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Dental follicle cells (DFCs) are stem/progenitor cells of the periodontium and give rise to alveolar osteoblasts. However,
understanding of the molecular mechanisms of osteogenic differentiation, which is required for cell-based therapies, is
delimited. This study is aimed at analyzing the energy metabolism during the osteogenic differentiation of DFCs. Human
DFCs were cultured, and osteogenic differentiation was induced by either dexamethasone or bone morphogenetic protein 2
(BMP2). Previous microarray data were reanalyzed to examine pathways that are regulated after osteogenic induction.
Expression and activity of metabolic markers were evaluated by western blot analysis and specific assays, relative amount of
mitochondrial DNA was measured by real-time quantitative polymerase chain reaction, the oxidative state of cells was
determined by a glutathione assay, and the lipidome of cells was analyzed via mass spectrometry (MS). Moreover, osteogenic
markers were analyzed after the inhibition of fatty acid synthesis by 5-(tetradecyloxy)-2-furoic acid or C75. Pathway
enrichment analysis of microarray data revealed that carbon metabolism was amongst the top regulated pathways after
osteogenic induction in DFCs. Further analysis showed that enzymes involved in glycolysis, citric acid cycle, mitochondrial
activity, and lipid metabolism are differentially expressed during differentiation, with most markers upregulated and more
markedly after induction with dexamethasone compared to BMP2. Moreover, the cellular state was more oxidized, and
mitochondrial DNA was distinctly upregulated during the second half of differentiation. Besides, MS of the lipidome revealed
higher lipid concentrations after osteogenic induction, with a preference for species with lower numbers of C-atoms and
double bonds, which indicates a de novo synthesis of lipids. Concordantly, inhibition of fatty acid synthesis impeded the
osteogenic differentiation of DFCs. This study demonstrates that energy metabolism is highly regulated during osteogenic
differentiation of DFCs including changes in the lipidome suggesting enhanced de novo synthesis of lipids, which are required
for the differentiation process.

1. Introduction

Periodontal diseases are a common health issue that can lead to
severe tissue damage and tooth loss. Tissue engineering based
on biomaterials and stem cells is a promising approach for
regeneration of functional periodontal tissue [1–3]. Dental fol-
licle cells (DFCs) are stem/progenitor cells of the periodontium
and give rise to the alveolar bone, cementum, and periodontal
ligament during tooth development. Thus, DFCs are suitable

for stem cell-based therapies of periodontal diseases [4, 5]. Fur-
thermore, they can be easily isolated from extracted wisdom
teeth [6]. However, besides much progress in the recent years,
the molecular mechanisms of differentiation processes into
functional tissue cells are still insufficiently understood, which
impedes their optimal use for targeted therapies [5, 7].

The osteogenic differentiation of DFCs can be induced
in vitro by stimulating the cells with dexamethasone or bone
morphogenetic protein 2 (BMP2) amongst others [8, 9].
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Several studies indicate that the two inducers target different
molecular signaling pathways. For example, BMP2 drives the
differentiation via the expression of runt-related transcription
factor 2 (RUNX2) and distal-less homeobox 3 (DLX3), while
dexamethasone-induced osteogenesis requires other tran-
scription factors like zinc finger and BTB domain-containing
16 (ZBTB16) [10–12]. However, the two differentiation proce-
dures also share similarities like the fact that classical isoforms
of protein kinase C (PKC) disturb osteogenesis with both
inducers [13]. Besides particular molecular pathways, only lit-
tle attention has been spent to the role of general cellular
metabolism for DFC differentiation. A previous study showed
that osteogenesis of DFCs is sensitive to changes in AMP-
activated protein kinase (AMPK) activity [14], which is a key
molecular sensor for cellular energy [15]. It is presumable that
energy metabolism might play a crucial role for osteogenic
differentiation of precursor cells. Bone marrow-derived mes-
enchymal stem cells (MSCs) were reported to activate oxida-
tive phosphorylation, but not glycolysis, after osteogenic
induction [16, 17], and hypoxia inhibits the differentiation
[18]. Reactive oxygen species (ROS), which are mainly gener-
ated bymitochondrial metabolism, can regulate the osteogenic
differentiation [19]. Mitochondrial activity was further shown
to stimulate the osteogenic differentiation via acetylation of
β-catenin [20]. Beyond, also metabolism of cellular lipids
participates in energy homeostasis and is implicated in sev-
eral molecular pathways like activation of PKC [21–23].

In order to further unravel the molecular mechanisms
behind the osteogenic differentiation of DFCs, this study is
aimed at analyzing the energy metabolism including markers
for glycolysis, citric acid cycle, oxidative phosphorylation,
and lipid metabolism after induction of differentiation with
dexamethasone and BMP2. Moreover, the lipidome of differ-
entiating DFCs and the role of fatty acid synthesis were
analyzed in this study.

2. Materials and Methods

2.1. Cell Culture. Human dental follicle cells were purchased
fromAllCells (Alameda, CA, USA) and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin (100U/ml)/streptomy-
cin (100μg/ml) solution (all Sigma-Aldrich, St. Louis, MO,
USA) with 37°C and 5% CO2 in humidified atmosphere.
Growth medium was changed three times in a week. Cells
until passage 8 were used for the experiments.

2.2. Osteogenic Differentiation. For induction of osteogenic
differentiation, subconfluent DFCs were treated with osteo-
genic differentiation medium consisting of DMEM supple-
mented with 2% FBS, antibiotics as above, 20mM HEPES,
10mM β-glycerophosphate, 100μM phospho-ascorbic acid,
and 100nM dexamethasone (all Sigma-Aldrich), or with
BMP2 differentiation medium which contains 50 ng/ml
BMP2 (Biomol, Hamburg, Germany) in place of dexameth-
asone. As control, cells were simultaneously cultured in
DMEM with 2% FBS and antibiotics as above. The differen-
tiation media were changed twice in a week.

2.3. Microarray Analysis of Transcriptome. Publicly available
microarray data (GSE20963) were used for analysis. The data
include the gene expression profile of DFCs that were treated
with different osteogenic inducers including dexamethasone
and BMP2 for seven days compared to control medium in bio-
logical triplicates for each group. Data were processed as
described earlier [24]. Processed gene expression data were
used to search for regulated genes after osteogenic induction:
The genes selected were up- or downregulated with at least
factor 2 and with a p value below 0.05 in Student’s t-test by
both dexamethasone and BMP2. A list of the selected genes
is available in Supplementary Table 1. Afterwards, a pathway
enrichment analysis was performed with the selected genes
with DAVID bioinformatics resources [25, 26] using the
KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway database [27–29]. A p value was determined with
the EASE score, and pathways with a p value below 0.05
were considered significantly addressed.

2.4. Western Blot Analysis. DFCs were lysed and scraped in a
buffer consisting of 20mM trisHCl (pH8.0), 137mM NaCl,
48mM NaF, 1% (v/v) NP-40, 10% (v/v) glycerol, 2mM
Na3VO4, phosphatase inhibitor cocktail 3 (Sigma-Aldrich),
and cOmplete™ mini protease inhibitor cocktail (1 tablet in
10ml, Sigma-Aldrich) in H2O. Supernatants were collected
after centrifugation of the lysates at 14,000 rpm for 5min at
4°C, and the protein concentration was determined with the
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Subsequently, lysates were mixed with
the Laemmli sample buffer (BIO-RAD, Hercules, CA, USA)
before boiling for 5min at 95°C. Samples were loaded onto a
4–15% Mini-PROTEAN® TXG StainFree™ Protein Gel (BIO-
RAD), and proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). After activa-
tion by UV light, proteins were transferred onto Amersham
Protran® 0.2μm nitrocellulose membranes (Sigma-Aldrich)
using either a Trans-Blot® SD Semi-Dry Transfer Cell or a
Trans-Blot® Turbo™ Transfer System (both BIO-RAD). Pho-
tographs of total lane protein were taken with a ChemiDoc™
Touch Imaging System (BIO-RAD). Membranes were then
washed in Tris-buffered saline (TBS) for 5min before blocking
in 5% bovine serum albumin (BSA) in Tween-containing TBS
(TBST) for 1 hour at room temperature. Subsequently, the
membranes were incubated overnight at 4°C in a primary anti-
body against hypoxia-inducible factor 1-alpha (HIF-1α), cyto-
chrome c, prohibitin 1, cytochrome c oxidase subunit 4
(COX IV), pyruvate dehydrogenase, succinate dehydrogenase
complex subunit A (SDHA), heat shock protein 60 (HSP60),
voltage-dependent anion channel (VDAC), hexokinase I, hexo-
kinase II, phosphofructokinase, glycerinaldehyd-3-phosphat-
dehydrogenase (GAPDH), pyruvate kinase M1/2, pyruvate
kinase M2, lactate dehydrogenase A, aconitase 2, isocitrate
dehydrogenase 1, isocitrate dehydrogenase 2, dihydrolipoa-
mide succinyltransferase (DLST), fumarase, citrase synthase,
mitochondrial pyruvate carrier 1, mitochondrial pyruvate car-
rier 2, acetyl-CoA carboxylase, phospho-acetyl-CoA carboxyl-
ase (Ser79), ATP-citrate lyase, phospho-ATP-citrate lyase
(Ser455), acetyl-CoA synthetase, acyl-CoA synthetase, fatty
acid synthase (all Cell Signaling Technology, Danvers, MA,
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USA), or elongation of very long chain fatty acids protein 6
(ELOVL6) (Abcam, Cambridge, UK). The primary antibodies
were all diluted 1 : 1000 in TBST with 5% BSA. Afterwards,
membranes were washed three times in TBST for 10min each,
before incubation in the secondary antibody horseradish per-
oxidase- (HRP-) linked anti-rabbit IgG (Cell Signaling Tech-
nology), which was diluted 1 : 1000 in TBST with 5%
skimmed milk powder for 1 hour at room temperature. There-
upon, membranes were washed twice in TBST for 10min each,
once in phosphate-buffered saline (PBS) for at least 5min and
once in TBS for 5min, before a chemiluminescent signal was
developed by using the Clarity™ western ECL substrate (BIO-
RAD) and recorded with a ChemiDoc™ Touch Imaging Sys-
tem (BIO-RAD). Densitometric quantification was performed
with the software Image Lab version 6.0.1 (BIO-RAD) with
normalization of protein bands to total lane protein and the
control group.

2.5. L-Lactate Assay. The Glycolysis Cell-Based Assay Kit
(CaymanChemical, AnnArbor,MI, USA) was used according
to the manufacturer’s handbook. Briefly, DFCs in a 96-well
cell culture plate with 200μl medium per well were centri-
fuged, and 20μl of supernatant was used to determine the
amount of l-lactate in a colorimetric reaction, which was mea-
sured spectrophotometrically at OD= 490 nm.

2.6. Hexokinase Activity Assay. The Hexokinase Colorimetric
Assay Kit (Sigma-Aldrich) was used according to manufactur-
er’s instructions. Briefly, DFCs were washed with PBS, scraped
in assay buffer from the kit, and centrifuged. The supernatant
was further used to determine hexokinase activity in a colori-
metric reaction, which was measured spectrophotometrically
at OD= 450 nm in kinetic mode.

2.7. Malate Dehydrogenase Activity Assay. The Malate Dehy-
drogenase Activity Assay Kit (Abcam) was used according to
the manufacturer’s protocol booklet. Briefly, cells were
washed with PBS and scraped in assay buffer from the kit.
After centrifugation, supernatants were used to determine
malate dehydrogenase activity in a colorimetric reaction,
which was measured spectrophotometrically at OD = 450
nm in kinetic mode.

2.8. Complex I Activity Assay.Mitochondria were isolated from
DFCs with the Mitochondria Isolation Kit for Cultured Cells
(Abcam) according tomanufacturer’s instructions. Afterwards,
the Complex I Enzyme Activity Microplate Assay Kit (Abcam)
was used to determine complex I activity following the manu-
facturer’s protocol booklet. Briefly, proteins from isolatedmito-
chondria were extracted using the detergent solution from the
kit and loaded onto a microplate precoated with complex I
antibodies. After 3 hours incubation, the microplate wells were
washed, before the assay solution from the kit was added in
order to initiate a colorimetric reaction, which was measured
spectrophotometrically at OD = 450 nm in kinetic mode.

2.9. Real-Time Quantitative Polymerase Chain Reaction
(qPCR). The QIAamp® DNA Mini Kit (Qiagen, Hilden,
Germany) was used to isolate DNA from DFCs. For this, the
“Protocol for Cultured Cells” in the manufacturer’s handbook

was used. Both trypsinization and scraping were applied to
detach the adherent cells from the culture plates. The qPCR
analysis was performed with the SsoAdvanced™ Universal
SYBR Green Supermix (BIO-RAD) and primers against mito-
chondrial DNA (forward primer: 5′-GCCTTCCCCCGTAA
ATGATA-3′, reverse primer: 5′-TTATGCGATTACCGGG
CTCT-3′) or B2M (forward primer: 5′-TGCTGTCTCCA
TGTTTGATGTATCT-3′, reverse primer: 5′-TCTCTGCTC
CCCACCTCTAAGT-3′) as reference for genomic DNA.
The qPCR was run on a StepOnePlus™ Real-Time PCR Sys-
tem (Thermo Fisher Scientific) with the following protocol:
polymerase activation for 2min at 95°C, then 40 cycles each
consisting of a denaturation step for 15 sec at 95°C, and an
annealing/elongation step for 30 sec at 62°C, then melt curve
analysis (for amplicon control) starting at 95°C for 15 sec, then
1min at 60°C following temperature increase in 0.3°C steps for
each 15 sec until 95°C. The amount of mitochondrial DNA
was normalized to the amount of B2M genomic DNA and
to the control group at day 1 by using the ΔΔCt method
[30]. The qPCR protocol including primer sequences was
adopted from Venegas and Halberg [31].

2.10. Glutathione Assay. The GSH/GSSG-Glo™ Assay kit
(Promega, Madison, WI, USA) was used according to man-
ufacturer’s instructions to determine relative amounts of
oxidized and reduced glutathione in DFCs. Briefly, cells were
washed with PBS and lysed in a Glutathione Lysis Reagent
from the kit for analysis of either oxidized or total glutathi-
one. The amount of glutathione was then quantified using
a luciferase reporter system. For each experimental group,
three biological replicates were used for determination of
oxidized and total glutathione, respectively. The amount of
oxidized from total glutathione, which is used as indicator
of oxidative stress, was normalized to the control group.

2.11. Mass Spectrometry Analysis of Lipidome (MS). DFCs
were washed with PBS and scraped in 0.2% sodium dodecyl
sulfate (SDS) and cOmplete™mini protease inhibitor cocktail
(1 tablet in 5ml, Sigma-Aldrich) in H2O. The protein concen-
tration in the lysates was measured with the Pierce™ BCA Pro-
tein Assay Kit (Thermo Fisher Scientific). The samples were
stored at -80°C until analysis. Cell homogenates were sub-
jected to lipid extraction according to the method of Bligh
and Dyer [32] in the presence of not naturally occurring lipid
species as internal standards. The following lipid species were
added as internal standards: PC 14 : 0/14 : 0, PC 22 : 0/22 : 0, PE
14 : 0/14 : 0, PE 20 : 0/20 : 0 (diphytanoyl), PS 14 : 0/14 : 0, PS
20 : 0/20 : 0 (diphytanoyl), PI 17 : 0/17 : 0, LPC 13 : 0, LPC
19 : 0, LPE 13 : 0, Cer d18:1/14 : 0, Cer d18 : 1/17 : 0, D7-FC,
CE 17 : 0, CE 22 : 0, TG 51 : 0, TG 57 : 0, DG 28 : 0, and DG
40 : 0. The chloroform phase was recovered by a pipetting
robot (Tecan Genesis RSP 150) and vacuum dried. The resi-
dues were dissolved in either 10mM ammonium acetate in
methanol/chloroform (3 : 1, v/v) (for low mass resolution tan-
dem mass spectrometry) or chloroform/methanol/2-propanol
(1 : 2 : 4, v/v/v) with 7.5mM ammonium formate (for high-
resolution mass spectrometry).
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Mass spectrometry analysis of lipids was performed by
direct flow injection analysis (FIA) using a triple quadrupole
mass spectrometer (FIA-MS/MS; QQQ triple quadrupole)
and a hybrid quadrupole-Orbitrap mass spectrometer
(FIA-FTMS; high mass resolution).

FIA-MS/MS (QQQ) was performed in positive ion mode
using the analytical setup and strategy described previously
[33]. A fragment ion of m/z 184 was used for lysophospha-
tidylcholine (LPC) [34]. The following neutral losses were
applied: phosphatidylethanolamine (PE) 141, phosphatidyl-
serine (PS) 185, phosphatidylglycerol (PG) 189, and phos-
phatidylinositol (PI) 277 [35]. PE-based plasmalogens (PE
P) were analyzed according to the principles described by
Zemski Berry and Murphy [36]. Sphingosine-based cera-
mides (Cer) and hexosylceramides (HexCer) were analyzed
using a fragment ion of m/z 264 [37]. Quantification was
achieved by calibration lines generated by addition of
naturally occurring lipid species to the respective sample
matrix. Calibration lines were generated for the following
naturally occurring species: PC 34 : 1, 36 : 2, 38 : 4, 40 : 0,
and PC O-16 : 0/20 : 4; SM 18 : 1; O2/16 : 0, 18 : 1, and 18 : 0;
LPC 16 : 0, 18 : 1, and 18 : 0; PE 34 : 1, 36 : 2, 38 : 4, and
40 : 6; PE P-16 : 0/20 : 4; PS 34 : 1, 36 : 2, 38 : 4, and 40 : 6; Cer
18 : 1; O2/16 : 0, 18 : 0, 20 : 0, 24 : 1, 24 : 0; and FC, CE 16 : 0,
18 : 2, 18 : 1, and 18 : 0.

The Fourier transform mass spectrometry (FIA-FTMS)
setup is described in detail in Höring et al. [38]. Triglycerides
(TG), diglycerides (DG), and cholesteryl ester (CE) were
recorded in positive ion mode FTMS in range m/z 500-1000
for 1min with a maximum injection time (IT) of 200ms, an
automated gain control (AGC) of 1 × 106, three microscans,
and a target resolution of 140,000 (at m/z 200). Phosphatidyl-
choline (PC) and sphingomyelin (SM) were measured in a
negative ion mode with a mass range m/z 520-960. Multi-
plexed acquisition (MSX) was used for the [M+NH4]

+ of free
cholesterol (FC) (m/z 404.39) and D7-cholesterol (m/z
411.43) 0.5min acquisition time, with a normalized collision
energy of 10%, an IT of 100ms, AGC of 1 × 105, isolation win-
dow of 1Da, and a target resolution of 140,000 [39]. Data pro-
cessing details were described in Höring et al. [38] using the
ALEX software [40] which includes peak assignment and
intensity picking. The extracted data were exported to Micro-
soft Excel 2016 and further processed by self-programmed
Macros. FIA-FTMS quantification was performed bymultipli-
cation of the spiked IS amount with the analyte-to-IS ratio.

The lipid species were annotated according to the latest
proposal for shorthand notation of lipid structures that are
derived from mass spectrometry [41]. For QQQ glycero-
phospholipid species, annotation was based on the assump-
tion of even numbered carbon chains only. Concentration
data are available in the supplementary file.

2.12. Inhibition of Fatty Acid Synthesis. In order to analyze
the role of fatty acid synthesis on osteogenic differentiation,
DFCs were treated with 5μg/ml fatty acid synthesis inhibi-
tors C75 or 5-(tetradecyloxy)-2-furoic acid (TOFA, both
Sigma-Aldrich) in differentiation or control medium. The
corresponding medium with 0.05% (v/v) DMSO was used
as vehicle control.

2.13. Reverse Transcription—Quantitative Polymerase Chain
Reaction (RT-qPCR). The RNeasy® Plus Mini Kit (Qiagen)
was used to isolate RNA from DFCs. Concentration and
purity of RNA were analyzed using a NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific). Next, the
iScript™ cDNA Synthesis Kit (BIO-RAD) was used to con-
vert mRNA into cDNA (reverse transcription). The qPCR
analysis was performed with the SsoAdvanced™ Universal
Probes Supermix (BIO-RAD) and probe-containing Pri-
mePCR™ primers (BIO-RAD) against GAPDH, RUNX2,
and COL1A2 (Collagen type 1 alpha 2 chain) on a StepOne-
Plus™ Real-Time PCR System (Thermo Fisher Scientific)
with the following protocol: 2min polymerase activation at
95°C, then 40 cycles of 5 sec denaturation at 95°C, and
30 sec annealing/elongation at 60°C. Target gene expression
was normalized to the expression of GAPDH and to the
DMEM control group by use of the ΔΔCt method [30].

2.14. Alkaline Phosphatase (ALP) Activity Assay. For examining
the ALP activity in DFCs, the cells were washed with PBS and
lysed with Triton-X (0.1% in PBS). A portion of the lysate was
pipetted in a fresh 96-well plate in order to measure the protein
concentration using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific). Besides, p-nitrophenylphosphate
(Sigma-Aldrich) was added to the remaining lysates, which
then incubated at 37°C for 60min. Immediately thereafter, the
conversion into yellow p-nitrophenol was quantified spectro-
photometrically at OD = 415 nm. The ALP activity values
were normalized to the total protein of each sample and to
the DMEM control group.

2.15. Alizarin Red Staining. Mineralization of extracellular
matrix was analyzed by Alizarin Red staining. Cells were
washed with PBS and fixed with 4% formalin. Subsequently,
cells were washed with H2O three times, stained with Aliza-
rin Red Solution (Merck Millipore, Billerica, MA, USA) for
20min, and washed again with H2O three times. Micro-
scopic photographs were then taken and staining was quan-
tified by dissolving Alizarin Red crystals in cetylpyridinium
chloride (10% in PBS) and measuring spectrophotometri-
cally at OD = 595 nm. The obtained values were normalized
to the DMEM control group.

2.16. Statistical Analysis. Experiments were performed in
biological triplicates unless otherwise stated. Student’s
t-test and one-way analysis of variance (ANOVA) were per-
formed with the software SPSS version 25 (IBM, Armonk,
NY, USA) as described in the figure legends. p values < 0:05
were considered statistically significant and labelled as indi-
cated in the figure legends.

3. Results

3.1. Carbon Metabolism Plays a Major Role during Osteogenic
Differentiation of DFCs. Aiming at further unraveling the
molecular mechanisms behind osteogenesis of DFCs, former
microarray data were reanalyzed. The KEGGpathway analysis
was performed to determine pathways that are significantly
regulated after both osteogenic induction with dexamethasone
and induction with BMP2. Amongst pathways related to
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biosynthesis and metabolism of proteins, carbon metabolism
was significantly addressed (Table 1), which confirms that
energy metabolism plays a major role during osteogenesis.

3.2. Glycolysis and Citric Acid Cycle Are Regulated during
Osteogenic Differentiation of DFCs. Hence, we investigated
the signaling pathways involved in carbon metabolism,
which is highly correlated with the energy metabolism of
cells, more precisely. Starting with the glycolysis, we
analyzed the expression of the most important enzymes by
western blot analysis (Figure 1(a), upper part, and Supplemen-
tary Table 2). Protein expression of hexokinase I, hexokinase II,
phosphofructokinase, and lactate dehydrogenase A was
upregulated after osteogenic induction and more distinctly
with dexamethasone, except for lactate dehydrogenase A,
which was more upregulated by BMP2. In contrast, GAPDH
and pyruvate kinase were expressed rather consistently.
Additionally, the amount of produced L-lactate (Figure 1(b))
and hexokinase activity (Figure 1(c)) were significantly
enhanced during osteogenic differentiation, which was again
more pronounced with dexamethasone. Moreover, enzymes
of the subsequent citric acid cycle were examined (Figure 1(a)
lower part and Supplementary Table 2). The western blot
analysis showed that expression of aconitase 2, isocitrate
dehydrogenase 2, DLST, fumarase, and citrate synthase was
upregulated at later stages of osteogenesis. In contrast, the
enzymes isocitrate dehydrogenase 1, mitochondrial pyruvate
carrier 1, and mitochondrial pyruvate carrier 2 were expressed
rather consistently. Besides the protein expression of citric
acid cycle markers, the activity of malate dehydrogenase was
significantly upregulated during osteogenic differentiation,
with a higher increase after induction with dexamethasone
(Figure 1(d)).

3.3. Mitochondrial Metabolism Is Highly Regulated during
Differentiation. Subsequently, we investigated the regulation of
mitochondrial markers during osteogenic differentiation of
DFCs (Figure 2). We found that protein expression of cyto-
chrome c, pyruvate dehydrogenase, and SDHA was distinctly
upregulated, while the expression of HSP60 was slightly and
not significantly upregulated, and the expression of prohibitin
1 and VDAC was downregulated after induction with
dexamethasone. In contrast, these markers were less regulated
or even downregulated after BMP2 induction until day 14,
while the expression of cytochrome c, prohibitin 1, and SDHA
was significantly upregulated at day 28. Besides, protein expres-
sion of COX IV was downregulated after seven days and upreg-
ulated at the later time points with both osteogenic inducers
(Figure 2(a) and Supplementary Table 2). Additionally,
complex I activity in DFCs was enhanced after seven days
osteogenic differentiation, but only significantly with
dexamethasone treatment (Figure 2(b)). The relative amount
of mitochondrial DNA in DFCs was regulated similarly to
COX IV expression: At days 1 and 7 during differentiation,
relative amount of mitochondrial DNA was significantly
reduced, while significantly upregulated at days 14 and 28
with both inducers (Figure 2(c)). Besides, protein expression
of HIF-1α was inhibited at all investigated time points
(Figure 2(d)), which suggests that more oxygen species are

present in the cells. Concordantly, a higher proportion of
oxidized glutathione was found in DFCs seven days after
osteogenic induction (Figure 2(e)), which indicates higher
oxidative stress.

3.4. Lipid Metabolism Is Regulated during Osteogenic
Differentiation of DFCs. Next, we explored the metabolism
of lipids as another major type of carbon-based molecules
in cells. Initially, the expression of relevant enzymes involved
in lipid metabolism was analyzed by western blot analysis
(Figure 3 and Supplementary Table 2). The results show
weak—and not significant—upregulation of ATP-citrate
lyase and fatty acid synthase and significant upregulation
of acetyl-CoA-synthetase by both osteogenic inducers.
However, expression of phosphorylated ATP-citrate lyase
was only upregulated by dexamethasone and tendentially
downregulated by BMP2, which indicates a higher enzyme
activation state in dexamethasone-treated DFCs [42]. Besides,
the expression of acetyl-CoA carboxylase is reduced at days
14 and 28, while no significant upregulation of the Ser79
phosphorylation was observed at the later time points.
Instead, Ser79-phosphorylated acetyl-CoA carboxylase is
upregulated by dexamethasone until day 14, however not
significantly, which is an indicator for inhibition of this
enzyme [43]. At day 28, almost no phosphorylated acetyl-
CoA carboxylase was detected in any sample. Additionally,
expression of ELOVL6 markedly increased in all culture media
until day 28, most distinctly in DMEM control medium, while
expression of acyl-CoA synthetase was unaltered during
differentiation. We next analyzed the lipidome of
differentiating DFCs by MS. In the overview, the sum of all
lipids was slightly enhanced—more pronounced with
dexamethasone—during osteogenesis from day 7 (Figure 4(a)).
However, some particular lipid classes were more regulated
than others. Analyzing the proportions of the most abundant
classes of membrane lipids revealed that especially the
proportion of phosphatidylethanolamines (PE) varied during
differentiation (Figure 4(b)). Moreover, phosphatidylcholines
(PC) showed a similar regulation pattern, but less distinctly
(Figure 4(c)). Interestingly, the fraction of PE and PC was
markedly decreased in ODM-treated cells at day 14 compared

Table 1: Pathway enrichment analysis of genes significantly
regulated by dexamethasone and BMP2.

KEGG pathway
% of regulated

genes
p value

Biosynthesis of amino acids 6.8 3:43E − 07
Glycine, serine, and threonine
metabolism

4.5 3:12E − 05

Biosynthesis of antibiotics 7.5 1:70E − 04
Aminoacyl-tRNa biosynthesis 3.8 3:57E − 03
Carbon metabolism 4.5 4:41E − 03
Protein digestion and absorption 3.8 9:86E − 03
Arginine biosynthesis 2.3 1:54E − 02
Alanine, aspartate, and glutamate
metabolism

2.3 4:40E − 02
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Figure 1: Expression of glycolysis and citric acid cycle markers during osteogenic differentiation of DFCs. (a) DFCs were cultured in osteogenic
differentiation medium (ODM), BMP2 differentiation medium, or control medium (DMEM) for one, seven, 14, and 28 days before protein
expression of the glycolysis markers hexokinase I, hexokinase II, phosphofructokinase, glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH),
pyruvate kinase M1/2, pyruvate kinase M2, and lactate dehydrogenase A, and protein expression of the citric acid cycle markers aconitase 2,
isocitrate dehydrogenase 1, isocitrate dehydrogenase 2, dihydrolipoamide succinyltransferase (DLST), fumarase, citrase synthase, mitochondrial
pyruvate carrier 1, and mitochondrial pyruvate carrier 2 were determined by western blot analysis. Quantification results and statistical analysis
are shown in the Supplementary Table 2. (b–d) DFCs were cultured in osteogenic differentiation medium (ODM), BMP2 differentiation
medium, or control medium (DMEM) for seven days before the amount of produced L-lactate (b) and hexokinase activity (c) were determined
as markers of glycolysis and malate dehydrogenase activity was measured (d) as marker of citric acid cycle. Results are shown as means +
standard deviation, and Student’s t-test was performed to compare differentiation medium with control medium. ∗∗p < 0:01, ∗∗∗p < 0:001.
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to days 7 and 28. In addition, the proportion of
phosphatidylinositols (PI) was steadily upregulated during
osteogenic differentiation from day 7 (Figure 4(d)). Besides, the
lipid classes phosphatidylserines (PS), PE-based plasmalogens
(PE P), PC-ethers (PC O), sphingomyelins (SM), and free
cholesterol (FC) were less regulated (Figures 4(e)–4(i)).

Regulation patterns of less abundant lipid classes are shown
in Supplementary Figure S1.

3.5. The Composition of Lipid Species Is Altered during
Osteogenic Differentiation. In order to analyze the regulation
of lipids in more detail, we investigated the composition of
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Figure 2: Evaluation of mitochondrial metabolism during osteogenic differentiation of DFCs. (a) DFCs were cultured in osteogenic
differentiation medium (ODM), BMP2 differentiation medium, or control medium (DMEM) for one, seven, 14, and 28 days before
protein expression of cytochrome c, prohibitin 1, cytochrome c oxidase subunit 4 (COX IV), pyruvate dehydrogenase, succinate
dehydrogenase complex subunit A (SDHA), heat shock protein 60 (HSP60), and voltage-dependent anion channel (VDAC) was
determined by western blot analysis. Quantification results and statistical analysis are shown in the Supplementary Table 2. (b) DFCs
were cultured in osteogenic differentiation medium (ODM), BMP2 differentiation medium, or control medium (DMEM) for seven days
before complex I activity was determined in isolated mitochondria. (c, d) DFCs were cultured in osteogenic differentiation medium
(ODM), BMP2 differentiation medium, or control medium (DMEM) for one, seven, 14, and 28 days before the amount of mitochondrial
DNA relative to genomic DNA was measured by qPCR analysis (c) and protein expression of HIF-1α was determined by western blot
analysis (n = 1, d). (e) DFCs were cultured in osteogenic differentiation medium (ODM), BMP2 differentiation medium, or control
medium (DMEM) for seven days. The amount of oxidized glutathione from total glutathione was measured as indicator for oxidative
stress. Results are shown as means + standard deviation, and Student’s t-test was performed to compare differentiation medium with
control medium at the same time point (b, c, e). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001.
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PEs—as highly regulated membrane lipid—during osteo-
genic differentiation and found a heterogeneous regulation
of PEs with different numbers of C-atoms and double bonds
(Figure 5). While almost no changes were detected at day 1
(Figures 5(a) and 5(e)), lipid species were highly regulated
at day 7: PEs with 32, 34, and 36 C-atoms and with one,
two, or three double bonds were distinctly upregulated,
which was accompanied by a decrease of PEs with 40 C-
atoms and polyunsaturated PEs with four, five, or six double
bonds (Figures 5(b) and 5(f)). The same regulation pattern
was observable at day 14 (Figures 5(c) and 5(g)). More pre-
cisely, PE species 32 : 1, 34 : 1, 34 : 2, 36 : 2, 36 : 3, 38 : 2, and
38 : 3 were upregulated at days 7 and 14 and PE 40 : 3 only
at day 14, while the species 38 : 6, 40 : 5, and 40 : 6 were
downregulated at both days 7 and 14, PE 36 : 1, 38 : 1, and
40 : 4 only at day 7, and PE 38 : 4 and 38 : 5 only at day 14
(Supplementary Figure S2). It is worth noting that the
changes were usually more pronounced in dexamethasone-
induced DFCs compared to osteogenic induction with
BMP2. At day 28, the composition of PE species in
dexamethasone-induced cells was similar to days 7 and 14,
with the only difference that PEs with 38 C-atoms were
upregulated additionally. In BMP2-treated DFCs, PEs with
38 C-atoms were also elevated, as well as PEs with two,
three, or four double bonds, while species with 40 C-atoms
and with five or six double bonds were downregulated at
day 28 (Figures 5(d) and 5(h)).

3.6. Storage Lipids and Diacylglycerol Are Highly Regulated
during the Osteogenic Differentiation of DFCs. Furthermore,
we investigated the regulation of storage lipids and diacylglyc-
erols (DG), as DGs are precursors for triacylglycerols (TG)
and glycerophospholipids, during the osteogenic differentia-
tion of DFCs (Figure 6). The proportion of DGs was initially
decreased compared to the control medium at day 1, while it
was steadily increasing at the later time points and more
distinctly in dexamethasone-treated cells (Figure 6(a)).
Regarding the regulation of triacylglycerols, a decrease in com-

pare to control medium is observable later, namely, at day 7,
while upregulated at days 14 and 28, except for
dexamethasone-treated DFCs, where the proportion of TGs is
decreased again at day 28 (Figure 6(b)). By contrast, cholesteryl
esters (CE) are constantly downregulated compared to control
medium from day 7 after osteogenic induction (Figure 6(c)). As
the DG fraction is highly increased in dexamethasone-treated
DFCs, we investigated the DG species profile at the different
time points in detail (Figure 6(d)). The results show that mono-
unsaturated DGs with 34 and 36 C-atoms are the most abun-
dant species at days 1 and 7, while polyunsaturated DGs with
38 C-atoms are dominant at days 14 and 28. We also observed
the species profile of TGs in dexamethasone-treated cells and
concordantly found more species with lower numbers of C-
atoms and double bonds at the earlier time points, while poly-
unsaturated species with a higher number of C-atoms were
more abundant at days 14 and 28 (Figure 6(e)).

3.7. Inhibition of Fatty Acid Synthesis Impedes the Osteogenic
Differentiation of DFCs. As lipid concentrations were elevated
after osteogenic induction, further experiments were performed
investigating the role of fatty acid synthesis for the osteogenic
differentiation of DFCs. Cells were treated with either TOFA
or C75, which act as inhibitors of fatty acid synthesis by inhibit-
ing the enzymes acetyl-CoA carboxylase or fatty acid synthase,
respectively [44–46]. Treating DFCs with TOFA resulted in a
higher phosphorylation of acetyl-CoA carboxylase, which
indicates inactivation of the enzyme [43], while C75 treatment
reduced the expression of fatty acid synthase (Supplementary
Figure S3). Subsequent analysis of osteogenic markers
showed that gene expression of COL1A2 as well as ALP
activity and Alizarin Red staining were reduced after
inhibitor treatment, more distinctly and throughout
significantly with TOFA (Figures 7(a), 7(c), and 7(d)).
However, gene expression of RUNX2 was only reduced by
fatty acid synthesis inhibition in DMEM control medium,
while unaltered or even elevated in the differentiation media
(Figure 7(b)).

Fatty acid synthase

Acyl-CoA synthetase

Acetyl-CoA synthetase

P-ATP-citrate lyase 

ATP-citrate lyase

P-Acetyl-CoA carboxylase

Acetyl-CoA carboxylase
DMEM ODM BMP2 DMEM ODM BMP2 DMEM ODM BMP2 DMEM ODM BMP2

Day 1 Day 7 Day 14 Day 28

ELOVL6

Figure 3: Expression of lipid metabolism markers during osteogenic differentiation of DFCs. DFCs were cultured in osteogenic
differentiation medium (ODM), BMP2 differentiation medium, or control medium (DMEM) for one, seven, 14, and 28 days before protein
expression of acetyl-CoA carboxylase, phospho-acetyl-CoA carboxylase, ATP-citrate lyase, phospho-ATP-citrate lyase, acetyl-CoA synthetase,
acyl-CoA synthetase, fatty acid synthase, and elongation of very long chain fatty acids protein 6 (ELOVL6) was determined by western blot
analysis. Quantification results and statistical analysis are shown in the Supplementary Table 2.
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Figure 4: Continued.
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4. Discussion

The results of this study showed that energy metabolism is
highly regulated after osteogenic induction in DFCs. Against
previous findings reporting that only oxidative phosphoryla-
tion and not glycolysis are upregulated [16], our experiments
showed induction of some glycolysis markers as well. Presum-
ably, glycolytic energy production is not dispensable for osteo-
genesis. Concordantly, a previous study showed that miR-34a
suppresses the osteogenic differentiation ofMSCs by the down-
regulation of lactate dehydrogenase A [47], which was upregu-
lated during osteogenesis in DFCs. Nonetheless, mitochondrial
markers were also regulated in DFCs and analysis of mitochon-
drial DNA copy number revealed a high upregulation in the
second half of the differentiation process. This is accompanied
by inhibition of HIF-1α expression and a more oxidized cellu-
lar state. Downregulation of HIF-1α was also reported during
osteogenic differentiation of bone marrow-derived MSCs,
while reactivation of HIF-1α inhibits oxidative phosphoryla-
tion [16]. Interestingly, inhibition of HIF-1α expression occurs
directly after osteogenic induction in DFCs, while mitochon-
drial DNA is even downregulated at days 1 and 7. Probably,
other molecular mechanisms are important for the induction
of differentiation, while a sufficient energy supply and oxidative
phosphorylation activity are necessary in later stages when pre-
mature osteoblasts lead to biomineralization of extracellular
matrix. However, a higher energy demand is probably not the
only purpose of enhanced mitochondrial activity during osteo-
genesis, since a previous study reported that inhibition of oxi-
dative phosphorylation can indeed be compensated by
glycolysis, which maintains the ATP level, but still impedes
osteogenic differentiation [20]. Against this finding, induction
of pseudohypoxia enhanced the proliferation and also the oste-
ogenic differentiation of PDL cells while concurrently shifting
energy metabolism from oxidative phosphorylation to glycoly-
sis [48]. Hence, glycolytic metabolism is not necessarily related
to impeded differentiation. Upregulation of mitochondrial
activity is further reported to depend on Akt [49], which is
highly regulated during osteogenesis in DFCs [13]. The results
indicate that mitochondrial upregulation plays a pivotal and

diverse role in the molecular clockwork of osteogenic differen-
tiation and that energymetabolism affects osteogenesis inmore
respects than only ATP supply.

The results further revealed differences between dexameth-
asone and BMP2 induction. With regard to mitochondrial
markers, it is noticeable that admittedly both inducers lead to
upregulation of mitochondrial DNA copy number from day
14 but upregulate different proteins as dexamethasone predom-
inantly enhanced expression of cytochrome c and pyruvate
dehydrogenase, while BMP2 induced the expression of prohibi-
tin 1. Differences in carbon metabolism comparing osteogenic
induction with dexamethasone or BMP2 were also detected in
MSCs [50]. The observations strengthen the hypothesis that
both inducers lead to the same outcome—upregulation ofmito-
chondrial activity, a more oxidative state, inhibition of HIF-1α,
and finally matrix mineralization—but function via regulating
different proteins and signaling pathways, which are worth to
be further explored in future studies.

Analysis of enzymes concerning lipid metabolism also
showed high regulation after osteogenic induction with both
inducers including upregulation of some important markers
for fatty acid metabolism. This is in line with the MS analysis
of the lipidome which concurrently showed higher lipid con-
centrations. Overall, regulation of lipidome was similar with
both osteogenic inducers, although more pronounced in
dexamethasone-treated DFCs as the expression of related
enzymes and the concentration of lipids were higher here.
This is very interesting with regard to the previous observa-
tion that dexamethasone-induced mineralization is more
intense compared to BMP2-treated DFCs [13]. The tran-
scription factor ZBTB16, whose expression is highly induced
by dexamethasone [11], might play a role for this difference
as it is also related to energy metabolism [51]. A study on
rabbit MSCs could further show that the lipidome changes
during osteogenic differentiation of precursor cells and,
moreover, that lipidomes are similar in cells from different
origins [52]. This implies a fundamental role of lipid metab-
olism for osteogenesis. Detailed analysis with the example of
PE species revealed that especially species with a number of
C-atoms until 36—which mainly corresponds to PEs with
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Figure 4: Regulation of membrane lipids during osteogenic differentiation of DFCs. DFCs were cultured in osteogenic differentiation
medium (ODM), BMP2 differentiation medium, or control medium (DMEM) for one, seven, 14 and 28 days before the lipidome was
analyzed by MS. This figure shows the regulation of total lipids (a) and the fraction of phosphatidylethanolamines (PE, b),
phosphatidylcholines (PC, c), phosphatidylinositols (PI, d), phosphatidylserines (PS, e), phosphatidylethanolamine-based plasmalogens
(PE P, f), phosphatidylcholine-ethers (PC O, g), sphingomyelins (SM, h), and free cholesterol (FC, i). Data points show means ±
standard deviation, and Student’s t-test was performed to compare differentiation medium with control medium at the same time point.
∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001. Asterisks relate to the differentiation medium with data points and line in same color.
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Figure 5: Continued.
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Figure 5: Continued.
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two fatty acids with each 18 C-atoms—and a higher degree
of saturation was increased at day 7, which indicates that
de novo synthesis is the main source for elevated lipid levels.
Concordantly, PE species with C-atom numbers until 38 and
more double bonds were found until day 28, presuming
chain elongation and desaturation following synthesis. This
assumption is in accordance with the observation that
expression of ELOVL6, which is known to elongate fatty
acids with up to 16 C-atoms into species with up to 18 C-
atoms [53], was increased over time.

Eventually, inhibition of fatty acid synthesis resulted in
downregulation of most investigated osteogenic markers.
Especially COL1A2 gene expression, ALP activity, and
Alizarin Red staining were impacted, which are important
markers for extracellular matrix production and mineraliza-
tion. Besides, gene expression of RUNX2 was less affected.

Interestingly, ALP activity and RUNX2 expression were
barely upregulated in differentiation media compared with
control medium. This implies that the DFCs used in our
study already exhibit a high basal expression of these
markers, which is probably associated with a high osteogenic
potential. Thus, further regulation of RUNX2 and ALP
might not be required to drive the differentiation process.
However, as the inhibition of fatty acid synthesis impedes
mineralization but not RUNX2 expression, the relevance of
lipid metabolism for osteogenesis is likely not connected to
RUNX2. Instead, de novo synthesis of fatty acids and lipids
is presumably required for proper function of osteogenically
induced DFCs to produce hard tissue. Fatty acid synthesis in
eukaryotic cells occurs in both the cytoplasm and mitochon-
dria [54]. Hence, enhanced mitochondrial activity might be
an important driver for lipogenesis during the differentiation.
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Figure 5: Regulation of phosphatidylethanolamines with different numbers of C-atoms and double bonds during osteogenic differentiation
of DFCs. DFCs were cultured in osteogenic differentiation medium (ODM), BMP2 differentiation medium, or control medium (DMEM) for
one, seven, 14, and 28 days before the lipidome was analyzed by MS. This figure shows the regulation of phosphatidylethanolamines (PE)
with different C-atom numbers at day 1 (a), day 7 (b), day 14 (c), and day 28 (d), and PEs with different numbers of double bonds (DB) at
day 1 (e), day 7 (f), day 14 (g), and day 28 (h). Results are shown as means + standard deviation, and Student’s t-test was performed to
compare differentiation medium with the control medium at the same time point. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001. Asterisks relate to
the differentiation medium with bars in same color.
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Figure 6: Continued.

14 Stem Cells International



The definite role of enhanced lipid production for bio-
mineralization remains elusive and probably has different
functions for the mineralization process. Predominantly,
cells might use fatty acids as energy source, which was also
reported by a previous study [55]. This is further supported
by the fact that the fraction of DGs was elevated from day 7,
as intermediate products, and eventually TGs at day 14,
whose role is predominantly defined as energy storage
[56]. Concordantly, DG species 32 : 0, 32 : 1, and 34 : 1—pre-
sumably due to de novo synthesis—showed peaks at day 7
during dexamethasone-induced differentiation. However,
DG species 38 : 3 and 38 : 4 and TG species 56 : 5 and 56 : 6
were highly induced at days 14 and 28. Presumably, upregu-
lation of polyunsaturated species occurred due to uptake
from the culture medium in order to enhance the cellular
energy resources.

Interestingly, concentration of DGs at day 1 was lower in
the differentiation media compared to control medium. As
DGs are an important cofactor for activation of classical PKC
isoforms [57], which inhibit the osteogenic differentiation of
DFCs [13], downregulation of DGs right after osteogenic
induction might be important to impede PKC activation. Fur-
thermore, it is worth noting that cholesteryl esters are the only
lipid class that is strictly downregulated during differentiation
compared to control medium. By contrast, the proportion of
free cholesterol is constantly high. Remaining a stable level of
free cholesterol might play another pivotal role during differen-
tiation. Previous studies showed that oxysterols—oxidized
derivatives of cholesterol—support the osteogenic differentia-
tion of stem cells and counteract negative impacts of oxidative
stress [58, 59]. Thus, the abundance of free cholesterol together
with enhanced mitochondrial activity might be an important
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Figure 6: Regulation of storage lipids and diacylglycerol during osteogenic differentiation of DFCs. DFCs were cultured in osteogenic
differentiation medium (ODM), BMP2 differentiation medium, or control medium (DMEM) for one, seven, 14, and 28 days before the
lipidome was analyzed by MS. (a–c) The line charts show the fraction of diacylglycerols (DG, a), triacylglycerols (TG, b), and cholesteryl
esters (CE, c). Data points show means ± standard deviation, and Student’s t-test was performed to compare differentiation medium with
control medium at the same time point. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001. Asterisks relate to the differentiation medium with data
points and line in same color. (d, e) Furthermore, the composition of DG species (d) and TG species (e) in cells treated with ODM at
the different time points is shown. Only species with an abundance of more than 2% for at least one time point are shown as means +
standard deviation, and one-way ANOVA was performed to determine significant differences in the fraction of a specific species at
different time points. ∗∗p < 0:01, ∗∗∗p < 0:001.
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Figure 7: Continued.
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mechanism to support the osteogenic differentiation of DFCs.
Mitochondrial activity, a more oxidative cellular state and
upregulation of free cholesterol together could be another
mechanism that contributes to osteogenesis. Further research
will be required to evaluate the significance of those pathways
for osteogenesis.

5. Conclusion

Energy metabolism is highly regulated during osteogenic dif-
ferentiation of DFCs. Several enzymes involved in glycolysis,
citric acid cycle, mitochondrial respiratory chain, and fatty
acid metabolism are upregulated upon osteogenic induction,
more notably by dexamethasone, accompanied by a more
oxidative cellular state. Eventually, analysis of lipidome
showed higher lipid concentrations with essential changes
in the composition of lipid species, while inhibition of fatty
acid synthesis impeded osteogenesis. The results demon-
strate that energy metabolism plays a vital role during the
osteogenic differentiation of DFCs.

Abbreviations

AGC: Automated gain control
ALP: Alkaline phosphatase
AMPK: AMP-activated protein kinase
ANOVA: Analysis of variance
BMP2: Bone morphogenetic protein 2
BSA: Bovine serum albumin
CE: Cholesteryl ester
Cer: Ceramides
COL1A2: Collagen type 1 alpha 2 chain

COX IV: Cytochrome c oxidase subunit 4
DB: Double bonds
DFC: Dental follicle cell
DG: Diglycerides
DLST: Dihydrolipoamide succinyltransferase
DLX3: Distal-less homeobox 3
DMEM: Dulbecco’s modified Eagle’s medium
ELOVL6: Elongation of very long chain fatty acids pro-

tein 6
FBS: Fetal bovine serum
FC: Free cholesterol
FIA: Flow injection analysis
FTMS: Fourier transform mass spectrometry
GAPDH: Glycerinaldehyd-3-phosphat-dehydrogenase
HexCer: Hexosylceramides
HIF-1α: Hypoxia-inducible factor 1-alpha
HRP: Horseradish peroxidase
HSP60: Heat shock protein 60
IT: Injection time
KEGG: Kyoto Encyclopedia of Genes and Genomes
LPC: Lysophosphatidylcholine
LPE: Lysophosphatidylethanolamine
MS: Mass spectrometry
MSC: Mesenchymal stem cell
MSX: Multiplexed acquisition
ODM: Osteogenic differentiation medium
PBS: Phosphate-buffered saline
PC: Phosphatidylcholine
PC O: Phosphatidylcholine-ether
PE: Phosphatidylethanolamine
PE P: PE-based plasmalogens
PG: Phosphatidylglycerol

0.1

1

10

100

Re
lat

iv
e u

ni
ts 

Alizarin red staining 

DMEM ODM BMP2

⁎⁎

⁎⁎

⁎⁎

⁎⁎

⁎
⁎⁎⁎

CTRL C75 TOFA CTRL C75 TOFA CTRL C75 TOFA

(d)

Figure 7: Regulation of osteogenic differentiation in DFCs after inhibition of fatty acid synthesis. DFCs were cultured in osteogenic
differentiation medium (ODM), BMP2 differentiation medium, or control medium (DMEM) and simultaneously treated with 5μg/ml
fatty acid synthesis inhibitors TOFA or C75 or vehicle control for different time periods before evaluation of osteogenic differentiation
markers: (a, b) Gene expressions of COL1A2 (a) and RUNX2 (b) relative to gene expression of GAPDH were determined after three
days treatment by RT-qPCR. (c) Activity of alkaline phosphatase (ALP) relative to total protein was measured after seven days
treatment. (d) Mineralization of extracellular matrix was determined by Alizarin Red staining after 28 days treatment. Photographic
pictures of the staining are shown below the bar chart which shows the relative quantification results as means + standard deviation.
Student’s t-tests were performed to compare inhibitor treatment with the vehicle control. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001.

17Stem Cells International



PI: Phosphatidylinositol
PKC: Protein kinase C
PS: Phosphatidylserine
qPCR: Real-time quantitative polymerase chain reaction
ROS: Reactive oxygen species
RUNX2: Runt-related transcription factor 2
SDHA: Succinate dehydrogenase complex subunit A
SDS: Sodium dodecyl sulfate
SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel

electrophoresis
SM: Sphingomyelin
TBS: Tris-buffered saline
TBST: Tris-buffered saline with Tween20
TG: Triglycerides
TOFA: 5-(Tetradecyloxy)-2-furoic acid
VDAC: Voltage-dependent anion channel
ZBTB16: Zinc finger and BTB domain-containing 16

Data Availability

The lipidome concentration data are available as supplemen-
tary file. The other raw data are available from the authors
on reasonable request.

Ethical Approval

Human dental follicle cells for this study were purchased
commercially.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Acknowledgments

This work was supported by the Deutsche Forschungsge-
meinschaft (DFG, project number 319390412).

Supplementary Materials

Supplementary 1. List of genes significantly regulated by
dexamethasone and BMP2. Genes involved in the pathway
carbon metabolism are in bold type.

Supplementary 2. Quantification results of western blots in
Figures 1(a), 2(a), and 3 with means ± standard deviation
and molecular weight of antigens. Statistically significant
(p < 0:05) values compared to control medium (DMEM) at
the same time point are in bold type.

Supplementary 3. Regulation of less abundant lipid classes dur-
ing osteogenic differentiation of DFCs. DFCs were cultured in
osteogenic differentiation medium (ODM), BMP2 differentia-
tion medium, or control medium (DMEM) for one, seven, 14,
and 28 days before the lipidome was analyzed by MS. This fig-
ure shows the fraction of lysophosphatidylethanolamines (LPE,
a), lysophosphatidylcholines (LPC, b), ceramides (Cer, c), hexo-
sylceramides (HexCer, d), and phosphatidylglycerols (PG, e).
Data points show means ± standard deviation, and Student’s

t-test was performed to compare differentiation medium
with control medium at the same time point. ∗p < 0:05,
∗∗p < 0:01, ∗∗∗p < 0:001. Asterisks relate to the differentiation
medium with data points and line in same color.

Supplementary 4. Species profiles of phosphatidylethanol-
amines during osteogenic differentiation of DFCs. This
figure shows the composition of phosphatidylethanolamine
(PE) species analyzed by MS in DFCs cultured in osteogenic
differentiation medium (ODM), BMP2 differentiation
medium, or control medium (DMEM) at days 7 (a) and 14
(b). Results are shown as means + standard deviation, and
Student’s t-test was performed to compare differentiation
medium with control medium at the same time point.
∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001. Asterisks relate to the
differentiation medium with bars in same color.

Supplementary 5. Inhibition of fatty acid synthesis by TOFA
and C75 in DFCs. DFCs were treated with 5μg/ml fatty acid
synthesis inhibitors TOFA (a) or C75 (b) or vehicle control
for two hours (a) or one day (b) before protein expression
of phospho-acetyl-CoA carboxylase (a) or fatty acid syn-
thase (b) was determined by western blot analysis. Results
are shown as means + standard deviation, and Student’s
t-test was performed to compare inhibitor treatment with
the vehicle control. ∗p < 0:05.

References

[1] L. Larsson, A. M. Decker, L. Nibali, S. P. Pilipchuk,
T. Berglundh, and W. V. Giannobile, “Regenerative medicine
for periodontal and peri-implant diseases,” Journal of Dental
Research, vol. 95, no. 3, pp. 255–266, 2016.

[2] J. Liu, J. Ruan, M. D. Weir et al., “Periodontal bone-ligament-
cementum regeneration via scaffolds and stem cells,” Cells,
vol. 8, no. 6, p. 537, 2019.

[3] B. Zavan and E. Bressan, Eds., Dental Stem Cells: Regenerative
Potential, Springer International Publishing, Cham, 2016.

[4] T. Zhou, J. Pan, P. Wu et al., “Dental follicle cells: roles in
development and beyond,” Stem Cells International,
vol. 2019, Article ID 9159605, 17 pages, 2019.

[5] C. Morsczeck and T. E. Reichert, “Dental stem cells in tooth
regeneration and repair in the future,” Expert Opinion on Bio-
logical Therapy, vol. 18, no. 2, pp. 187–196, 2018.

[6] C. Morsczeck, W. Götz, J. Schierholz et al., “Isolation of pre-
cursor cells (PCs) from human dental follicle of wisdom teeth,”
Matrix biology: journal of the International Society for Matrix
Biology, vol. 24, no. 2, pp. 155–165, 2005.

[7] R. Bi, P. Lyu, Y. Song et al., “Function of dental follicle progen-
itor/stem cells and their potential in regenerative medicine:
from mechanisms to applications,” Biomolecules, vol. 11,
no. 7, p. 997, 2021.

[8] C. Morsczeck, C. Moehl, W. Götz et al., “In vitro differentia-
tion of human dental follicle cells with dexamethasone and
insulin,” Cell Biology International, vol. 29, no. 7, pp. 567–
575, 2005.

[9] M. Zhao, G. Xiao, J. E. Berry, R. T. Franceschi, A. Reddi, and
M. J. Somerman, “Bone morphogenetic protein 2 induces den-
tal follicle cells to differentiate toward a cementoblast/osteo-
blast phenotype,” Journal of Bone and Mineral Research: the

18 Stem Cells International

https://downloads.hindawi.com/journals/sci/2022/3674931.f1.zip
https://downloads.hindawi.com/journals/sci/2022/3674931.f2.pdf
https://downloads.hindawi.com/journals/sci/2022/3674931.f3.pdf
https://downloads.hindawi.com/journals/sci/2022/3674931.f4.pdf
https://downloads.hindawi.com/journals/sci/2022/3674931.f5.pdf


Official Journal of the American Society for Bone and Mineral
Research, vol. 17, no. 8, pp. 1441–1451, 2002.

[10] C. Morsczeck, “Gene expression of runx2, Osterix, c-fos, DLX-
3, DLX-5, and MSX-2 in dental follicle cells during osteogenic
differentiation in vitro,” Calcified Tissue International, vol. 78,
no. 2, pp. 98–102, 2006.

[11] O. Felthaus, M. Gosau, S. Klein et al., “Dexamethasone-related
osteogenic differentiation of dental follicle cells depends on
ZBTB16 but not Runx2,” Cell and Tissue Research, vol. 357,
no. 3, pp. 695–705, 2014.

[12] S. Viale-Bouroncle, O. Felthaus, G. Schmalz, G. Brockhoff,
T. E. Reichert, and C. Morsczeck, “The transcription factor
DLX3 regulates the osteogenic differentiation of human dental
follicle precursor cells,” Stem Cells and Development, vol. 21,
no. 11, pp. 1936–1947, 2012.

[13] O. Pieles, T. E. Reichert, and C. Morsczeck, “Classical isoforms
of protein kinase C (PKC) and Akt regulate the osteogenic dif-
ferentiation of human dental follicle cells via both β-catenin
and NF-κB,” Stem Cell Research & Therapy, vol. 12, no. 1,
p. 242, 2021.

[14] O. Pieles, M. Hartmann, and C. Morsczeck, “AMP-activated
protein kinase and the down-stream activated process of
autophagy regulate the osteogenic differentiation of human
dental follicle cells,” Archives of Oral Biology, vol. 122, article
104951, 2021.

[15] S. Wang, P. Song, and M.-H. Zou, “AMP-activated protein
kinase, stress responses and cardiovascular diseases,” Clinical
Science, vol. 122, no. 12, pp. 555–573, 2012.

[16] L. C. Shum, N. S. White, B. N. Mills, K. L. de Mesy Bentley, and
R. A. Eliseev, “Energy metabolism in mesenchymal stem cells
during osteogenic differentiation,” Stem Cells and Develop-
ment, vol. 25, no. 2, pp. 114–122, 2016.

[17] C.-T. Chen, Y.-R. V. Shih, T. K. Kuo, O. K. Lee, and Y. H. Wei,
“Coordinated changes of mitochondrial biogenesis and antioxi-
dant enzymes during osteogenic differentiation of humanmesen-
chymal stem cells,” Stem Cells, vol. 26, no. 4, pp. 960–968, 2008.

[18] S.-H. Hsu, C.-T. Chen, and Y.-H. Wei, “Inhibitory effects of
hypoxia on metabolic switch and osteogenic differentiation
of human mesenchymal stem cells,” Stem Cells, vol. 31,
no. 12, pp. 2779–2788, 2013.

[19] F. Atashi, A. Modarressi, and M. S. Pepper, “The role of reac-
tive oxygen species in mesenchymal stem cell adipogenic and
osteogenic differentiation: a review,” Stem Cells and Develop-
ment, vol. 24, no. 10, pp. 1150–1163, 2015.

[20] B. H. Shares, M. Busch, N. White, L. Shum, and R. A. Eliseev,
“Active mitochondria support osteogenic differentiation by
stimulating β-catenin acetylation,” The Journal of Biological
Chemistry, vol. 293, no. 41, pp. 16019–16027, 2018.

[21] P. Lipp and G. Reither, “Protein kinase C: the “masters” of cal-
cium and lipid,” Cold Spring Harbor Perspectives in Biology,
vol. 3, no. 7, pp. a004556–a004556, 2011.

[22] R. R. Rando, “Regulation of protein kinase C activity by lipids,”
FASEB journal: official publication of the Federation of Ameri-
can Societies for Experimental Biology, vol. 2, no. 8, pp. 2348–
2355, 1988.

[23] A. Soto-Avellaneda and B. E. Morrison, “Signaling and other
functions of lipids in autophagy: a review,” Lipids in Health
and Disease, vol. 19, no. 1, p. 214, 2020.

[24] M. Saugspier, O. Felthaus, S. Viale-Bouroncle et al., “The
differentiation and gene expression profile of human dental

follicle cells,” Stem Cells and Development, vol. 19, no. 5,
pp. 707–717, 2010.

[25] W. Da Huang, B. T. Sherman, and R. A. Lempicki, “Bioinfor-
matics enrichment tools: paths toward the comprehensive
functional analysis of large gene lists,” Nucleic Acids Research,
vol. 37, no. 1, pp. 1–13, 2009.

[26] W. Da Huang, B. T. Sherman, and R. A. Lempicki, “Systematic
and integrative analysis of large gene lists using DAVID bioin-
formatics resources,” Nature Protocols, vol. 4, no. 1, pp. 44–57,
2009.

[27] M. Kanehisa and S. Goto, “KEGG: Kyoto Encyclopedia of
Genes and Genomes,” Nucleic Acids Research, vol. 28, no. 1,
pp. 27–30, 2000.

[28] M. Kanehisa, “Toward understanding the origin and evolution
of cellular organisms,” Protein science: a publication of the Pro-
tein Society, vol. 28, no. 11, pp. 1947–1951, 2019.

[29] M. Kanehisa, M. Furumichi, Y. Sato, M. Ishiguro-Watanabe,
and M. Tanabe, “KEGG: integrating viruses and cellular organ-
isms,” Nucleic Acids Research, vol. 49, no. D1, pp. D545–D551,
2021.

[30] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method,” Methods (San Diego, Calif.),
vol. 25, no. 4, pp. 402–408, 2001.

[31] V. Venegas and M. C. Halberg, “Measurement of mitochon-
drial DNA copy number,” Methods in molecular biology
(Clifton, N.J.), vol. 837, pp. 327–335, 2012.

[32] E. G. Bligh and W. J. Dyer, “A rapid method of total lipid
extraction and purification,” Canadian Journal of Biochemistry
and Physiology, vol. 37, no. 1, pp. 911–917, 1959.

[33] G. Liebisch, B. Lieser, J. Rathenberg, W. Drobnik, and
G. Schmitz, “High-throughput quantification of phosphatidyl-
choline and sphingomyelin by electrospray ionization tandem
mass spectrometry coupled with isotope correction algo-
rithm,” Biochimica et Biophysica Acta, vol. 1686, no. 1-2,
pp. 108–117, 2004.

[34] G. Liebisch, W. Drobnik, B. Lieser, and G. Schmitz, “High-
throughput quantification of lysophosphatidylcholine by
electrospray ionization tandem mass spectrometry,” Clinical
Chemistry, vol. 48, no. 12, pp. 2217–2224, 2002.

[35] V. Matyash, G. Liebisch, T. V. Kurzchalia, A. Shevchenko, and
D. Schwudke, “Lipid extraction by methyl-tert-butyl ether for
high-throughput lipidomics,” Journal of lipid research,
vol. 49, no. 5, pp. 1137–1146, 2008.

[36] K. A. Zemski Berry and R. C. Murphy, “Electrospray ioniza-
tion tandem mass spectrometry of glycerophosphoethanola-
mine plasmalogen phospholipids,” Journal of the American
Society for Mass Spectrometry, vol. 15, no. 10, pp. 1499–1508,
2004.

[37] G. Liebisch, W. Drobnik, M. Reil et al., “Quantitative mea-
surement of different ceramide species from crude cellular
extracts by electrospray ionization tandem mass spectrome-
try (ESI-MS/MS),” Journal of Lipid Research, vol. 40, no. 8,
pp. 1539–1546, 1999.

[38] M. Höring, C. S. Ejsing, S. Krautbauer, V. M. Ertl,
R. Burkhardt, and G. Liebisch, “Accurate quantification of
lipid species affected by isobaric overlap in Fourier-transform
mass spectrometry,” Journal of Lipid Research, vol. 62, article
100050, 2021.

[39] M. Höring, C. S. Ejsing, M. Hermansson, and G. Liebisch,
“Quantification of cholesterol and cholesteryl ester by direct

19Stem Cells International



flow injection high-resolution Fourier transform mass spec-
trometry utilizing species-specific response factors,” Analytical
Chemistry, vol. 91, no. 5, pp. 3459–3466, 2019.

[40] P. Husen, K. Tarasov, M. Katafiasz et al., “Analysis of lipid
experiments (ALEX): a software framework for analysis of
high-resolution shotgun lipidomics data,” PLoS One, vol. 8,
no. 11, article e79736, 2013.

[41] G. Liebisch, E. Fahy, J. Aoki et al., “Update on LIPID MAPS
classification, nomenclature, and shorthand notation for MS-
derived lipid structures,” Journal of Lipid Research, vol. 61,
no. 12, pp. 1539–1555, 2020.

[42] I. A. Potapova, M. R. El-Maghrabi, S. V. Doronin, and W. B.
Benjamin, “Phosphorylation of recombinant human ATP:ci-
trate lyase by cAMP-dependent protein kinase abolishes
homotropic allosteric regulation of the enzyme by citrate and
increases the enzyme activity. Allosteric activation of ATP:ci-
trate lyase by phosphorylated sugars,” Biochemistry, vol. 39,
no. 5, pp. 1169–1179, 2000.

[43] J. Ha, S. Daniel, S. S. Broyles, and K. H. Kim, “Critical phos-
phorylation sites for acetyl-CoA carboxylase activity,” Journal
of Biological Chemistry, vol. 269, no. 35, pp. 22162–22168,
1994.

[44] R. A. Parker, T. Kariya, J. M. Grisar, and V. Petrow, “5-(Tetra-
decyloxy)-2-furancarboxylic acid and related hypolipidemic
fatty acid-like alkyloxyarylcarboxylic acids,” Journal of Medic-
inal Chemistry, vol. 20, no. 6, pp. 781–791, 1977.

[45] D. L. Halvorson and S. A. McCune, “Inhibition of fatty acid
synthesis in isolated adipocytes by 5-(tetradecyloxy)-2-furoic
acid,” Lipids, vol. 19, no. 11, pp. 851–856, 1984.

[46] L. E. Landree, A. L. Hanlon, D. W. Strong et al., “C75, a fatty
acid synthase inhibitor, modulates AMP-activated protein
kinase to alter neuronal energy metabolism,” Journal of Biolog-
ical Chemistry, vol. 279, no. 5, pp. 3817–3827, 2004.

[47] M. Hong, X.-B. Zhang, F. Xiang, X. Fei, X. L. Ouyang, and X. C.
Peng, “miR-34a suppresses osteoblast differentiation through
glycolysis inhibition by targeting lactate dehydrogenase-A
(LDHA),” In Vitro Cellular & Developmental Biology-Animal,
vol. 56, no. 6, pp. 480–487, 2020.

[48] H. Mao, A. Yang, Y. Zhao, L. Lei, and H. Li, “Succinate supple-
ment elicited “pseudohypoxia” condition to promote prolifer-
ation, migration, and osteogenesis of periodontal ligament
cells,” Stem Cells International, vol. 2020, Article ID 2016809,
14 pages, 2020.

[49] C. O. Smith and R. A. Eliseev, “Energy metabolism during
osteogenic differentiation: the role of Akt,” Stem Cells and
Development, vol. 30, no. 3, pp. 149–162, 2021.

[50] M. E. Klontzas, S. I. Vernardis, M. Heliotis, E. Tsiridis, and
A. Mantalaris, “Metabolomics analysis of the osteogenic differ-
entiation of umbilical cord blood mesenchymal stem cells
reveals differential sensitivity to osteogenic agents,” Stem Cells
and Development, vol. 26, no. 10, pp. 723–733, 2017.

[51] E. Školníková, L. Šedová, B. Chylíková, A. Kábelová, F. Liška,
and O. Šeda, “Maternal high-sucrose diet affects phenotype
outcome in adult male offspring: role of Zbtb16,” Frontiers in
Genetics, vol. 11, article 529421, 2020.

[52] C. G. da Silva, L. S. de Sá Barretto, E. G. Turco et al., “Lipido-
mics of mesenchymal stem cell differentiation,” Chemistry and
Physics of Lipids, vol. 232, article 104964, 2020.

[53] T. Matsuzaka, H. Shimano, N. Yahagi et al., “Cloning and
characterization of a mammalian fatty acyl-CoA elongase as
a lipogenic enzyme regulated by SREBPs,” Journal of Lipid
Research, vol. 43, no. 6, pp. 911–920, 2002.

[54] A. J. Kastaniotis, K. J. Autio, J. M. Kerätär et al., “Mitochon-
drial fatty acid synthesis, fatty acids and mitochondrial physi-
ology,” Biochimica et Biophysica Acta (BBA) - Molecular and
Cell Biology of Lipids, vol. 1862, no. 1, pp. 39–48, 2017.

[55] E. Rendina-Ruedy, A. R. Guntur, and C. J. Rosen, “Intracellu-
lar lipid droplets support osteoblast function,” Adipocytes,
vol. 6, no. 3, pp. 250–258, 2017.

[56] G. C. Burdge and P. C. Calder, “Introduction to fatty acids and
lipids,” in Intravenous Lipid Emulsions, P. C. Calder, D. L.
Waitzberg, and B. Koletzko, Eds., vol. 112, pp. 1–16, S.
KARGER AG, Basel, 2014.

[57] T. I. Igumenova, “Dynamics and membrane interactions of
protein kinase C,” Biochemistry, vol. 54, no. 32, pp. 4953–
4968, 2015.

[58] I. K. Kwon, S. C. Lee, Y.-S. Hwang, and J. S. Heo, “Mitochon-
drial function contributes to oxysterol-induced osteogenic dif-
ferentiation in mouse embryonic stem cells,” Biochimica et
Biophysica Acta, vol. 1853, no. 3, pp. 561–572, 2015.

[59] D. Shouhed, H. T. Kha, J. A. Richardson, C. M. Amantea, T. J.
Hahn, and F. Parhami, “Osteogenic oxysterols inhibit the
adverse effects of oxidative stress on osteogenic differentiation
of marrow stromal cells,” Journal of Cellular Biochemistry,
vol. 95, no. 6, pp. 1276–1283, 2005.

20 Stem Cells International


	Energy Metabolism and Lipidome Are Highly Regulated during Osteogenic Differentiation of Dental Follicle Cells
	1. Introduction
	2. Materials and Methods
	2.1. Cell Culture
	2.2. Osteogenic Differentiation
	2.3. Microarray Analysis of Transcriptome
	2.4. Western Blot Analysis
	2.5. L-Lactate Assay
	2.6. Hexokinase Activity Assay
	2.7. Malate Dehydrogenase Activity Assay
	2.8. Complex I Activity Assay
	2.9. Real-Time Quantitative Polymerase Chain Reaction (qPCR)
	2.10. Glutathione Assay
	2.11. Mass Spectrometry Analysis of Lipidome (MS)
	2.12. Inhibition of Fatty Acid Synthesis
	2.13. Reverse Transcription—Quantitative Polymerase Chain Reaction (RT-qPCR)
	2.14. Alkaline Phosphatase (ALP) Activity Assay
	2.15. Alizarin Red Staining
	2.16. Statistical Analysis

	3. Results
	3.1. Carbon Metabolism Plays a Major Role during Osteogenic Differentiation of DFCs
	3.2. Glycolysis and Citric Acid Cycle Are Regulated during Osteogenic Differentiation of DFCs
	3.3. Mitochondrial Metabolism Is Highly Regulated during Differentiation
	3.4. Lipid Metabolism Is Regulated during Osteogenic Differentiation of DFCs
	3.5. The Composition of Lipid Species Is Altered during Osteogenic Differentiation
	3.6. Storage Lipids and Diacylglycerol Are Highly Regulated during the Osteogenic Differentiation of DFCs
	3.7. Inhibition of Fatty Acid Synthesis Impedes the Osteogenic Differentiation of DFCs

	4. Discussion
	5. Conclusion
	Abbreviations
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

