST, chondroitin 6-O-sulfotransferase; GalNAc4S-6ST, GalNAc 4-
sulfate 6-O-sulfotransferase; UST, uronyl 2-O-sulfotransferase; D4ST, dermatan 4-O-
sulfotransferase; DS-epi, glucuronyl C-5 epimerase; Chsy, chondroitin sulfate synthase;
Chpf, chondroitin polymerizing factor; Csgalnact, chondroitin sulfate N-
acetylgalactosaminyltransferase; Chst, carbohydrate sulfotransferase; Ust, uronyl-2-
sulfotransferase.
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Figure 2.2 Enzymatic digestion of the GAGs using chondroitinase ABC and AC.
Chondroitinases produce an unsaturated compound that possesses double carbon-carbon
bonds in the uronic acid (GlcA and IdoA) residues at the cleavage site. CS/DS types of
these unsaturated disaccharides are determined by using an HPLC system. Abbreviation:
GlcA, glucuronic acid; GalNAc, N-acetylgalactosamine; IdoA, iduronic acid.
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Figure 2.3 Semi-quantitative Oil Red O (ORO) staining and adipogenesis transcription
factors-related gene expression analysis confirms the adipocyte differentiation. (A) Lipid
droplet accumulation was observed in the differentiated (DI) groups, on days 5 and 10
post-differentiation induction. Scale bar = 100 um. (B) Accumulation of lipid droplets
was observed in the differentiated 3T3-L1 cells of the DI groups. The absorbance of the
eluted ORO obtained from the stained oil droplets was measured using a microplate reader
at 492 nm. **P < 0.01 using Bonferroni test. (C) Pparg and (D) Fabp4 expression per 50
ng of total RNA in all experimental groups. The mRNA expression of both Pparg and
Fabp4 in the DI groups was higher than in the ND groups. **P < 0.01 using Bonferroni
test. Data are presented as the mean + standard deviation (SD) of triplicate samples.
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Figure 2.4 Glycosaminoglycans (GAGs) contents, composition of CS/DS types, and its
molecular weight. (A) Representative chromatograms of the unsaturated disaccharides
obtained from the chondroitinase digestion detected in the 3T3-L1 cells of the non-
differentiated (ND) and differentiated (DI) groups. The elution positions of unsaturated
disaccharides are indicated: Adi-0S, AHexAal-3GalNAc (AO unit); Adi-4S, AHexAal-
3GalNAc(4S) (AA unit); Adi-4,6S, AHexAal-3GalNAc(4S,6S) (AE unit). (B) CS+DS
and HA contents were reduced in the DI group compared to the ND group. **P < 0.01
using an unpaired two-tailed #-test. (C) Composition of the CS/DS types in the ND and DI
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groups. AA unit was the major CS/DS disaccharide found in 3T3-L1 cells, although the
alteration of the CS/DS types composition was observed in the DI group compared to the
ND group. (d) Representative chromatograms of the non-differentiating and
differentiating 3T3-L1 cells-derived GAGs molecular weight measurement. (e) The
molecular weight of the GAGs in the ND and DI groups. The results indicate a reduction
in the chain length of GAGs in the DI group. **P < 0.01 using an unpaired two-tailed #-
test. Data are presented as the mean + standard deviation (SD) of triplicate samples.
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Figure 2.5 Decreased mRNA expression encoding ChGn-1 and -2 (Csgalnactl and
Csgalnact2) and ChPF (Chpf) in the DI group compared to the ND and control group. The
mRNA expression of glycosyltransferases-encoding genes (A) Csgalnactl, (B)
Csgalnact2, (C) Chsyl, (D) Chpf; and CS hydrolases-encoding genes (E) Hyall and (F)
Hyal2. *P <0.05 and **P < 0.01 using Bonferroni test. Data are presented as the mean +
standard deviation (SD) of triplicate samples.
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Figure 2.6 mRNA expression levels of genes encoding DS epimerases and
sulfotransferases in the non-differentiating and differentiating 3T3-L1 cells. The mRNA
expression of (A) Dse, (B) Dsel, (C) Chst12, (D) Chsti4, (E) Chstl5, (F) Ust. *P <0.05
and **P < (.01 using Bonferroni test. Data are presented as the mean + standard deviation
(SD) of triplicate samples.
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Figure 2.7 Graphical illustration of the changes in the CS/DS contents and its related gene
expression, during 3T3-L1 differentiation. In general, a decrease in CS/DS contents in the
differentiated 3T3-L1 cells is caused by decreased expression of glycosyltransferase
genes. Csgalnactl and Csgalnact2 are associated with the GaINAcT-I and GaINAcT-II
activities, respectively, while Chpf is associated with both GIcAT-II and GalNAcT-II
activities. Abbreviation: GIcA, glucuronic acid; GalNAc, N-acetylgalactosamine; IdoA,
iduronic acid; ChPF, chondroitin polymerizing factor; ChGn, chondroitin GalNac
transferase; Chpf, chondroitin polymerizing factor; Csgalnact, chondroitin sulfate N-
acetylgalactosaminyltransferase; GalNAcT, GalNAc transferase; GIcAT, GIcA
transferase.
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Chapter 3

Cartilaginous fishes-derived chondroitin sulfate suppresses 3T3-L1

adipocyte differentiation

3.1 Introduction

Chondroitin sulfate (CS), a sulfated glycosaminoglycan (GAG), is found at the cell
surface and plasma membranes to construct the extracellular matrix (ECM) in most animal
tissues (Haylock-Jacobs et al., 2011; Yamada et al. 2011). Currently, animal-derived CSs
are widely used in biomedical applications, particularly in treating osteoarthritis in humans
and animals (Henrotin et al., 2010). Currently, CS is obtained from natural resources due to
the difficulty of chemical synthesis, resulting in variations in composition, chain length, and
sulfation patterns based on origin (Martel-Pelletier et al., 2015). Bovine and porcine cartilage
are among the main sources of commercial CS (Schiraldi et al., 2010). In addition to the
terrestrial animal tissue-derived CS, a variety of tissues or parts, including scales, skin, bones,
cartilage, heads, gills, fins, and eyeballs from both marine and freshwater fish species, have
been utilized for the extraction of chondroitin sulfate (Gavva et al., 2020; Novoa-Carballal
et al., 2017; Valcarcel et al., 2017). However, the yield, purity, composition, and sulfation
patterns may vary based on the source and methods used for isolation.

It is known that the potential bioactivity of CS/DS depends on their sulfation patterns
and different sources of CS provide distinct biological functions (Volpi, 2019). For example,
sturgeon cartilage-derived CS mainly contains the A unit [GlcA-GalNAc(4S)], which
enhances cell adhesion and induces proliferation and migration in fibroblasts (Im et al.,
2010); C unit [GlcA-GalNAc(6S)]-rich CS disaccharide from ray cartilage increases neurite

outgrowth through the hepatocyte growth factor signaling pathway (Hashiguchi et al., 2011).
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Nadanaka et al. (1998) reported that shark cartilage-derived CS-D, which contains D-unit
[GIcA(2S)-GalNAc(6S)], has been found to promote neurite outgrowth. In addition,
exogenous CS-E from squid cartilage, composed mainly of E-unit [GlcA-GaINAc(4S,6S)],
promotes osteoblast differentiation (Koike et al., 2012) and exhibits neuroprotective
potential in vitro (Sato et al., 2008).

For decades, the processes involved in the adipocyte development have been studied.
During early differentiation, preadipocytes undergo a morphological change, which is
followed by their transformation into mature adipocytes that store lipids in the terminal
differentiation stage. The adipocyte differentiation process is complex and involves the
regulation of numerous transcription factors, including two key regulators, peroxisome
proliferator-activated receptor gamma (PPARY) and the CCATT/enhancer binding protein
(C/EBPa). These factors control the adipocyte gene program and their coexpression is
necessary to differentiate preadipocytes into adipocytes (Madsen et al., 2014; Rosen and
MacDougald, 2006; Tang and Lane, 2012). Other potential activities of the CS
polysaccharide chain on adipocyte development have also been studied. The anti-obesity
potential of salmon nasal CS has been reported to inhibit lipase activity in vitro and has a
fat-storage-lowering effect in vivo (Han et al., 2000). Xu et al. (2015) also reported the anti-
adipogenic activity of fucosylated CS isolated from the sea cucumber (Acaudina
molpadioides). Recently, the inhibitory effect of chondroitin sulfate oligosaccharides from
mottled skate (Raja pulchra) on lipid accumulation in vitro has been previously reported (Li
etal., 2019).

Alternative to the mammalian cartilage, the preference for cartilaginous fishes
(Chondrichthyes) as the source of CS seems reasonable since cartilaginous fishes possess a
higher ratio of cartilage per total body weight (Lee and Langer, 1983). In the previous

chapter, our study demonstrated a significant decrease in the CS/DS content during 3T3-L1
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adipogenesis, thus, we hypothesize that the exogenous CS treatment would suppress the
adipocyte differentiation. This study examined the effect of high-purity CSs extracted from
cartilaginous fish of different origins (mako shark, Isurus oxyrinchus; blue shark, Prionace
glauca; sharpspine skate, Okamejei acutispina; and stingray, Dasyatis akajei) on 3T3-L1
adipocyte differentiation using the same isolation method. The study presents a novel finding
about chondroitin sulfate derived from certain marine species, which can potentially inhibit

the differentiation of adipocytes.

3.2 Materials and Methods
Preparation of CS from cartilaginous fishes

Cartilaginous fishes-derived CS polysaccharides used in the study were isolated from
specific tissues of some species: mako shark (Isurus oxyrinchus, spine part), blue shark
(Prionace glauca, spine part), sharpspine skate (Okamejei acutispina, head and tail parts)
and stingray (Dasyatis akajei, head part). The CS substrates were obtained from previous
research samples on the analysis of contents and sulfation patterns of the CS/DS hybrid chain
described in Takeda et al. (2016). The contents and sulfation patterns of the cartilaginous
fishes-derived CS/DS are summarized in Table 3.1.

To facilitate the CS treatment in vitro, the pure glycans obtained from each
cartilaginous fish were subjected to further purification using diethylaminoethyl (DEAE)-
cellulose chromatography to get a high purity of glycans. Briefly, a portion of 100 mg crude
glycans was diluted with a small volume of 0.15 M LiCl/0.05M acetic acid at pH 4.0. This
mixture was applied to a DEAE-cellulose column (size ¢$2.2 X 15 cm). Using 160 mL of
buffer containing 0.5, 1.0, and 2.0 M LiCl, the column was gradually washed. Fractions with
carbazole-positive properties were subjected to dialysis and further desalted through a

column for gel permeation (LH-20, H20, ¢1.1 x 80 cm).
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Cell culture

The mouse 3T3-L1 preadipocyte cell line from the Japanese Collection of Research
Bioresources Cell Bank, Osaka, Japan (JCRB9014), was used in this study as an in vitro
adipogenesis model. The cells were cultured in 96- or 12-well plates under a 5% CO»
atmosphere at 37°C. Dulbecco’s modified Eagle’s medium (DMEM; FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan), with 10% fetal bovine serum (FBS; Biosera, Ringmer,
UK) and 1% of antibiotic mixture -containing penicillin and streptomycin (FUJIFILM Wako

Pure Chemical Corporation) supplementation was used to grow the cells.

Cell viability assay

Cells were seeded at a density of 1 x 103 cells per well in 96-well plates, with triplicate
runs in each group. Cells were treated with 10, 100, and 1000 pg/mL of the four cartilaginous
fishes-derived CS, which are mako shark-derived CS (Ms-CS), blue shark-derived CS (Bs-
CS), sharpspine skate-derived CS (Sp-CS), stingray-derived CS (St-CS); and PBS only for
control in each group. After 72 hours of incubation, the viability assay was measured using
Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). CCK-8 solution (10 pL) was
added to each well and followed by 2 hours of incubation for a color reaction. Absorbance
was measured at 450 nm with a microplate reader (Sunrise Remote; Tecan Austria GmbH,

Grodig, Austria).

Cell differentiation

Cells were seeded in 12-well plates at a density of 5 x 10* cells/mL/well with triplicate
runs in each group. After two days of confluence, day 0, the cells were induced for
differentiation in a medium containing 10 pg/mL insulin, 2.5 uM dexamethasone, and 0.5

mM 3-isobutyl-1-methylxanthine (Adipolnducer Reagent, Takara Bio, Shiga, Japan) for two
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days. A basic culture medium containing 10 pg/mL insulin was utilized to culture the cells,
with medium replacement every other two days until day 10. Cells were divided into several
groups: negative control group (NC), cultured in basic culture medium with DMSO and PBS
only; positive control group (PC), adipogenic-induced cells treated with PBS alone; Ms-CS
groups, adipogenic-induced cells treated with 10, 100, and 500 pg/mL of mako shark-
derived CS; Bs-CS groups, adipogenic-induced cells treated with 10, 100, and 500 pg/mL
of blue shark-derived CS; Sp-CS groups, adipogenic-induced cells treated with 10, 100, and
500 pg/mL of sharpspine skate-derived CS; and St-CS groups, adipogenic-induced cells

treated with 10, 100, and 500 pg/mL of stingray-derived CS.

Lipid droplet area measurement

Per the manufacturer's instructions, live cell imaging was performed on day 10 using
LipiDye staining (Funakoshi, Tokyo, Japan). Briefly, the culture medium was changed to
the 1 uM LipiDye-containing medium and incubated at 37°C for 2 hours. Cells were also
incubated with a culture medium containing 2 pg/mL Hoechst 33342 (Dojindo) for nuclear
staining at 37°C for 20 minutes. Images of the stained nuclei and lipid droplets were captured
using an inverted fluorescent microscope (Olympus IX71; Olympus, Tokyo, Japan). The
lipid droplet area in each experimental group was measured using ImageJ, an image-
processing software (Schneider et al., 2012). In this measurement, five arbitrary visual fields
at 200x magnification were chosen for each replicate sample (n = 3 replicates), providing
fifteen visual fields for each experimental group. The measured lipid area presented in this

study demonstrated the lipid droplet area per total visual field area of 150,692.52 pum?.
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RT-qPCR

To investigate the gene expression in CS-treated cells, we focused on two CS samples,
Ms-CS and Sp-CS, which have the strongest effect based on the morphological evaluation.
Differentiated 3T3-L1 cells’ total RNA was extracted using the ISOSPIN Cell & Tissue
RNA kit (Nippon Gene, Tokyo, Japan). The cDNA was synthesized using ReverTra Ace®
qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan) from 250 ng of RNA
of each sample with an A260/280 ratio ranging from 1.94 to 2.19, according to the
manufacturer’s protocol. Gene expression levels were determined by quantitative real-time
PCR (qPCR) with FastStart Essential DNA Green Master reaction mix (Roche Diagnostics
GmbH, Mannheim, Germany), with a final volume of 20 pL for each sample. qPCR analyses
were performed on a LightCycler® Nano Real-Time PCR Instrument (Roche Diagnostics
GmbH). All target gene expressions were normalized to the validated reference gene, Ppia
(Cahyadi et al., 2023).

Mouse cDNA primers used were as follows: Pparg (NM_001127330.3) forward, 5'-
CAAGAATACCAAAGTGCGATCAA-3' and reverse, 5-GAGCAGGGTCTTTTCA
GAATAATAAG-3" (Kanda et al., 2009); Cebpa (NM _007678.4) forward, 5'-
CTAGGAGATTCCGGTGTGGC-3" and reverse, 5'-CCCGAGAGGAAGCAGGAATC-3'
(Li et al, 2019); Csgalnactl (NM _001252623.1) forward 5-TCTCTGGTTCCTG
CTCACTGAAATA-3" and reverse, 5-TCTGCTTGGTC TGAGACTTTGGTAG-3'
(Ogawa et al.,, 2012); Csgalnact2 (NM 001362149.1) forward 5-TCTGCCTGGTA
CCTGTGTTCTGA-3"and reverse, 5'-TATCTGCCTGAACATTTCGACCAA-3' (Ogawa et
al., 2012); Chsyl (NM_001081163.2) forward 5'-AACTTTCTCTTCGTGGGAGTCA-3'
and reverse, 5'-GGAATTGTCTTGGACCATGT-3' (Lyu et al., 2022); Ppia (NM_008907.2)
forward 5'-CAGGTCCATCTACGGAGAGA-3' and reverse, 5-CATCCAGCCATT

CAGTCTTG-3' (Mufioz et al., 2021).
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Data analysis

Data are expressed as mean =+ standard deviation (SD). Statistical analyses of the data
were performed using Dunnett’s test following ANOVA, with the Microsoft Excel add-in
statistical software (Bell Curve for Excel version 4.02; Social Survey Research Information,
Tokyo, Japan). The statistical significance of the differences was set at a P-value of 0.05 or

lower and indicated by an asterisk symbol (*P < 0.05 and **P < 0.01).
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3.3 Results

Cartilaginous fish-derived CS stimulated preadipocyte proliferation in 3T3-L1 cells,
with varying effects depending on its origin. At a concentration of 1000 pg/mL, Ms-CS, Bs-
CS, and Sp-CS significantly increased 3T3-L1 preadipocyte proliferation after 72 hours,
compared to each control group, while St-CS showed a tendency to increase proliferation
without statistical significance (P = 0.0714) as shown in Figure 3.1. Cells with Bs-CS
treatment, in particular, showed significantly higher viability in all concentration ranges of
10, 100, and 1000 pg/mL than those of each control group, with P values of 0.0063, 0.0013,
and < 0.001, respectively. These results demonstrated that cartilaginous fish-derived CS
accelerates cell proliferation in a concentration-dependent manner.

To evaluate the effect of those cartilaginous fishes-derived CS on adipocyte
differentiation, cells were stained with LipiDye for lipid droplet visualization. In contrast to
the cell proliferation activity, we observed that the high concentration of CS suppressed lipid
accumulation in the mouse 3T3-L1 adipocytes during the adipogenic induction for cell
differentiation as shown in Figure 3.2. Fluorescent staining of cellular lipid droplets with
LipiDye, a fluorescent dye that specifically visualizes lipid droplets, showed the green lipid
droplets in the differentiated 3T3-L1 adipocyte-like cells. A decrease in the occurrence of
lipid droplets was seen following the cartilaginous fish-derived CS treatment, particularly at
a high concentration (500 pg/mL) compared to the cells in the positive control group. To
corroborate our finding of inhibition of lipid droplet accumulation in the cells, we used
Hoechst dye, a nuclear counterstain, to qualitatively evaluate the cell density. It seemed that
a comparable number of the stained nuclei were also observed in high concentrations of CS-
treated groups, clearly seen in the Ms-CS and Sp-CS groups (Figure 3.2). Furthermore,
quantification of the lipid droplet area showed a significant reduction in the lipid droplet

accumulation in all the CS-treated groups, as shown in Figure 3.3. The lipid droplet area of
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the cartilaginous fishes-derived CS-treated groups was significantly lower (P < 0.01) than
that of the control group. Our results demonstrated that Ms-CS and Sp-CS exhibit the most
remarkable decrease in the occurrence of lipid droplets. In addition, the treatment of
cartilaginous fishes-derived CS at 10, 100, and 500 pg/mL concentrations showed a decrease
in the lipid droplet in a concentration-dependent manner.

Following the decrease in the occurrence of lipid droplets observed in the CS-treated
groups, we further investigated the gene expression of adipogenesis markers with a focus on
the treatment with two CS origins, Ms-CS and Sp-CS. The group treated with Ms-CS showed
increased expression of Pparg at concentrations of 100 and 500 ug/mL (P < 0.05), and
increased expression of Cebpa at a concentration of 500 pg/mL (P < 0.05), compared to the
control group (Figure 3.4). On the other hand, although a significant difference was not
observed in the Sp-CS treated groups, a decreasing trend in the expression of Pparg and
Cebpa was seen, indicating a reduction in expression in a concentration-dependent manner
across the different Sp-CS concentration.

Furthermore, our evaluation of the CS biosynthesis genes, Csgalnactl, Csgalnact2,
and Chsy 1, showed a relatively consistent expression in the CS-treated groups of Ms-CS and
Sp-CS groups, compared to the control group, regardless of the concentration given to the
cells (Figure 3.5). We observed a significant increase in the Csgalnact2 expression in the

Sp-CS group at the concentration of 500 pg/mL (P <0.01).

3.4 Discussion

Adipocyte development includes the transition process of undifferentiated fibroblast-
like preadipocytes undergoing morphological changes to mature lipid-loaded adipocyte
morphology (Butterwith, 1994; Farmer, 2006). In the present study, despite the lipid droplets

seen in all CS-treated groups, a decrease in the occurrence of lipid droplets is strong evidence
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that CS suppressed adipocyte differentiation by inhibiting lipid droplet formation.
Furthermore, with the degree of lipid droplet reduction, we suggest that Sp-CS shows the
strongest inhibitory effect on lipid droplet accumulation among four different CS origins.
Based on the report by Takeda et al. (2016), the C type of CS disaccharide (CS-C) is the
major disaccharide contained in cartilaginous fishes-derived CS used in this study; however,
each substrate possesses a different compositional structure. Therefore, it should be noted
that the effect on the 3T3-L1 cell proliferation and differentiation is distinct. Unless CS/DS
polysaccharides have similar structures, CS/DS samples will not produce the same clinical
effects (Yamada and Sugahara, 2008). Furthermore, it is thought that the 4S/6S ratio of CS
disaccharides is considered important in determining their bioactivity. Miyata et al. (2012)
reported that changes in the abundance of 4S and 6S CS disaccharides (4S/6S ratio) can
affect the stability and integrity of perineuronal nets. Among the four cartilaginous fish-
derived CSs, Ms-CS and Sp-CS have a higher 4S/6S ratio of 0.24 and 0.21, respectively.
The ratio of 4S to 6S of CS disaccharides is likely to influence the potential of CS to inhibit
adipocyte differentiation.

In contrast to the reduction in lipid droplet accumulation, Ms-CS and Sp-CS treatment
did not suppress the mRNA level of Pparg and Cebpa. During the course of 3T3-L1 cell
differentiation, increases in PPARy and C/EBPa are important events (Wu et al., 1999).
PPARy expression rapidly increases in early differentiation and is maximally expressed in
mature adipocytes (Brun et al., 1996; Chawla and Lazar, 1994). It is suggested that the
increase in Pparg and Cebpa mRNA levels during the inhibition of the 3T3-L1 adipocyte
differentiation is due to negative regulation induced by some metabolism-associated factors.

From the gene expression analyses, the results of this study show unaltered expression
of most glycosyltransferase genes. However, significantly increased Csgalnact? expression

in the group treated with the highest Sp-CS concentration indicates CS biosynthesis
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stimulation. Csgalnact? encodes chondroitin GalNAc transferase-2 (ChGn-2), which
possesses GalNAc transferases II (GalNAcT-II) activity, responsible for catalyzing the chain
initiation and elongation of glycan backbone of CS (Sato et al., 2003; Uyama et al., 2003).
Based on these findings, we suggest that exogenous CS treatment, at a certain concentration,
stimulates CS biosynthesis and reduces the lipid accumulation in the differentiated 3T3-L1.

This study has limitations since the purity of the CS products we used in this study
might not be precisely 100%, even though we proceeded with the purification steps
mentioned earlier. It means some contaminants or other compounds might be contained in
those CS products. Given that fact, there is also the possibility that the inhibitory effect on
adipocyte differentiation can be observed more significantly when treating the cells with
higher-purity CSs.

All in all, our findings show that CS inhibits the 3T3-L1 adipocyte differentiation by
suppressing lipid droplet accumulation, although the degree of suppression of the
differentiation depends on the CS composition and origin. In addition, our results highlight
the role of GAG, particularly CS, in inhibiting adipogenesis. However, further investigation
is required to understand the underlying mechanism. The results of this study provide
additional information about the bioactivity of CS and its correlation to adipogenesis so that
controlling CS abundance may lead to therapeutic potential in lowering adipose tissue

development.

3.5. Summary

This study showed that cartilaginous fish-derived CS (Ms-CS, Bs-CS, and Sp-CS)
promotes preadipocyte proliferation in 3T3-L1 cells at concentrations of 1000 pg/mL.
Additionally, the study also examined the effect of CS on adipocyte differentiation, with

lipid droplet visualization showing a decrease in lipid droplet occurrence following the
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exogenous CS treatment. The lipid droplet area of the cartilaginous fishes-derived CS-
treated groups was significantly lower than that of the control group. The study found that
Ms-CS and Sp-CS had the most significant impact on reducing the occurrence of lipid
droplets. Moreover, treating cartilaginous fish-derived CS with concentrations of 10, 100,
and 500 pg/mL showed a concentration-dependent decrease in the presence of lipid droplets.
In contrast to the lipid droplet reduction, the gene expression of adipogenesis markers, Pparg
and Cebpa, stayed at a high level in the CS-treated groups of Ms-CS and Sp-CS, regardless
of the concentration given to the cells. It is highly likely that some other factors induced a
negative regulation, resulting in unsuppressed mRNA levels of Pparg and Cebpa. A
significant increase in Csgalnact2 expression in the Sp-CS group at the concentration of 500
pg/mL was observed. This suggests that exogenous CS treatment, at a certain concentration,
stimulates CS biosynthesis and reduces lipid accumulation in the differentiated 3T3-L1.
Overall, the study shows that CS inhibits 3T3-L1 adipocyte differentiation by suppressing
lipid droplet accumulation, although the degree of suppression depends on the CS
composition and origin. The results highlight the role of GAG, particularly CS, in inhibiting

adipogenesis, but further investigation is required to understand the underlying mechanism.
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Table 3.1 Content and sulfation patterns of the CS/DS obtained from various origins used

in the study

Sulfation patterns of disaccharide unit

(sarii?giss de) Tissue CS+DS type (%) CS type (%) DS type (%)
A+iA C+C D+D EHE A C D E iA iC iD iE
M(il/i‘s)schsf‘)rk Spine 33 48 18 1 11 46 0 0 22 2 18 1
B(lgi_sélg;k Spine 20 67 13 0 5 52 0 0 15 15 13 0
sfiiir?ssﬁfées) Htffi‘f' 22 61 10 1 10 47 0 0 18 14 10 1
%tsl?férg Head 24 66 10 0 9 55 0 0 15 11 10 0

Data of CS/DS compositional analysis of the cartilaginous fishes used in this study obtained from the
previous report (Takeda et al., 2016).
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Figure 3.1 Effect of several cartilaginous fishes-derived CS from mako shark (Ms-CS),
blue shark (Bs-CS), sharspine skate (Sp-CS), and stingray (St-CS) at various
concentrations on 3T3-L1 cell viability. A high concentration of CS at 1000 ug/mL
increases the proliferation. The columns and bars show the mean and standard deviation,
respectively (n=3). **P <0.05 compared to the control (0 pg/ml) of each group (Dunnett’s
test).
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Figure 3.2 CS derived from various cartilaginous fishes -induced morphological changes
in the 3T3-L1 adipocyte-like cells. Lipid droplets were accumulated in 3T3-L1 cells
following differentiation induction for 10 days. In the positive control (PC) group,
abundant lipid droplets were observed. A decrease in lipid droplet accumulation was seen
in a high concentration of CS (at 500 pg/mL), especially in the Ms-CS and Sp-CS groups.
Lipid droplets and nuclei are shown as green and blue, respectively. Ms-CS, mako shark-
derived CS; Bs-CS, blue shark-derived CS; Sp-CS, sharpspine skate-derived CS; St-CS,
stingray-derived CS. Scale bar=100um.
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Figure 3.3 CS from several origins inhibit lipid accumulation in a dose-dependent
manner. The columns and bars show the mean values and standard deviation, respectively.
Ms-CS, mako shark-derived CS; Bs-CS, blue shark-derived CS; Sp-CS, sharpspine skate-
derived CS; St-CS, stingray-derived CS. Data were obtained from triplicate of an
independent experiment and analyzed with Dunnett’s test. **P<0.01 compared to the
positive control (PC).
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Figure 3.4 Effect of cartilaginous fishes-derived CS on the expression of adipogenesis
markers, Pparg and Cebpa. Ms-CS, mako shark-derived CS; Sp-CS, sharpspine skate-
derived CS. Data were obtained from triplicate of an independent experiment and
analyzed with Dunnett’s test. **P<0.01 compared to the control.
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Figure 3.5 Effect of the exogenous CS treatment, Ms-CS and Sp-CS, on the expression
of genes that encode CS biosynthesis enzymes, Csgalnactl, Csgalnact2, and Chsyl.
Ms-CS, mako shark-derived CS; Sp-CS, sharpspine skate-derived CS. Data were obtained
from triplicate of an independent experiment and analyzed with Dunnett’s test. **P<0.01
compared to the control.
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General Discussion

There has been a significant increase in studies on obesity (Coronado-Ferrer et al.,
2022; Zhao et al., 2019). Many studies have been conducted to investigate the underlying
mechanisms of adipogenesis as well as potential therapies for obesity. In addition, various
cell lines for alternatives to the in vitro adipogenesis model have been established, with 3T3-
L1 as the most widely used cell line (Dufau et al., 2021). Gene expression analysis is a
crucial tool in the study of adipogenesis. This is because multiple molecular events take
place during this process, making it essential to analyze gene expression. However, the
normalization of the target genes against suitable reference genes should be considered for
data reliability. The study described in this thesis revealed the validated reference genes,
peptidylprolyl isomerase A (Ppia) and TATA box-binding protein (7hp), for the
adipogenesis study using the 3T3-L1 cell line. These findings support the notion that
commonly used reference genes, such as beta-actin (4ctb) and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh), are unstable across different tissues and experimental conditions
(Adachi et al., 2015; Svingen et al., 2015), and should not be the choose in adipocyte
differentiation studies without validation.

Considering the role of chondroitin sulfate/dermatan sulfate (CS/DS) in cell
proliferation and differentiation, as described elsewhere (Haupt et al., 2009; Izumikawa et
al., 2014; Mikael et al., 2019; Mikami et al., 2012; Nairn et al., 2007, 2012; Ogura et al.,
2021; Sirko et al., 2007; Volpi et al., 1993), numerous studies on CS proteoglycan (CSPG)
expression in adipose tissue and 3T3-L1 cells adipogenesis have been done (Calvo et al.,
1991; Han et al., 2020; Musil et al., 1991; Zizola et al., 2007). The results described in this
thesis add significant and novel findings on the CS/DS profile in adipocyte differentiation.

The CS/DS compositional analyses described in the present study indicate that there was a
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significant decrease in the amount of CS/DS in the differentiated (DI) group when compared
to the non-differentiated (ND) group. Additionally, the GAGs in the DI group possess lower
molecular weight than those in the ND group. Interestingly, the DI group also showed a
lower expression of glycosyltransferase genes responsible for CS biosyntheses, such as
chondroitin  sulfate N-acetylgalactosaminyltransferase 1, chondroitin sulfate N-
acetylgalactosaminyltransferase 2, and chondroitin polymerizing factor. The
glycosyltransferases play a crucial role in the initiation and catalysis of chondroitin
polymerization, which is essential for the formation of CS/DS (Gulberti et al., 2012;
Izumikawa et al., 2007, 2008; Mikami and Kitagawa, 2013; Sato et al., 2003). Therefore, it
is reasonable to assume that a decrease in these glycosyltransferases would lead to a
reduction in the CS/DS content, as observed in the CS/DS compositional analyses. These
findings suggest that there is a decrease in glycosyltransferase activity required for
chondroitin sulfate biosynthesis during adipocyte differentiation. On day 10, the higher
expression of Hyall in the DI group compared to the ND group suggests that hyaluronidases,
particularly HYALI1, may be involved in the reduction of the CS content in differentiating
cells. It is known that hyaluronidases have the ability to degrade CS (Gushulak et al., 2012;
Honda et al., 2012; Yamada and Mizumoto, 2022). It is believed that the decline in the
production of glycosyltransferase has a more significant impact on the decrease in molecular
weight and quantity of CS/DS than the change in Hyall expression. Hence, it is highly
probable that the reduction in CS/DS biosynthesis is primarily caused by the decrease in
glycosyltransferase production.

The composition of CS/DS unsaturated disaccharides varies among cell lines, and it is
grouped into the three major disaccharides: ADi-0S, ADi-4S, or ADi-6S (Higashi, 2020). The
study revealed that the A unit (ADi-4S) is the main disaccharide found in CS/DS from the

3T3-L1 cell line, whether in differentiated or non-differentiated cells. On day 10, the DI
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group showed an increased expression of carbohydrate sulfotransferase 12 (Chst12). This
may have contributed to the higher ratio of CS-A in the DI group. The Chstl2 gene encodes
sulfotransferase C4ST-2, which is responsible for catalyzing the transfer of sulfate to
position 4 of the GalNAc, which leads to the formation of CS-A and desulfated dermatan
sulfate (Hiraoka et al., 2000). The absence of non-sulfated CS/DS in the DI group suggests
sulfation occurred, forming different types of CS/DS. Increased Chstl2 expression
facilitated the formation of non-sulfated CS/DS to A unit CS/DS. Therefore, the O unit of
CS/DS from the DI group lacked both GlcA and IdoA residues, unlike the ND group. In
addition, it has been observed that the absence of D4ST-1 activity, caused by a carbohydrate
sulfotransferase 14 (CHST14) gene mutation, significantly reduces the number of IdoA
residues (Miyake et al., 2010; Pacheco et al., 2009b). As a consequence, the DI group, which
showed a significant decrease in Chst14 expression, may experience a substantial reduction
in IdoA residue, particularly DS-A.

Given the fact that the amount of CS/DS was reduced in cells undergoing
differentiation, the effect of exogenous CS on the 3T3-L1 cell differentiation was evaluated.
The present study used cartilaginous fish-derived CS polysaccharides isolated from different
species: mako shark (Isurus oxyrinchus, spine part), blue shark (Prionace glauca, spine part),
sharpspine skate (Okamejei acutispina, head and tail parts) and stingray (Dasyatis akajei,
head part). Despite the origins, CS suppressed adipocyte differentiation by inhibiting lipid
droplet formation, with Sp-CS showing the strongest inhibitory effect on lipid droplet
accumulation among four different CS origins. It is suggested that the reduction of lipid
accumulation in differentiated 3T3-L1 cells is due to the increased expression of Csgalnact?2,
a gene that encodes chondroitin GalNAc transferase-2 (ChGn-2), a glycosyltransferase

responsible for CS chain initiation and elongation (Sato et al., 2003; Uyama et al., 2003).
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In conclusion, the study's findings confirm that the biosynthesis of CS/DS is reduced
in cells undergoing differentiation. However, it remains unclear whether the levels of CS/DS
change along with adipocyte differentiation or whether the CS/DS biosynthesis controls
adipocyte differentiation. Nevertheless, the changes in CS/DS and CS/DS-
synthases/hydrolases observed before and after adipocyte differentiation provide valuable
insights into the development of adipocytes, both qualitatively and quantitatively. Moreover,
exogenous CS treatment can reduce the lipid droplet accumulation in the differentiated 3T3-

L1 adipocytes, regardless of the degree of suppression.
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