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Cell outer membranes contain glycosphingolipids and protein receptors, which
are integrated into glycoprotein domains, known as lipid rafts, which are involved
in a variety of cellular processes, including receptor-mediated signal transduction
and cellular differentiation process. In this study, we analyzed the lipidic
composition of human Dental Pulp-Derived Stem Cells (DPSCs), and the role
of lipid rafts during the multilineage differentiation process. The relative
quantification of lipid metabolites in the organic fraction of DPSCs, performed
by Nuclear Magnetic Resonance (NMR) spectroscopy, showed that mono-
unsaturated fatty acids (MUFAs) were the most representative species in the
total pool of acyl chains, compared to polyunsatured fatty acids (PUFAs). In
addition, the stimulation of DPSCs with different culture media induces a
multilineage differentiation process, determining changes in the gangliosides
pattern. To understand the functional role of lipid rafts during multilineage
differentiation, DPSCs were pretreated with a typical lipid raft affecting agent
(MBCD). Subsequently, DPSCs were inducted to differentiate into osteoblast,
chondroblast and adipoblast cells with specific media. We observed that raft-
affecting agent MBCD prevented AKT activation and the expression of lineage-
specific MRNA such as OSX, PPARy2, and SOX9 during multilineage differentiation.
Moreover, this compound significantly prevented the tri-lineage differentiation
induced by specific stimuli, indicating that lipid raft integrity is essential for DPSCs
differentiation. These results suggest that lipid rafts alteration may affect the
signaling pathway activated, preventing multilineage differentiation.
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DPSCs, lipid rafts, gangliosides, osteogenic, chondrogenic and adipogenic
differentiation, multilineage differentiation, mesenchymal stem cells, dental pulp stem
cells

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2023.1274462/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1274462/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1274462/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2023.1274462&domain=pdf&date_stamp=2023-11-09
mailto:simona.dellemonache@univaq.it
mailto:simona.dellemonache@univaq.it
mailto:v.mattei@unilink.it
mailto:v.mattei@unilink.it
https://doi.org/10.3389/fcell.2023.1274462
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2023.1274462

Santilli et al.

1 Introduction

Dental pulp is a rich and accessible source of multipotent stem
cells called Dental pulp-derived stem cells (DPSCs) with
mesenchymal stem cells (MSCs) characteristics and the ability
to differentiate into cells of several mesodermal tissues, including
cartilage, bone, skeletal and cardiac muscles (Delle Monache et al.,
2021; Delle Monache et al., 2022). DPSCs show the same in vitro
MSCs’ properties (Aydin and Sahin, 2019; Xiao et al,, 2021) and
exhibit plasticity, high proliferative ability, self-renewal, and
multilineage differentiation capability (Mattei et al., 2015; Delle
Monache et al, 2022). MSCs (including DPSCs) produce
Exosomes, containing cytokines and miRNAs, strategically
released into target tissues, creating bidirectional interactions
between cells and the environment, and play a vital role in
stem cell therapy (Codispoti et al., 2018; Tatullo et al.,, 2019).
Numerous studies (Mattei et al., 2015; Tsutsui, 2020; Xiao et al.,
2021) have shown the capability of DPSCs, under specific culture
conditions, to differentiate into several cell cytotypes such as
odontoblasts, osteoblasts, neural cells, chondrocytes, adipocytes,
myoblasts, fibroblasts and pericytes (Liu et al., 2015; Nuti et al,,
2016; Martellucci et al., 2018; Martellucci et al., 2019; Staniowski
et al., 2021). Recently, it has been discovered that several cellular
components, i.e., glycosphingolipids, are involved in the induction
of DPSCs’ early neuronal differentiation (Mattei et al,, 2015;
Santilli et al, 2022).
components of cells, lipids on plasma membrane, including

Beyond their roles as structural
sphingolipids, ceramide and cholesterol, function as bioactive
molecules in many important complex biological processes,
ranging from cell division to the multilineage differentiation.
Within each lipid class, cells produce a variety of individual
lipid species (i.e, carbon chain length, desaturation, and
hydroxylation variants), whose importance is only beginning to
be investigated (Nguyen et al., 2017). For instance, short-chained
and saturated lipids generate a more tightly packed cell membrane,
whereas on the other, longer-chained, and unsaturated lipids are
more mobile in membranes, thereby increasing fluidity and
providing greater opportunities for lipids and proteins to
interact. In particular, the production of monounsaturated fatty
acids (MUFAGs) is catalyzed by stearoyl-CoA desaturases (SCDs), a
family of membrane-bound non-heme iron-containing enzymes.
The preferred substrates are palmitoyl- and stearoyl-CoA, which
are then converted into palmitoleoyl-and oleoyl-CoA, respectively
(Paton and Ntambi, 2009). These products are the most abundant
MUFAs and serve as substrates for the synthesis of various kinds of
lipids, including gangliosides (Ntambi and Miyazaki, 2004; Paton
and Ntambi, 2009), mainly enriched in membrane microdomains
in which the preferential associations between cholesterol and
saturated lipids drive the formation of relatively packed (or
ordered) membrane domains that selectively recruit certain
lipids and proteins, named lipid rafts (Martellucci et al., 2020;
Santilli et al, 2022). Lipid rafts are small, heterogeneous, and
highly dynamic lipid domains in the cell membranes and fall into
two broad categories, non-caveolar lipid rafts and caveolae, based
on the absence or presence of caveolin proteins, respectively (Sohn
et al., 2018). Lipid rafts are enriched in cholesterol, sphingolipids,
and proteins, forming platforms that function in membrane
signaling and trafficking (Iwabuchi, 2018; Martellucci et al,
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2020; Mattei et al, 2020; Li L et al, 2022). Lipid rafts can
dissociate and associate rapidly, forming functional clusters in
cell membranes (Kraft, 2017) and are distributed on the
membrane of sub-cellular organelles, including Endoplasmic
Reticulum (ER), Golgi apparatus, endosomes, lysosomes, and
lipid droplets but also in mitochondria and nuclei (Cascianelli
etal., 2008; Hayashi and Fujimoto, 2010; Sorice et al., 2012a; Sorice
et al., 2012b; Manganelli et al., 2015; Tsai et al., 2016; Wang et al,,
2020). Based on the biochemical nature, lipid rafts act as platforms
for cellular and/or exogenous proteins (Barbat et al., 2007) with
different functions including the shuttling of molecules on the cell
surface, the organization of cell signal transduction pathways, the
entry of pathogens, and the conversion of cellular prion protein
(PrP€) in the pathological isoform (Bieberich, 2018; Azzaz et al.,
2022) named scrapie prion protein (PrP*°) (Martellucci et al.,
2020). Furthermore, lipid rafts play a pivotal role in regulating a
variety of signal transduction pathways responsible for specific
cellular including proliferation,

programs, apoptosis,

differentiation, stress responses, necrosis, inflammation,
autophagy, and senescence, thus determining cell fate (Sorice
et al, 2010; Sezgin et al, 2015). In addition, it has been
demonstrated that lipid rafts play an important role in
endocytosis process of many viruses and promote the entry of
bacterial pathogens into non-phagocytic cells (Chen et al., 2019).
Moreover, lipid rafts may control the release of microvesicles
including exosomes and this process is compromised after lipid
rafts’ perturbation (Feng et al., 2020). Several studies revealed that
lipid rafts are involved in life cycle of different microorganisms
and viruses, including coronaviruses (Fecchi et al., 2020), such as
in the severe acute respiratory syndrome by Coronavirus-2 (SARS-
CoV-2), the causal agent of Coronavirus Disease 2019 (COVID-
19) (Li et al, 2021; Palacios-Répalo et al., 2021). Gangliosides
(GGs) are the main sphingolipids present in lipid rafts (Hannun
and Obeid, 2018; Li B et al., 2022) and involved in several cellular
processes (Codini et al., 2021). GGs such as GM3, GM1, and GD3
(Martellucci et al., 2020; Codini et al, 2021), are
glycosphingolipids (GSLs) consisting of ceramide and a bulky
sugar chain that contains one or more sialic acids (Sarmento et al.,
2020). They are ubiquitously distributed in tissues and body fluids
and highly expressed in various regions of the central nervous
system (CNS) (Schnaar et al., 2014; Sarbu et al., 2022). GGs are
important biological molecules involved in various physiological
processes including cell proliferation, adhesion, migration,
apoptosis, cell-cell interactions, cell differentiation (Ryu et al,
2009; Yang et al., 2011; Moussavou et al., 2013; Ryu et al., 2020)
and interact with proteins such as the epidermal growth factor
receptor (EGF-R), involved in signal transduction (Bieberich,
2018; Kim et al, 2021). It has been shown that GGs play an
important role both in mouse embryonic stem cells and in DPSCs’
neuronal differentiation process (Lee et al., 2007; Ryu et al., 2009).
GGs are also strongly correlated with brain disorders through
aberrant glycosylation pathways (Ledeen and Wu, 2018) and an
excess of GGs or the disruption of lipid rafts (Grassi et al., 2020)
seems to cause severe neurodegenerative disorders (Sarbu et al.,
2022), like Huntington’s disease (HD), Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS),
stroke, multiple sclerosis (MS) and epilepsy (Alpaugh et al,
2017; Dukhinova et al., 2019; Magistretti et al., 2019; Zhang
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et al.,, 2019; Malinick et al., 20205 Sipione et al., 2020; Bouscary  (Euroclone, Milan, Italy). Cells were cultured between P4-P8 for

et al, 2021; Yahi et al, 2021). The GGs could also play an  subsequent experiments, and each was repeated at least three times.

important role in DPSCs’ differentiation (Lee et al, 2010;

Moussavou et al.,, 2013; Ryu et al., 2020). In fact, our previous

studies have shown how lipid rafts are involved in DPSCs 2.2 Treatments for DPSCs’ multilineage

neuronal differentiation process (Mattei et al., 2015; Martellucci differentiation

et al., 2018; Martellucci et al., 2019). For this reason, this work is

focused on the identification and quantification of lipid species in To induce DPSCs’ multilineage differentiation process we use

DPSCs, the analysis of expression variability in GGs composition  the following protocol: DPSCs were seeded at the density of 2 x 10*

in different lineage-committed cells, with the aim to investigate if ~ cells/well in 6-well culture dishes (Sarstedt, Milan, Italy) with basal

lipid rafts can play a significant role in DPSCs’ multilineage = growth medium. After over-night attachment, the basal medium

differentiation processes. was replaced with specific culture differentiation media to induce
Osteogenic, Chondrogenic, and Adipogenic differentiation prepared
as shown in Table 1. Every 3 days the differentiation media were

2 Materials and methods replaced with fresh complete differentiation media.

2.1 Cell culture
2.3 Ganglioside’'s extraction and HPTLC
DPSCs were purchased from Lonza (Walkersville, analysis

United States) and cultured in Dental Pulp Stem Cell BulletKit™

Medium which includes both basal medium and the necessary All samples obtained as reported above were subjected to
supplements for human dental pulp mesenchymal stem cell ganglioside extraction according to Svennerholm and Fredman
proliferation (Lonza, Walkersville, United States), in a humified  (Svennerholm and Fredman, 1980). Briefly, the samples were
incubator under the atmosphere of 5% CO, at 37°C. The culture  extracted twice in chloroform/methanol/water (4:8:3) (v/v/v) and
medium was replaced every 3 days and when 90% confluence was  subjected to Folch partition by the addition of water resulting in a
achieved, cells were harvested using 0.05% Trypsin-EDTA  final chloroform/methanol/water ratio of 1:2:1.4. The upper phase,

TABLE 1 Reagents, concentrations, and time used for the 3-differentiation media preparation.

Reagents Osteogenic Differentiation Chondrogenic Differentiation Adipogenic Differentiation
Medium (ODM) Medium (CDM) Medium (ADM)

DMEM-LG 1X 1X 1X
FBS 15% — 10%
Penicillin/Streptomycin 100 U/mL 1% —
L-ascorbic acid phosphate 0.1 mM 50 ug/mL —
Dexamethasone 0.01 uM 100 nM 1uM
Beta-glycerophosphate 0.01 mM — —
L-Glutamine 2 mM — —
TGE-B1 — 10 ng/mL —
Sodium pyruvate — 1 mM —
TS — 50 mg/mL —
BSA — 1.25 mg/mL —
Insulin — — 10 pug/mL
Indomethacin — — 200 uM
3-Isobutyl-1-methylxanthine — — 0.5 mM
(IBMX)
Time of stimulation for AKT 10 min
Phosphorylation
Time of stimulation for 14 days 21 days 21 days

Differentiation

Time of stimulation for Real- 48 h
Time PCR
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containing polar glycosphingolipids, was purified of salts and low
molecular weight contaminants using Bond elut C18 columns
(Superchrom, 07807T, Restek Corporation, Bellefonte, PA),
according to the method of Williams and McCluer (Williams
and McCluer, 1980). The eluted glycosphingolipids were dried
and separated by high-performance TLC (HPTLC) (Yu and
Ariga, 2000), using silica gel 60 HPTLC plates (Merck, Sigma-
Aldrich, Milan, Italy). Chromatography was performed in chloro-
form/methanol/0.25% aqueous KCl (5:4:1 v/v/v). Plates were then
air-dried, and gangliosides visualized with resorcinol.

2.4 Lipidic profile of DPSCs by nuclear
magnetic resonance (NMR) spectroscopy

For the extraction of lipid metabolites, cell pellets were extracted
according to the protocol previously described (Saulle et al., 2021).
The dried samples were resuspended in 750 pL of solution CDCI3:
CD30D (2:1; v/v), containing 0.02% tetramethylsilane (TMS) for
chemical shift for NMR analyses. High-resolution 1H-NMR
analyses were performed at 25°C at 600 MHz (14.1 T Bruker
AVANCE Neo spectrometer; Karlsruhe, Germany, Europe) on
organic cell extracts using standard 1D Bruker library 1H-NMR
spectra. A total of 512 scans were collected into 32,768 data points
using a spectral width of 12,500 Hz, an acquisition time of 1.31 s and
a relaxation delay (d1) of 5s. Prior to Fourier transformation, each
FID (free induction decay) was zero-filled to 65,536 points and
multiplied by a 0.3 Hz exponential line-broadening function.
Subsequently, spectra were manually phased, baseline corrected,
and chemical shifts referenced internally to TMS at d = 0.00 ppm by
using Topspin software 4.1. Relative quantification (area) of lipid
signals in organic fractions was normalized to number of cells. The
chemical shift of characteristic lipid signals was reported in
Supplementary Table S1.

2.5 Lipid raft perturbation

The perturbation of the lipid rafts can be induced using different
approaches by targeting specific substrates. As lipid raft perturbation
molecules, we used methyl-B-cyclodextrin (MBCD) since this
compound is known to induce cholesterol and sphingolipids
release from the membrane (Ottico et al,, 2003; Mahammad and
Parmryd, 2015; Abe and Kobayashi, 2021). The cells were pretreated
with MBCD (Merck, Sigma-Aldrich, Milan, Italy) 5 mM for 30 min at
37°C in 5% CO, before stimulation with three differentiation specific
media as specified above. Preliminary experiments demonstrated that
cell viability after MBCD treatment was about 95%.

TABLE 2 Primer sequences used in RT-qPCR analysis.

Forward primer

10.3389/fcell.2023.1274462

2.6 Western blot analysis

DPSCs, untreated or treated with MPCD for 30 min and stimulated
with specific three differentiation media for 10 min, as described above,
were subjected to sodium dodecyl sulfate-polyacrilamide gel
electrophoresis (SDS-PAGE). Briefly, DPSCs were lysed in lysis buffer
containing 0.1% Triton X-100 (Merk, Sigma Aldrich, Milan, Italy),
10mM Tris-HCl (pH 7.5), 150 mM NaCl, 5mM EDTA, 1 mM
Na;VO, and 75U of aprotinin and allowed to stand for 20 min at
4°C. The cell suspension was mechanically disrupted by Dounce
homogenization (10 strokes). The lysates were centrifuged for 5 min
at 1,300 x g to eliminate nuclei and large cellular debris and, after protein
concentration analysis by Bradford Dye Reagent assay kit (Bio-Rad,
Milan, Italy), the lysates were tested with 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, the
proteins were electrophoretically transferred to PVDF membranes
(Life Technologies, Monza, Italy) with iBLOT2 and blocked with 5%
bovine serum albumin (BSA) (Euroclone, Milan, Italy) in TBS
containing 0.05% Tween 20 (Bio-Rad, Milan, Italy), and probed with
rabbit anti-AKT pAb and rabbit anti-total AKT pAb (Cell Signaling
Technology Danvers, MA, United States). Antibodies were visualized
with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (Cell
Signaling  Technology, Danvers, MA, United States) and
immunoreactivity assessed by chemiluminescence reaction, using the
ECL detection system (Thermo Scientific, Rockford, United States) with
myECL Imager (Life Technologies, Monza, Italy). Densitometric
scanning analysis were accomplished with NIH Image 1.62 software
by Mac OS X (Apple Computer International).

2.7 Reverse transcription-quantitative PCR
(RT-gPCR) analysis

DPSCs untreated or treated with differentiative media (Table 1)
in presence or not of MBCD were analyzed by RT-qPCR analysis.
DPSCs were cultured in 6-well culture dishes (Euroclone, Milan,
Italy), 1,25 x 10° cells per well; at the end of the treatments, the total
cellular RNA was extracted using TRIzol” Reagent (Thermo Fisher
Scientific, Rockford, IL, United States), and its quality and quantity
were evaluated on a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Rockford, IL, United States). For RT-qPCR analysis we
used specific human primers, sense, and antisense (Table 2). For the
Real-Time amplification, the Luna Universal QPCR One-step kit
(BioLabs, New England) was used according to the instructions,
which allows amplifying the various genes starting directly from the
RNA. In addition, the amplification of the genes of interest was
done, and in parallel, that of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was performed as a positive

Reverse primer Tm Value (°C)

GAPDH CTGCACCACCAACTGCTTAG
OSX ACGGGTCAGGTAGAGTGAGC ‘
SOX9 AGCGAACGCACATCAAGAC ‘
PPARY2 GAACGACCAAGTAACTCTCC ‘
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ACCTGGTGGTCAGTGTAGCC 60

GGGATCCCCCTAATCAAGAG ‘ 60
GCTGTAGTGTGGGAGGTTGAA ‘ 58
CGCAGGCTCTTTAGAAACTCC ‘ 58.5
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reference. The amplification reaction was performed on a
MiniOpticon Real-Time PCR System (Bio-Rad, Milan, Italy)
using the following program: the RT reaction was set at an initial
reverse transcription step at 55°C for 10 min, denaturation step at
95°C for 1 min, 40 amplification cycles at 95°C for 10s, and 30 s at
60°C and melt curve at 60°C-95°C for 15 s. The relative expressions
of the genes investigated were calculated using the comparative
quantification method 274, with GAPDH serving as the
reference gene.

2.8 Staining techniques

2.8.1 Alizarin red staining

DPSCs were fixed in formaldehyde (Euroclone, Milan, Italy) for
30 min. After this time, Alizarin Red S staining solution (Merck,
Sigma-Aldrich, Milan, Italy) was added to cover the cellular
monolayer and incubate at room temperature (RT) in the dark
for 45 min. Carefully aspirate the Alizarin Red S staining solution
and wash the cell monolayer four times with 1 mL of distilled water.
Carefully aspirate the washing buffer and add phosphate buffered
saline (PBS) (Euroclone, Milan, Italy).

2.8.2 Oil red O staining

Oil red O solution (Merck, Sigma-Aldrich, Milan, Italy) was
used for lipid droplet staining. Briefly, cells were fixed in 4%
formalin/PBS for 30 min at RT. After fixation, the cells were
washed in 60% isopropanol for 5min. The isopropanol was
aspirated completely, and the cells were incubated in 60% oil red

10.3389/fcell.2023.1274462

O (0.3% in isopropanol solution) for 10 min at 37°C. The adipogenic
differentiation was high-lighted by the lipid droplet accumulation
stain red.

2.8.3 Alcian blue staining

Alcian Blue solution (Merck, Sigma-Aldrich, Milan, Italy) was
used to indicate synthesis of proteoglycans by chondrocytes. Briefly,
cells were treated with 3% ascorbic acid (Merck, Sigma-Aldrich,
Milan, Italy) at RT and were washed twice in PBS and incubated in
1% Alcian Blue-HCI 0.1 N for 30 min. Wells were rinsed twice with
0.IN HCI and then were washed with distilled water before
microscopic visualization and capturing. All images of each
sample were visualized and captured using AxioVert. Al inverted
optical microscope (Carl Zeiss, Jena, Germany) through
AxioVision“4.1 software (Carl Zeiss, Jena, Germany).

2.9 Statistical analysis

Quantitative analysis of immunoblot images and HPTLC
analysis were carried out using NTH ImageJ as software (National
Institutes of Health, United States). Statistical procedures were
performed by GraphPad Prism software Inc. (San Diego, CA,
United States). D’Agostino-Pearson omnibus normality test was
used to assess the normal distribution of the data. Normally
distributed variables were summarized using the mean =+
standard deviation (SD). Differences between numerical variables
were tested using Paired t-test. *p < 0.05, **p < 0.005 ***p < 0.001,
Pep < 0.0001.
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FIGURE 1

Representative 1H-NMR spectra of lipidome profile of DPSC cells. Peak assignment in organic fraction: signals of the pool of acyl chains (FA)
determined at 0.9 ppm (w-CH3 of FA), at 1.56 ppm (-CH2-CH2-COO of FA;) and at 2.40 ppm (-CH2-COO of FA); total cholesterol (Chol);
monounsaturated fat acids (MUFA), plasmalogens (PLS), polyunsaturated FA (PUFA); sphyngolipids, (SL) unsaturated FA (UFA) pool of phosphatidylcholine
(PC) plus Lyso-PC and Triacylglicerids (TAG); tetramethylsilane (TMS) as chemical shift internal reference.
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3 Results

3.1 Evaluation of basal lipidic content of
DPSCs by NMR spectroscopy

To clarify the basal lipidome profile, IH-NMR spectroscopy was
performed in organic fraction of DPSC cells. Since the biophysical
properties of lipids are tightly depended by the number of double
bonds in the acyl chain, we first determined the ratio of mono-
unsaturated Fatty Acids (MUFAs) to polyunsatured Fatty Acids
(PUFAs) was 2.25 in organic extracts of DPSC cells, suggesting that
MUFAs were the most representative species as compared PUFAs
(Figure 1; Table 3).

3.2 Changes in the ganglioside pattern of
DPSCs during multilineage differentiation by
HPTLC

In a previous work, we showed that after neuronal
differentiation of DPSCs it is possible to observe a switch of
gangliosides pattern (Mattei et al, 2015; Santilli et al, 2022).
Therefore, we analyzed the gangliosides pattern by HPTLC
during multilineage  differentiation. DPSCs untreated or
stimulated with Osteogenic Differentiation Medium (ODM),
Adipogenic Differentiation Medium (ADM) and Chondrogenic
Differentiation Medium (CDM) as described above (Table 1)

were subjected to ganglioside extraction and HPTLC analysis. In

10.3389/fcell.2023.1274462

Figure 2A we confirmed the basal gangliosides pattern of DPSCs
(mainly GM3, GM2, and GD1a). After osteogenic differentiation
process, we observed a reduction of GM3 and an increase of
GM2 while, in chondrogenic differentiation we observed a
reduction of GM2 and a slight increase of GD3. During
adipogenic differentiation we showed the presence of GD3 and
the reduction of GM3, GM2 and GDla (Figures 2A, B).

3.3 Lipid rafts regulates the signal
transduction pathways triggered by specific
media during multilineage differentiation
process of DPSCs

To verify the possible role of lipid rafts in the signal transduction
pathway involved in DPSCs multilineage differentiation, we
analyzed whether MBCD may be able to regulate the activation
of AKT signaling pathways. DPSCs, either untreated or treated with
MPBCD for 30 min at 37°C, were stimulated with specific media for
multilineage differentiation process as specified above (Table 1) for
10 min at 37°C. Western blot analysis showed an increase of AKT
phosphorylation levels in our DPSCs samples induced vs.
multilineage differentiation, which was significantly prevented by
pretreatment with MPCD (Figures 3A, B). Lipid rafts regulate the
inhibition of transcription factor during multilineage differentiation
process of DPSCs by Real-Time PCR. In Figure 4 we showed the
increase of OSX, PPARy2, and SOX9 mRNA expression levels
during the multilineage differentiation process of DPSCs,

TABLE 3 Relative quantification (Signal area normalized to number of cells) of lipid metabolites involved in the major pathways detectable by NMR spectroscopy

(14.17) in organic fraction of DPSC cells (n = 2).

Lipid metabolite

Mean * half maximum deviation (n = 2)

plasmalogens

17.79 + 3.02

sphingolipids

Unsatured Fat Acids (UFA)

33.03 £ 20.55

1,027.87 + 160.462

total Diacyl Glycerophosholipids
total Diacyl Glycerophosholipids (Ether)

triacylglycerols

158.48 + 16.78

31.57 + 4.05

242.44 + 28.76

total Glycerophosholipids

phosphatidylcholine and sphingomyelin

884.26 + 18.13

1,162.56 + 159.74

phosphatidylethanolamine

poly (P)-UFA

96.90 + 14.70

459.87 + 67.31

Linoleic Acid

a-methylene in FA

59.13 £ 13.26

1,004.47 + 181.40

Mono (M)-UFA

B-methylene in FA

1,037.20 + 160.62

2,887.70 + 449.10

methylene in FA

wCH3 methyl in fat acids (FA)

20,953.50 + 1,318.29

13,341.87 + 363.40

Total cholesterol

MUFA/PUFA
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279.71 £ 34.69

2.25 £ 0.02
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Control DPSCs

CDM 21 Days

ODM 14 Days

ADM 21 Days

HPTLC analysis of DPSCs during multilineage differentiation. (A) DPSCs untreated or treated with CDM, ODM, and ADM as indicate in Table 1 were

subjected to ganglioside extraction according to Svennerholm and Fredman as reported in the Materials and Methods section. Pure Standards GM3, GM2,
GD3, GM1, and GD1a were used. (B) Densitometric analysis is shown. Results represent the mean + SD from 3 independent experiments. p values for all
graphs were generated using Student’s t-test as indicated in the figure *p < 0.05, **p < 0.005 ***p < 0.001, ****p < 0.0001.
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AKT phosphorylation was evaluated by Western blot analysis of DPSCs during multilineage differentiation. (A) DPSCs pretreated with MBCD were
stimulated with ODM, ADM and CDM for 10 min and phosphorylation of AKT was evaluated by Western blot analysis using anti-phospho-AKT pAb and
anti-AKT. (B) Densitometric analysis is shown. Results represent the mean + SD from three independent experiments. p values were generated using

Student’s t-test as indicated in the figure *p < 0.05, **p < 0.005.
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stimulated respectively with ODM, ADM and CDM for 48 h
(Table 1). Pretreatment with lipid raft-affecting agents, such as
MPBCD, can revert the increase of OSX, PPARy2, and
SOX9 mRNA (Figures 4A-C).

3.4 Role of lipid rafts during multilineage
differentiation of DPSCs

Since gangliosides have been hypothesized to be related with
differentiation of DPSCs (Mattei et al., 2015; Santilli et al., 2022), we
decided to analyze their role as lipid rafts components during
multilineage differentiation. Thus, we pre-treated DPSCs with
MBCD before inducing the differentiation process of DPSCs, as
described above. Alizarin Red S staining clearly showed that pre-
incubation with MBCD  significantly inhibited osteoblast
differentiation of DPSC cells, induced by ODM, as revealed by
the inhibition of the Ca*™ deposits formation (Figure 5). At the same
time, we showed that pretreatment with MBCD, also prevented
chondrogenic differentiation of DPSCs, as revealed by Alcian Blue
staining specific for proteoglycans synthesis evaluation
chondrocytes (Figure 5). Finally, we analyzed the role of lipid
rafts during adipogenic differentiation with the same compounds.

in

10.3389/fcell.2023.1274462

differentiation of DPSCs, as revealed by Oil red O used for lipid
droplet staining (Figure 5).

4 Discussion

In the present study, we analyzed the basal lipidome and the
role of lipid rafts in multilineage differentiation of DPSCs
demonstrating key of lipid rafts the
differentiation process. The scientific literature has shown that
these cells were able to differentiate into different cell types as
neurons, osteoblasts, chondroblasts and adipoblasts (Geng et al.,
2017; Han et al., 2019; Vidoni et al., 2019; Rafiee et al., 2020;
Trejo-Iriarte et al., 2021; Guo et al., 2022). DPSCs present lipid
rafts on the plasma membrane and gangliosides represent the
major constituents of these plasma membrane microdomains
(Ryu et al., 2009; Martellucci et al., 2018) with a critical role in
stem cell differentiation (Mattei et al., 2015; Hohenwallner et al.,
2022; Santilli et al., 2022). The analysis by IH-NMR spectroscopy
showed that monounsaturated fatty acid (MUFAs) were the most
representative species as compared to polyunsatured fatty Acids
(PUFAS) in the total pool of acyl chains. These basal composition
of MUFA/PUFA ratio suggested a tight FA homeostasis for fine-

a role during

Again, pretreatment with MPCD prevented adipogenic  tuning of membrane fluidity and permeability properties, as well
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FIGURE 4

Real-time PCR. (A) OSX mRNA relative expression level in undifferentiated cells and cells cultured for 48 h with osteogenic differentiation medium
(B) PPARy2 mRNA relative expression level in undifferentiated cells and cells cultured for 48 h with adipogenic differentiation medium (C) SOX9 mRNA
relative expression level in undifferentiated cells and cells cultured for 48 h with chondrogenic differentiation medium. p values were generated using

Student’s t-test as indicated in the figure *p < 0.05, **p < 0.005.
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FIGURE 5
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Role of lipid rafts during multilineage differentiation process. DPSCs pretreated with MBCD and then stimulated with ODM, ADM, and CDM (Table 1)
were stained with Alizarin red S, Red Oil O, and Alcian blue, the typical stains used to detect osteogenic, adipogenic, and chondrogenic differentiation,

respectively.

as for receptor and channel functioning in DPSC cells. GGs have
been debated as stem cell and lineage-specific differentiation
markers. GM3, GM1, and GD2 were found to be expressed in
umbilical cord and bone marrow derived MSCs (Martinez et al.,
2007; Freund et al., 2010). Furthermore, GGs were differentially
expressed during neural (Kwak et al., 2006; Lee et al., 2007) and
osteogenic differentiation (Moussavou et al., 2013; Bergante
et al,, 2014; Bergante et al., 2018) while, recently it has been
discovered that GGs are upregulated in adipocytes compared to
their human MSC progenitors (Rampler et al., 2019). Different
studies have highlighted the importance of GGs during DPSCs’
multilineage differentiation although a comprehensive analysis
of the expression pattern of gangliosides in native and
differentiated MSCs is missing. To date, only a few studies on
MSC membrane lipids have been performed (Fuchs et al., 2007;
Park et al., 2010; Campos et al., 2016). Among the different types
of MSCs, Kilpinen et al., studied the effect of the donor’s age and
cell doublings on the glycerophospholipids (GPL) profile of
human bone marrow MSC (hBMSC) (Kilpinen, et al., 2013)
and Chatgilialoglu et al., investigated how the membrane fatty
acid composition of MSCs derived from human fetal membranes
(hFM-MSCs) is modified by the in vitro change culture condition

Frontiers in Cell and Developmental Biology

process (Chatgilialoglu et al., 2017). Several authors showed that
GM2 and GDla increase during osteogenic differentiation of
DPSCs (Ryu et al., 2009; Lee et al., 2010; Moussavou et al., 2013)
GM3 and GD3
differentiation in synovium-derived mesenchymal stem cells

while increase during chondrogenic
(Ryu et al,, 2009; Lee et al., 2010). Moreover, several studies
reported that after neuronal differentiation of DPSCs it’s possible
to observe the expression of ganglioside GD3 (Moussavou et al.,
2013; Lee et al., 2014; Martellucci et al., 2018). In this context, we
analyzed the difference in gangliosides pattern of DPSCs after
multilineage differentiation (osteo, chondro, adipo) under
specific culture condition by HPTLC. We observed a change
in gangliosides pattern during multilineage differentiation. After
DPSCs’ osteogenic differentiation, we observed an increase in
GM2 and GDla, while, after chondrogenic differentiation we
observed an increase in GM3 and a decrease in GM2, in
adipogenic differentiation we showed the presence of GD3 and
a decrease of GM3-GM2 (Figures 2A, B). GGs are the main
constituent of lipid rafts, that represents a platform for protein-
lipid and protein-protein interactions and for cellular signaling
events. Indeed, several papers report that raft perturbation and
alteration of lipid raft integrity can also affect various signaling
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pathways, leading to cellular death and AD (Hicks et al., 2012).
Indeed, Viale-Bouroncle et al., showed that the AKT signaling
pathway was activated in dental follicle cells (DFCs) after the
induction of the osteogenic differentiation by Bone
Morphogenetic Protein 2 (BMP2) (Viale-Bouroncle et al,
2015). Moreover, Li et al, reported that chondrogenic
induction of MSCs triggered c-Myc, AKT, ERK, and MEK
phosphorylation upregulated c-Myc and mTOR
expression (Li L et al, 2022). With, this idea, we analyzed
whether raft agents the AKT
phosphorylation induced by multilineage differentiation of
DPSCs by ODM, CDM, and ADM. These findings confirm
and extend our previous work in which we showed that lipid

and

affecting can  revert

raft agents were able to affect neuronal differentiation process in
DPSCs (Mattei et al., 2015). On this basis, we evaluated the ability
of MBCD to revert the expression of mRNA during the
multilineage differentiation process induced by ODM, CDM,
and ADM. Real-time PCR showed that MBCD can revert the
mRNA expression of OSX, SOX9, and PPARy2. Moreover, we
used Alizarin Red S, Alcian Blue, and Oil red O solution to stain
the DPSCs after differentiation, respectively, in osteoblasts,
We that
pretreatment with MBCD prevented osteogenic, chondrogenic

chondroblasts, and adipoblasts cells. showed
and adipogenic differentiation of DPSCs, as revealed by
reduction of staining with Alizarin Red S, Alcian Blue and Oil
red O. In conclusion, in this paper we observed a change in the
ganglioside pattern during the multilineage differentiation
processes and demonstrated that lipid rafts are essential
components involved in the multilineage differentiation
process. All these data highlight how the structural integrity of
lipid rafts is essential in the multilineage differentiation process
of DPSCs and that this mechanism is mediated by AKT

phosphorylation.

5 Conclusion

This paper demonstrates a change in the ganglioside pattern
during the multilineage differentiation processes, indicating that
lipid rafts are essential components involved in the multilineage
differentiation process. Moreover, the perturbation in lipid raft
compositions with MBCD affected Akt signaling pathway that
was activated in response to differentiation stimuli. In this
concern, regulation of lipid raft pattern may play a pivotal
role in committing these cells to differentiate into other cell
types or self-renew. Therefore, understanding the role of protein
interacting lipids in DPSCs will greatly benefit and improve
regenerative medicine, specially related to tissues utilizing
lipids as energy source.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Frontiers in Cell and Developmental Biology

10

10.3389/fcell.2023.1274462

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
Ethical approval was not required for the studies on animals in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

FS: Methodology, Writing-original draft, Writing-review and
editing. JF: Methodology, Writing—original draft. SM: Methodology,
Writing-original draft. CS: Writing-review and editing. EI:
Methodology, =~ Writing-original ~ draft. MP: Methodology,
Writing-original draft. MC: Methodology, Writing-original draft.
LL: Methodology, Writing-original draft. FP: Methodology,
Writing-original draft. VaM: Methodology, Writing-original
draft. MS: Writing-review and editing. SDM: Supervision,
Writing-original ~ draft, Writing-review editing. VM:
Supervision, draft,

and
Conceptualization, Writing-original

Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the Italian Ministry of Education, University and
Research (MIUR) (PRIN 2017 FS5SHL_003 to MS) and (PRIN
2020 PKLEPN_004 to MS).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1274462/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2023.1274462/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1274462/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1274462

Santilli et al.

References

Abe, M., and Kobayashi, T. (2021). Imaging cholesterol Imaging cholesterol depletion
at the plasma membrane by methyl-B-cyclodextrin. J. Lipid. Res. 62, 100077. doi:10.
1016/j.jlr.2021.100077

Alpaugh, M., Galleguillos, D., Forero, J., Morales, L. C., Lackey, S. W., Kar, P, et al.
(2017). Disease-modifying effects of ganglioside GM1 in Huntington’s disease models.
EMBO Mol. Med. 9, 1537-1557. doi:10.15252/emmm.201707763

Aydin, S., and Sahin, F. (2019). Stem cells derived from dental tissues. Adv. Exp. Med.
Biol. 1144, 123-132. doi:10.1007/5584_2018_333

Azzaz, F., Yahi, N, Di Scala, C., Chahinian, H., and Fantini, J. (2022). Ganglioside
binding domains in proteins: physiological and pathological mechanisms. Adv. Protein.
Chem. Struct. Biol. 128, 289-324. doi:10.1016/bs.apcsb.2021.08.003

Barbat, C., Trucy, M., Sorice, M., Garofalo, T., Manganelli, V., Fischer, A., et al.
(2007). p56lck, LFA-1 and PI3K but not SHP-2 interact with GM1-or GM3-enriched
microdomains in a CD4-p56lck association-dependent manner. Biochem. J. 402 (3),
471-481. doi:10.1042/BJ20061061

Bergante, S., Creo, P., Piccoli, M., Ghiroldi, A., Menon, A., Cirillo, F., et al. (2018).
GM1 ganglioside promotes osteogenic differentiation of human tendon stem cells. Stem.
Cells. Int. 2018, 4706943. doi:10.1155/2018/4706943

Bergante, S., Torretta, E., Creo, P., Sessarego, N., Papini, N., Piccoli, M., et al. (2014).
Gangliosides as a potential new class of stem cell markers: the case of GD1a in human
bone marrow mesenchymal stem cells. J. Lipid. Res. 55, 549-560. doi:10.1194/jlr.
MO046672

Bieberich, E. (2018). Sphingolipids, and lipid rafts: novel concepts and methods of
analysis. Chem. Phys. Lipids. 216, 114-131. doi:10.1016/j.chemphyslip.2018.08.003

Bouscary, A., Quessada, C., René, F., Spedding, M., Turner, B. J., Henriques, A., et al.
(2021). Sphingolipids metabolism alteration in the central nervous system: amyotrophic
lateral sclerosis (ALS) and other neurodegenerative diseases. Semin. Cell. Dev. Biol. 112,
82-91. doi:10.1016/j.semcdb.2020.10.008

Campos, A. M., Maciel, E., Moreira, A. S., Sousa, B., Melo, T., Domingues, P., et al.
(2016). Lipidomics of mesenchymal stromal cells: understanding the adaptation of
phospholipid profile in response to pro-inflammatory cytokines. J. Cell Physiol. 231,
1024-1032. doi:10.1002/jcp.25191

Cascianelli, G., Villani, M., Tosti, M., Marini, F., Bartoccini, E., Magni, M. V., et al.
(2008). Lipid microdomains in cell nucleus. Mol. Biol. Cell. 19, 5289-5295. d0i:10.1091/
mbc.e08-05-0517

Chatgilialoglu, A., Rossi, M., Alviano, F., Poggi, P., Zannini, C., Marchionni, C., et al.
(2017). Restored in vivo-like membrane lipidomics positively influence in vitro features
of cultured mesenchymal stromal/stem cells derived from human placenta. Stem Cell
Res. Ther. 8 (1), 31. doi:10.1186/s13287-017-0487-4

Chen, S., He, H., Yang, H., Tan, B., Liu, E., Zhao, X,, et al. (2019). The role of lipid rafts
in cell entry of human metapneumovirus. J. Med. Virol. 91, 949-957. doi:10.1002/jmv.
25414

Codini, M., Garcia-Gil, M., and Albi, E. (2021). Cholesterol and sphingolipid enriched
lipid rafts as therapeutic targets in cancer. Int. J. Mol. Sci. 22, 726. doi:10.3390/
ijms22020726

Codispoti, B., Marrelli, M., Paduano, F., and Tatullo, M. (2018). Nanometric bio-
banked MSC-derived exosome (nanobiome) as a novel approach to regenerative
medicine. J. Clin. Med. 7, 357. doi:10.3390/jcm7100357

Delle Monache, S., Pulcini, F., Frosini, R., Mattei, V., Talesa, V. N., and Antognelli, C.
(2021). Methylglyoxal-Dependent glycative stress is prevented by the natural
antioxidant oleuropein in human dental pulp stem cells through nrf2/glol pathway.
Antioxidants 10, 716. doi:10.3390/antiox10050716

Delle Monache, S., Pulcini, F., Santilli, F., Martellucci, S., Santacroce, C., Fabrizi, J.,
et al. (2022). Hypoxia induces DPSC differentiation versus a neurogenic phenotype by
the paracrine mechanism. Biomedicines 10, 1056. doi:10.3390/biomedicines10051056

Dukhinova, M., Veremeyko, T., Yung, A. W. Y., Kuznetsova, 1. S., Lau, T. Y. B,,
Kopeikina, E., et al. (2019). Fresh evidence for major brain gangliosides as a target for
the treatment of Alzheimer’s disease. Neurobiol. Aging. 77, 128-143. doi:10.1016/j.
neurobiolaging.2019.01.020

Fecchi, K., Anticoli, S., Peruzzu, D., Iessi, E., Gagliardi, M. C., Matarrese, P., et al.
(2020). Coronavirus interplay with lipid rafts and autophagy unveils promising
therapeutic targets. Front. Microbiol. 11, 1821. doi:10.3389/fmicb.2020.01821

Feng, R,, Ullah, M., Chen, K,, Ali, Q, Lin, Y., and Sun, Z. (2020). Stem cell-derived
extracellular vesicles mitigate ageing-associated arterial stiffness and hypertension.
J. Extracell. Vesicles 9 (1), 1783869. doi:10.1080/20013078.2020.1783869

Freund, D., Fonseca, A. V., Janich, P., Bornhduser, M., and Corbeil, D. (2010).
Differential expression of biofunctional GM1 and GM3 gangliosides within the plastic-
adherent multipotent mesenchymal stromal cell population. Cytotherapy 12, 131-142.
doi:10.3109/14653240903476438

Fuchs, B., Schiller, J., and Cross, M. A. (2007). Apoptosis-associated changes in the
glycerophospholipid composition of hematopoietic progenitor cells monitored by 31P
NMR spectroscopy and MALDI-TOF mass spectrometry. Chem. Phys. Lipids. 150,
229-238. doi:10.1016/j.chemphyslip.2007.08.005

Frontiers in Cell and Developmental Biology

11

10.3389/fcell.2023.1274462

Geng, Y. W,, Zhang, Z., Liu, M. Y., and Hu, W. P. (2017). Differentiation of human
dental pulp stem cells into neuronal by resveratrol. Cell. Biol. Int. 41, 1391-1398. doi:10.
1002/cbin.10835

Grassi, S., Giussani, P., Mauri, L., Prioni, S., Sonnino, S., and Prinetti, A. (2020).
Lipid rafts and neurodegeneration: structural and functional roles in physiologic
aging and neurodegenerative diseases. J. Lipid. Res. 61, 636-654. doi:10.1194/jlr.
TR119000427

Guo, S. L., Chin, C. H., Huang, C. J., Chien, C. C,, and Lee, Y. J. (2022). Promotion of
the differentiation of dental pulp stem cells into oligodendrocytes by knockdown of heat
shock protein 27. Dev. Neurosci. 44, 91-101. doi:10.1159/000521744

Han, Y., Li, X,, Zhang, Y., Han, Y., Chang, F., and Ding, J. (2019). Mesenchymal stem
cells for regenerative medicine. Cells 8, 886. doi:10.3390/cells8080886

Hannun, Y. A, and Obeid, L. M. (2018). Sphingolipids and their metabolism in
physiology and disease. Nat. Rev. Mol. Cell. Biol. 19, 175-191. doi:10.1038/nrm.
2017.107

Hayashi, T., and Fujimoto, M. (2010). Detergent-resistant microdomains determine
the localization of sigma-1 receptors to the endoplasmic reticulum-mitochondria
junction. Mol. Pharmacol. 77, 517-528. doi:10.1124/mol.109.062539

Hicks, D. A., Nalivaeva, N. N., and Turner, A. J. (2012). Lipid rafts and Alzheimer’s
disease: protein-lipid interactions and perturbation of signaling. Front. Physiol. 3, 189.
doi:10.3389/fphys.2012.00189

Hohenwallner, K., Troppmair, N., Panzenboeck, L., Kasper, C., El Abiead, Y.,
Koellensperger, G., et al. (2022). Decoding distinct ganglioside patterns of native
and differentiated mesenchymal stem cells by a novel glycolipidomics profiling
strategy. JACS Au 2, 2466-2480. doi:10.1021/jacsau.2c00230

Iwabuchi, K. (2018). Gangliosides in the immune system: role of glycosphingolipids
and glycosphingolipid-enriched lipid rafts in immunological functions. Methods Mol.
Biol. 1804, 83-95. d0i:10.1007/978-1-4939-8552-4_4

Kilpinen, L., Tigistu-Sahle, F., Oja, S., Greco, D., Parmar, A., Saavalainen, P., et al.
(2013). Aging bone marrow mesenchymal stromal cells have altered membrane
glycerophospholipid composition and functionality. J. Lipid Res. 54, 622-635.
doi:10.1194/jlr.M030650

Kim, D. H,, Triet, H. M., and Ryu, S. H. (2021). Regulation of EGFR activation and
signaling by lipids on the plasma membrane. Prog. Lipid. Res. 83, 101115. doi:10.1016/j.
plipres.2021.101115

Kraft, M. L. (2017). Sphingolipid organization in the plasma membrane, and the
mechanisms that influence it. Front. Cell. Dev. Biol. 4, 154. doi:10.3389/fcell.2016.00154

Kwak, D. H,, Yu, K, Kim, S. M., Lee, D. H,, Kim, S. M., Jung, J. U,, et al. (2006).
Dynamic changes of gangliosides expression during the differentiation of embryonic
and mesenchymal stem cells into neural cells. Exp. Mol. Med. 38, 668-676. doi:10.1038/
emm.2006.79

Ledeen, R, and Wu, G. (2018). Gangliosides of the nervous system. Methods Mol.
Biol. 1804, 19-55. doi:10.1007/978-1-4939-8552-4_2

Lee, D. H., Koo, D. B., Koo, D. B., Ko, K., Ko, K., Kim, S. M., et al. (2007). Effects of
daunorubicin on ganglioside expression and neuronal differentiation of mouse
embryonic stem cells. Biochem. Biophys. Res. Commun. 362, 313-318. doi:10.1016/j.
bbrc.2007.07.142

Lee, S. H., Kwak, D. H,, Ryu, J. S,, Lim, M. U,, Kim, J. S, Kim, S. U,, et al. (2014).
Differential expression pattern of gangliosides during the differentiation of human
dental pulp-derived mesenchymal stem cells into dopaminergic neural-like cells.
Animal Cells Syst. 18, 210-216. doi:10.1080/19768354.2014.909370

Lee, S. H, Ryu, J. S, Lee, J. W,, Kwak, D. H.,, Ko, K,, and Choo, Y. K. (2010).
Comparison of ganglioside expression between human adipose- and dental pulp-
derived stem cell differentiation into osteoblasts. Arch. Pharm. Res. 33, 585-591.
doi:10.1007/s12272-010-0413-0

Li, B, Qin, Y,, Yu, X,, Xu, X,, and Yu, W. (2022). Lipid raft involvement in signal
transduction in cancer cell survival, cell death and metastasis. Cell Prolif. 55, e13167.
doi:10.1111/cpr.13167

Li, L., Fu, Q. Shao, J., Wang, B., Ding, Z., Yuan, S., et al. (2022). Oct4 facilitates
chondrogenic differentiation of mesenchymal stem cells by mediating CIP2A
expression. Cell. Tissue Res. 389, 11-21. doi:10.1007/s00441-022-03619-8

Li, X., Zhu, W., Fan, M., Zhang, J., Peng, Y., Huang, F., et al. (2021). Dependence
of SARS-CoV-2 infection on cholesterol-rich lipid raft and endosomal
acidification. Comput. Struct. Biotechnol. J. 19, 1933-1943. doi:10.1016/j.csbj.
2021.04.001

Liu, J., Yu, F,, Sun, Y,, Jiang, B., Zhang, W., Yang, J., et al. (2015). Concise reviews:
characteristics and potential applications of human dental tissue-derived mesenchymal
stem cells. Stem Cells 33, 627-638. doi:10.1002/stem.1909

Magistretti, P. J., Geisler, F. H., Schneider, J. S., Li, P. A, Fiumelli, H., and Sipione, S.
(2019). Gangliosides: treatment avenues in neurodegenerative disease. Front. Neurol.
10, 859. doi:10.3389/fneur.2019.00859

Mahammad, S., and Parmryd, 1. (2015). Cholesterol depletion using methyl-p-
cyclodextrin. Methods Mol. Biol. 1232, 91-102. doi:10.1007/978-1-4939-1752-5_8

frontiersin.org


https://doi.org/10.1016/j.jlr.2021.100077
https://doi.org/10.1016/j.jlr.2021.100077
https://doi.org/10.15252/emmm.201707763
https://doi.org/10.1007/5584_2018_333
https://doi.org/10.1016/bs.apcsb.2021.08.003
https://doi.org/10.1042/BJ20061061
https://doi.org/10.1155/2018/4706943
https://doi.org/10.1194/jlr.M046672
https://doi.org/10.1194/jlr.M046672
https://doi.org/10.1016/j.chemphyslip.2018.08.003
https://doi.org/10.1016/j.semcdb.2020.10.008
https://doi.org/10.1002/jcp.25191
https://doi.org/10.1091/mbc.e08-05-0517
https://doi.org/10.1091/mbc.e08-05-0517
https://doi.org/10.1186/s13287-017-0487-4
https://doi.org/10.1002/jmv.25414
https://doi.org/10.1002/jmv.25414
https://doi.org/10.3390/ijms22020726
https://doi.org/10.3390/ijms22020726
https://doi.org/10.3390/jcm7100357
https://doi.org/10.3390/antiox10050716
https://doi.org/10.3390/biomedicines10051056
https://doi.org/10.1016/j.neurobiolaging.2019.01.020
https://doi.org/10.1016/j.neurobiolaging.2019.01.020
https://doi.org/10.3389/fmicb.2020.01821
https://doi.org/10.1080/20013078.2020.1783869
https://doi.org/10.3109/14653240903476438
https://doi.org/10.1016/j.chemphyslip.2007.08.005
https://doi.org/10.1002/cbin.10835
https://doi.org/10.1002/cbin.10835
https://doi.org/10.1194/jlr.TR119000427
https://doi.org/10.1194/jlr.TR119000427
https://doi.org/10.1159/000521744
https://doi.org/10.3390/cells8080886
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1124/mol.109.062539
https://doi.org/10.3389/fphys.2012.00189
https://doi.org/10.1021/jacsau.2c00230
https://doi.org/10.1007/978-1-4939-8552-4_4
https://doi.org/10.1194/jlr.M030650
https://doi.org/10.1016/j.plipres.2021.101115
https://doi.org/10.1016/j.plipres.2021.101115
https://doi.org/10.3389/fcell.2016.00154
https://doi.org/10.1038/emm.2006.79
https://doi.org/10.1038/emm.2006.79
https://doi.org/10.1007/978-1-4939-8552-4_2
https://doi.org/10.1016/j.bbrc.2007.07.142
https://doi.org/10.1016/j.bbrc.2007.07.142
https://doi.org/10.1080/19768354.2014.909370
https://doi.org/10.1007/s12272-010-0413-0
https://doi.org/10.1111/cpr.13167
https://doi.org/10.1007/s00441-022-03619-8
https://doi.org/10.1016/j.csbj.2021.04.001
https://doi.org/10.1016/j.csbj.2021.04.001
https://doi.org/10.1002/stem.1909
https://doi.org/10.3389/fneur.2019.00859
https://doi.org/10.1007/978-1-4939-1752-5_8
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1274462

Santilli et al.

Malinick, A. S., Lambert, A. S, Stuart, D. D., Li, B., Puente, E., and Cheng, Q. (2020).
Detection of multiple sclerosis biomarkers in serum by ganglioside microarrays and
surface plasmon resonance imaging. ACS Sens. 5, 3617-3626. doi:10.1021/acssensors.
0c01935

Manganelli, V., Capozzi, A., Recalchi, S., Signore, M., Mattei, V., Garofalo, T., et al.
(2015). Altered traffic of cardiolipin during apoptosis: exposure on the cell surface as a
trigger for antiphospholipid antibodies. J. Immunol. Res. 2015, 847985. doi:10.1155/
2015/847985

Martellucci, S., Manganelli, V., Santacroce, C., Santilli, F., Piccoli, L., Sorice, M., et al.
(2018). Role of prion protein-EGFR multimolecular complex during neuronal
differentiation of human dental pulp-derived stem cells. Prion 12, 117-126. doi:10.
1080/19336896.2018.1463797

Martellucci, S., Santacroce, C., Manganelli, V., Santilli, F., Piccoli, L., Cassetta,
M., et al. (2019). Isolation, propagation, and prion protein expression during
neuronal differentiation of human dental pulp stem cells. J. Vis. Exp. 145. doi:10.
3791/59282

Martellucci, S., Santacroce, C., Santilli, F., Manganelli, V., Sorice, M., and
Mattei, V. (2020). Prion protein in stem cells: a lipid raft component involved in
the cellular differentiation process. Int. J. Mol. Sci. 21, 4168. doi:10.3390/
ijms21114168

Martinez, C., Hofmann, T. J., Marino, R., Dominici, M., and Horwitz, E. M. (2007).
Human bone marrow mesenchymal stromal cells express the neural ganglioside GD2: a
novel surface marker for the identification of MSCs. Blood 109, 4245-4248. doi:10.1182/
blood-2006-08-039347

Mattei, V., Manganelli, V., Martellucci, S., Capozzi, A., Mantuano, E., Longo, A, et al.
(2020). A multimolecular signaling complex including PrP® and LRP1 is strictly
dependent on lipid rafts and is essential for the function of tissue plasminogen
activator. J. Neurochem. 152, 468-481. doi:10.1111/jnc.14891

Mattei, V., Santacroce, C., Tasciotti, V., Martellucci, S., Santilli, F., Manganelli, V.,
et al. (2015). Role of lipid rafts in neuronal differentiation of dental pulp-derived stem
cells. Exp. Cell. Res. 339, 231-240. doi:10.1016/j.yexcr.2015.11.012

Moussavou, G., Kwak, D. H., Lim, M. U,, Kim, J. S., Kim, S. U,, Chang, K. T, et al.
(2013). Role of gangliosides in the differentiation of human mesenchymal-derived stem
cells into osteoblasts and neuronal cells. BMB Rep. 46, 527-532. doi:10.5483/bmbrep.
2013.46.11.179

Nguyen, A., Rudge, S. A., Zhang, Q., and Wakelam, M. J. (2017). Using lipidomics
analysis to determine signalling and metabolic changes in cells. Curr. Opin. Biotechnol.
43, 96-103. doi:10.1016/j.copbio.2016.10.003

Ntambi, J. M., and Miyazaki, M. (2004). Regulation of stearoyl-CoA desaturases and
role in metabolism. Prog. Lipid. Res. 43, 91-104. doi:10.1016/s0163-7827(03)00039-0

Nuti, N., Corallo, C., Chan, B. M., Ferrari, M., and Gerami-Naini, B. (2016).
Multipotent differentiation of human dental pulp stem cells: a literature review.
Stem Cell Rev. Rep. 12, 511-523. d0i:10.1007/s12015-016-9661-9

Ottico, E., Prinetti, A., Prioni, S., Giannotta, C., Basso, L., Chigorno, V., et al. (2003).
Dynamics of membrane lipid domains in neuronal cells differentiated in culture. J. Lipid
Res. 44, 2142-2151. doi:10.1194/j1r.M300247-JLR200

Palacios-Répalo, S. N., De Jesus-Gonzalez, L. A., Cordero-Rivera, C. D., Farfan-
Morales, C. N., Osuna-Ramos, J. F., Martinez-Mier, G., et al. (2021). Cholesterol-rich
lipid rafts as platforms for SARS-CoV-2 entry. Front. Immunol. 12,796855. doi:10.3389/
fimmu.2021.796855

Park, H., Haynes, C. A,, Nairn, A. V., Kulik, M., Dalton, S., Moremen, K., et al. (2010).
Transcript profiling and lipidomic analysis of ceramide subspecies in mouse embryonic
stem cells and embryoid bodies. J. Lipid Res. 51, 480-489. doi:10.1194/jlr.M000984

Paton, C. M., and Ntambi, J. M. (2009). Biochemical and physiological function of
stearoyl-CoA desaturase. Am. J. Physiol. Endocrinol. Metab. 297, E28-E37. doi:10.1152/
ajpendo.90897.2008

Rafiee, F., Pourteymourfard-Tabrizi, Z. Mahmoudian-Sani, M. R., Mehri-
Ghahfarrokhi, A., Soltani, A., Hashemzadeh-Chaleshtori, M., et al. (2020).
Differentiation of dental pulp stem cells into neuron-like cells. Int. J. Neurosci. 130,
107-116. doi:10.1080/00207454.2019.1664518

Rampler, E., Egger, D., Schoeny, H., Rusz, M., Pacheco, M. P., Marino, G., et al.
(2019). The power of LC-MS based multiomics: exploring adipogenic differentiation
of human mesenchymal stem/stromal cells. Molecules 24, 3615. doi:10.3390/
molecules24193615

Ryu, J. S, Ko, K, Lee, J. W,, Park, S. B, Byun, S. J,, Jeong, E. ], et al. (2009).

Gangliosides are involved in neural differentiation of human dental pulp-derived stem
cells. Biochem. Biophys. Res. Commun. 387, 266-271. doi:10.1016/j.bbrc.2009.07.005

Ryu, J. S, Seo, S. Y., Jeong, E. J.,, Kim, J. Y., Koh, Y. G, Kim, Y. L, et al. (2020).
Ganglioside GM3 up-regulate chondrogenic differentiation by transform growth factor
receptors. Int. J. Mol. Sci. 21, 1967. doi:10.3390/ijms21061967

Santilli, F., Fabrizi, J., Pulcini, F., Santacroce, C., Sorice, M., Delle Monache, S., et al.
(2022). Gangliosides and their role in multilineage differentiation of mesenchymal stem
cells. Biomedicines 10, 3112. doi:10.3390/biomedicines10123112

Sarbu, M., Ica, R, and Zamfir, A. D. (2022). Gangliosides as biomarkers of human

brain diseases: trends in discovery and characterization by high-performance mass
spectrometry. Int. J. Mol. Sci. 23, 693. doi:10.3390/ijms23020693

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2023.1274462

Sarmento, M. J., Ricardo, J. C., Amaro, M., and Sachl, R. (2020). Organization of
gangliosides into membrane nanodomains. FEBS Lett. 594, 3668-3697. doi:10.1002/
1873-3468.13871

Saulle, E., Spinello, I., Quaranta, M. T., Pasquini, L., Pelosi, E., Iorio, E., et al. (2021).
Targeting lactate metabolism by inhibiting MCT1 or MCT4 impairs leukemic cell
proliferation, induces two different related death-pathways, and increases
chemotherapeutic sensitivity of acute myeloid leukemia cells. Front. Oncol. 10,
621458. doi:10.3389/fonc.2020.621458

Schnaar, R. L., Gerardy-Schahn, R., and Hildebrandt, H. (2014). Sialic acids in the
brain: gangliosides and polysialic acid in nervous system development, stability, disease,
and regeneration. Physiol. Rev. 94, 461-518. doi:10.1152/physrev.00033.2013

Sezgin, E., Gutmann, T., Buhl, T., Dirkx, R., Grzybek, M., Coskun, U, et al. (2015).
Adaptive lipid packing and bioactivity in membrane domains. PLoS One 10, €0123930.
doi:10.1371/journal.pone.0123930

Sipione, S., Monyror, J., Galleguillos, D., Steinberg, N., and Kadam, V. (2020).
Gangliosides in the brain: physiology, pathophysiology and therapeutic applications.
Front. Neurosci. 14, 572965. doi:10.3389/fnins.2020.572965

Sohn, J., Lin, H., Fritch, M. R,, and Tuan, R. S. (2018). Influence of cholesterol/
caveolin-1/caveolae homeostasis on membrane properties and substrate adhesion
characteristics of adult human mesenchymal stem cells. Stem Cell Res. Ther. 9 (1),
86. doi:10.1186/s13287-018-0830-4

Sorice, M., Matarrese, P., Manganelli, V., Tinari, A., Giammarioli, A. M., Mattei, V.,
et al. (2010). Role of GD3-CLIPR-59 association in lymphoblastoid T cell apoptosis
triggered by CD95/Fas. PLoS One 5, 8567. doi:10.1371/journal.pone.0008567

Sorice, M., Mattei, V., Matarrese, P., Garofalo, T., Tinari, A., Gambardella, L., et al.
(2012a). Dynamics of mitochondrial raft-like microdomains in cell life and death.
Commun. Integr. Biol. 5, 217-219. doi:10.4161/cib.19145

Sorice, M., Mattei, V., Tasciotti, V., Manganelli, V., Garofalo, T., and Misasi, R.
(2012b). Trafficking of PrP(c) to mitochondrial raft-like microdomains during cell
apoptosis. Prion 6, 354-358. doi:10.4161/pri.20479

Staniowski, T., Zawadzka-Knefel, A., and Skoskiewicz-Malinowska, K. (2021).
Therapeutic potential of dental pulp stem cells according to different transplant
types. Molecules 26, 7423. doi:10.3390/molecules26247423

Svennerholm, L., and Fredman, P. (1980). A procedure for the quantitative isolation
of brain gangliosides. Biochim. Biophys. Acta. 617, 97-109. doi:10.1016/0005-2760(80)
90227-1

Tatullo, M., Codispoti, B., Paduano, F., Nuzzolese, M., and Makeeva, 1. (2019).
Strategic tools in regenerative and translational dentistry. Int. J. Mol. Sci. 20 (8), 1879.
doi:10.3390/ijms20081879

Trejo-Iriarte, C. G., Ortega, M. A., Asunsolo, A., Gémez-Clavel, J. E., Mufioz, A. G.,
Mon, M. A, et al. (2021). Mesenchymal adipose stem cells maintain the capacity for
differentiation and survival in culture beyond the long term. J. Histotechnol. 44,
217-233. doi:10.1080/01478885.2021.1953248

Tsai, Y. T., Itokazu, Y., and Yu, R. K. (2016). GM1 ganglioside is involved in epigenetic
activation loci of neuronal cells. Neurochem. Res. 41, 107-115. do0i:10.1007/s11064-015-
1742-7

Tsutsui, T. W. (2020). Dental pulp stem cells: advances to applications. Stem Cells
Cloning 13, 33-42. doi:10.2147/SCCAA.S166759

Viale-Bouroncle, S., Klingelhoffer, C., Ettl, T., and Morsczeck, C. (2015). The AKT
signaling pathway sustains the osteogenic differentiation in human dental follicle cells.
Mol. Cell. Biochem. 406, 199-204. doi:10.1007/s11010-015-2437-8

Vidoni, C., Ferraresi, A., Secomandi, E., Vallino, L., Gardin, C., Zavan, B., et al. (2019).
Autophagy drives osteogenic differentiation of human gingival mesenchymal stem cells.
Cell. Commun. Signal. 17, 98. doi:10.1186/s12964-019-0414-7

Wang, H. Y., Bharti, D., and Levental, I. (2020). Membrane heterogeneity beyond the
plasma membrane. Front. Cell. Dev. Biol. 8, 580814. doi:10.3389/fcell.2020.580814

Williams, M. A., and McCluer, R. H. (1980). The use of Sep-Pak C18 cartridges during
the isolation of gangliosides. J. Neurochem. 35, 266-269. doi:10.1111/j.1471-4159.1980.
tb12515.x

Xiao, Z., Lei, T, Liu, Y., Yang, Y., Bi, W., and Du, H. (2021). The potential therapy
with dental tissue-derived mesenchymal stem cells in Parkinson’s disease. Stem. Cell.
Res. Ther. 12, 5. doi:10.1186/s13287-020-01957-4

Yahi, N., Di Scala, C., Chahinian, H., and Fantini, J. (2021). Innovative treatment
targeting gangliosides aimed at blocking the formation of neurotoxic a-synuclein
oligomers in Parkinson’s disease. Glycoconj J. 39, 1-11. doi:10.1007/s10719-021-
10012-0

Yang, H. ], Jung, K. Y., Kwak, D. H,, Lee, S. H,, Ryu, J. S, Kim, J. S,, et al. (2011).
Inhibition of ganglioside GDla synthesis suppresses the differentiation of human
mesenchymal stem cells into osteoblasts. Dev. Growth. Differ. 53, 323-332. doi:10.
1111/j.1440-169X.2010.01240.x

Yu, R. K,, and Ariga, T. (2000). Ganglioside analysis by high-performance thin layer
chromatography. Methods Enzymol. 312, 115-134. doi:10.1016/s0076-6879(00)12903-9

Zhang, W., Krafft, P. R, Wang, T.,, Zhang, J. H,, Li, L., and Tang, J. (2019).

Pathophysiology of ganglioside GM1 in ischemic stroke: ganglioside GMI: a critical
review. Cell Transpl. 28, 657-661. doi:10.1177/0963689718822782

frontiersin.org


https://doi.org/10.1021/acssensors.0c01935
https://doi.org/10.1021/acssensors.0c01935
https://doi.org/10.1155/2015/847985
https://doi.org/10.1155/2015/847985
https://doi.org/10.1080/19336896.2018.1463797
https://doi.org/10.1080/19336896.2018.1463797
https://doi.org/10.3791/59282
https://doi.org/10.3791/59282
https://doi.org/10.3390/ijms21114168
https://doi.org/10.3390/ijms21114168
https://doi.org/10.1182/blood-2006-08-039347
https://doi.org/10.1182/blood-2006-08-039347
https://doi.org/10.1111/jnc.14891
https://doi.org/10.1016/j.yexcr.2015.11.012
https://doi.org/10.5483/bmbrep.2013.46.11.179
https://doi.org/10.5483/bmbrep.2013.46.11.179
https://doi.org/10.1016/j.copbio.2016.10.003
https://doi.org/10.1016/s0163-7827(03)00039-0
https://doi.org/10.1007/s12015-016-9661-9
https://doi.org/10.1194/jlr.M300247-JLR200
https://doi.org/10.3389/fimmu.2021.796855
https://doi.org/10.3389/fimmu.2021.796855
https://doi.org/10.1194/jlr.M000984
https://doi.org/10.1152/ajpendo.90897.2008
https://doi.org/10.1152/ajpendo.90897.2008
https://doi.org/10.1080/00207454.2019.1664518
https://doi.org/10.3390/molecules24193615
https://doi.org/10.3390/molecules24193615
https://doi.org/10.1016/j.bbrc.2009.07.005
https://doi.org/10.3390/ijms21061967
https://doi.org/10.3390/biomedicines10123112
https://doi.org/10.3390/ijms23020693
https://doi.org/10.1002/1873-3468.13871
https://doi.org/10.1002/1873-3468.13871
https://doi.org/10.3389/fonc.2020.621458
https://doi.org/10.1152/physrev.00033.2013
https://doi.org/10.1371/journal.pone.0123930
https://doi.org/10.3389/fnins.2020.572965
https://doi.org/10.1186/s13287-018-0830-4
https://doi.org/10.1371/journal.pone.0008567
https://doi.org/10.4161/cib.19145
https://doi.org/10.4161/pri.20479
https://doi.org/10.3390/molecules26247423
https://doi.org/10.1016/0005-2760(80)90227-1
https://doi.org/10.1016/0005-2760(80)90227-1
https://doi.org/10.3390/ijms20081879
https://doi.org/10.1080/01478885.2021.1953248
https://doi.org/10.1007/s11064-015-1742-7
https://doi.org/10.1007/s11064-015-1742-7
https://doi.org/10.2147/SCCAA.S166759
https://doi.org/10.1007/s11010-015-2437-8
https://doi.org/10.1186/s12964-019-0414-7
https://doi.org/10.3389/fcell.2020.580814
https://doi.org/10.1111/j.1471-4159.1980.tb12515.x
https://doi.org/10.1111/j.1471-4159.1980.tb12515.x
https://doi.org/10.1186/s13287-020-01957-4
https://doi.org/10.1007/s10719-021-10012-0
https://doi.org/10.1007/s10719-021-10012-0
https://doi.org/10.1111/j.1440-169X.2010.01240.x
https://doi.org/10.1111/j.1440-169X.2010.01240.x
https://doi.org/10.1016/s0076-6879(00)12903-9
https://doi.org/10.1177/0963689718822782
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1274462

	Lipid rafts mediate multilineage differentiation of human dental pulp-derived stem cells (DPSCs)
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Treatments for DPSCs’ multilineage differentiation
	2.3 Ganglioside’s extraction and HPTLC analysis
	2.4 Lipidic profile of DPSCs by nuclear magnetic resonance (NMR) spectroscopy
	2.5 Lipid raft perturbation
	2.6 Western blot analysis
	2.7 Reverse transcription-quantitative PCR (RT-qPCR) analysis
	2.8 Staining techniques
	2.8.1 Alizarin red staining
	2.8.2 Oil red O staining
	2.8.3 Alcian blue staining

	2.9 Statistical analysis

	3 Results
	3.1 Evaluation of basal lipidic content of DPSCs by NMR spectroscopy
	3.2 Changes in the ganglioside pattern of DPSCs during multilineage differentiation by HPTLC
	3.3 Lipid rafts regulates the signal transduction pathways triggered by specific media during multilineage differentiation  ...
	3.4 Role of lipid rafts during multilineage differentiation of DPSCs

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


