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ABSTRACT 

Background 

Maxillary/mandibular bone marrow-derived mesenchymal stem cells (MBMSCs) exhibit a unique property 

of lower adipogenic potential than other bone marrow-derived MSCs. However, the molecular mechanisms 

regulating the adipogenesis of MBMSCs remain unclear. This study aimed to explore the roles of 

mitochondrial function and reactive oxygen species (ROS) in regulating the adipogenesis of MBMSCs.  

Methods and Results 

MBMSCs exhibited significantly lower lipid droplet formation than iliac BMSCs (IBMSCs). Moreover, 

the expression levels of CCAAT/enhancer-binding protein β (C/EBPβ), C/EBPδ, and early B cell factor 1 

(Ebf-1), which are early adipogenic transcription factors, and those of peroxisome proliferator-activated 

receptor-γ (PPARγ) and C/EBPα, which are late adipogenic transcription factors, were downregulated in 

MBMSCs compared to those in IBMSCs. Adipogenic induction increased the mitochondrial membrane 

potential and mitochondrial biogenesis in MBMSCs and IBMSCs, with no significant difference between 

the two cell types; however, intracellular ROS production was significantly enhanced only in IBMSCs. 
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Furthermore, NAD(P)H oxidase 4 (NOX4) expression was significantly lower in MBMSCs than in 

IBMSCs. Increased ROS production in MBMSCs by NOX4 overexpression or treatment with menadione 

promoted the expression of early adipogenic transcription factors but did not induce that of late adipogenic 

transcription factors or lipid droplet accumulation. 

Conclusions 

These results suggest that ROS may be partially involved in the process of MBMSC adipogenic 

differentiation from undifferentiated cells to immature adipocytes. This study provides important insights 

into the tissue-specific properties of MBMSCs. 

 

Keywords: mesenchymal stem cells, maxillary/mandibular bone, iliac bone, adipogenic differentiation, 

reactive oxygen species 

 

Introduction 

Mesenchymal stem cells (MSCs) are present in various tissues and can differentiate into mesoderm-derived 

tissues such as bones, cartilage, and fat [1-3]. Owing to differences in their embryological origin, MSCs 

exhibit different properties in different tissues [4-6]. We have previously reported the presence of MSCs in 
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the maxillary/mandibular bone marrow and that these cells (referred to as MBMSCs) scarcely differentiate 

into adipocytes [7]. Adipogenesis of MSCs is regulated by complex processes in which undifferentiated 

MSCs are committed to the adipocyte lineage (preadipocytes), and then preadipocytes differentiate into 

mature adipocytes [8]. CCAAT/enhancer-binding protein β (C/EBPβ), δ (C/EBPδ), and early B cell factor 

1 (Ebf-1) are key transcription factors in the differentiation of undifferentiated MSCs into preadipocytes 

[9-12]. These transcription factors regulate the expression of peroxisome proliferator-activated receptor γ 

(PPARγ) and C/EBPα and initiate adipogenesis [9, 11, 12]. PPARγ and C/EBPα are critical transcription 

factors involved in the process of immature adipocytes into mature adipocytes by promoting the expression 

of various adipocyte metabolic factors [8]. However, the mechanisms by which the adipogenic potential of 

MBMSCs is suppressed have not been well reported. 

Activation of mitochondrial function is critical for the regulation of stem cell differentiation; the 

induction of adipogenic differentiation shifts mitochondrial energy production from glycolysis to oxidative 

phosphorylation, resulting in the activation of mitochondrial function [13, 14]. The induction of 

adipogenesis increases mitochondrial membrane potential and biogenesis, which are important indicators 

of mitochondrial activity [14, 15]. In addition, the activation of mitochondrial function induces ATP 

production, thereby resulting in large amounts of reactive oxygen species (ROS), a byproduct of ATP 

production [16]. Excessive intracellular ROS causes cellular damage and dysfunction whereas controlled 

low basal ROS levels are necessary and beneficial to sustain cell functions [17]. Moreover, ROS play a role 
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in the regulation of adipogenesis; the knockdown of NAD(P)H oxidase 4 (Nox4) suppresses ROS 

production and adipogenesis in MSCs [18]. Furthermore, treatment with exogenous H2O2 promotes 

adipogenesis by increasing C/EBPβ and PPARγ expressions in 3T3-L1 preadipocytes [19]. However, the 

roles of mitochondrial function and ROS in the adipogenesis of MBMSCs remain unknown. 

In the present study, we hypothesized that the low adipogenic capacity of MBMSCs may be due to 

suppressed mitochondrial function and ROS production during adipogenic differentiation. Therefore, we 

aimed to evaluate the differences in mitochondrial functional activation and ROS production during 

adipogenesis in MBMSCs and IBMSCs to reveal the underlying mechanisms of adipogenesis in MBMSCs. 

 

Materials and methods 

Isolation of MSCs from the maxillary/mandibular bone marrow 

This study was approved by the Kagoshima University Hospital Clinical Research Ethics Committee 

(no.170263 EKI-KAI3). The bone marrow was isolated from the maxilla or mandible bone of five patients 

at the time of dental implant surgery using a previously reported method [20]. The collected bone marrow 

fluid was seeded in a cell culture dish, and the adhered and proliferated cells were used as MBMSCs. 
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Cell culture  

Five IBMSCs (Lonza Group AG, Basel, Switzerland) were used in this study. MBMSCs and IBMSCs were 

cultured in an α-minimal essential medium (α-MEM) with 10% fetal bovine serum (FBS; Hyclone, Logan, 

UT, USA) and 1% Penicillin-Streptomycin Suspension (Life Technologies, Carlsbad, CA, USA) at 37 °C 

with 5% CO2.  

 

Adipogenic differentiation 

Adipogenic differentiation was induced using an adipogenic induction medium [DMEM-high glucose 

supplemented with 10% FBS, 1% penicillin-streptomycin suspension, 1 µM dexamethasone (Dex), 0.5 mM 

3-isobutyl-1-methyl-xanthine (IBMX), 0.2 mM indomethacin, and 10 µg/mL insulin] for 2 days, followed 

by culturing with adipogenic maintenance medium (DMEM-high glucose supplemented with 10% FBS, 

1% penicillin-streptomycin suspension, and 10 µg/mL insulin) for another 2 days. In some experiments, 

adipogenic differentiation medium supplemented with 1000 nM menadione (2-methyl-1,4-

naphthoquinone) (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) was used. Two weeks after 

adipogenic induction, lipid droplet formation was evaluated by Oil-Red-O staining. Formed lipid droplets 

were quantified by extracting the Oil-Red-O dye with 100% isopropyl alcohol and measuring the optical 

density at 540 nm with a microplate reader (Multiscan FC; Thermo Fisher Scientific, Waltham, MA, USA). 
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Photomicrographs were obtained using a phase contrast microscope (Olympus, Tokyo, Japan). 

 

Quantitative real-time polymerase chain reaction (qRT- PCR) analysis 

ISOGEN (Nippon Gene, Tokyo, Japan) was used for total RNA isolation. ReverTra Ace qPCR RT Master 

Mix (TOYOBO, Osaka, Japan) was used for reverse transcription of cDNA from isolated total RNA. 

mRNA expression levels were evaluated by qRT-PCR using the THUNDERBIRD SYBR Green PCR kit 

(TOYOBO) and CFX Connect Real-Time System (Bio-Rad Laboratories, Hercules, CA, USA). The 

sequences of the primers used in this study are listed in Supplementary Table 1. 

 

Mitochondrial membrane potential analysis  

Cells were cultured in Lab-TeK 8-well Chamber Slide (Thermo Fisher Scientific), and after reaching 

confluence, adipogenic induction was performed for 2 days. Cells were treated with a JC-1 solution 

(Dojindo, Kumamoto, Japan) at 37 °C for 30 min, washed with phosphate-buffered saline (PBS) 

(FUJIFILM Wako Pure Chemical Corp.), and photographed using a fluorescence microscope (Olympus, 

Tokyo, Japan). JC-1 dye accumulates and aggregates in the mitochondria depending on the mitochondrial 

membrane potential, resulting in a fluorescence shift from green to red. Quantitation of mitochondrial 
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membrane potential was assessed by measuring the ratio of red and green fluorescence using Image J 

software (National Institutes of Health, Bethesda, MD, USA).  

 

Mitochondrial DNA (mtDNA) copy number analysis 

Cells were cultured until confluence and then cultured in an adipogenic differentiation medium for 10 and 

14 days. Total DNA was isolated using a NucleoSpin Tissue Kit (Macherey-Nagel, Düren, Germany) 

according to the manufacturer’s instructions. Mitochondrial DNA copy number was assessed using the 

Human Mitochondrial DNA (mtDNA) Monitoring Primer Set (Takara Bio, Tokyo, Japan). NADH 

dehydrogenase subunit 1 (ND1) and solute carrier organic anion transporter family member 2B1 

(SLCO2B1) were used to identify the mtDNA genome. Dehydrogenase subunit 5 (ND5) and serpin family 

A member 1 (SERPINA1) were used for genomic DNA detection. DNA amplification was performed using 

the THUNDERBIRD SYBR Green PCR kit (TOYOBO). The difference in the Ct values for the 

ND1/SLCO2B1 pair was calculated as follows: (ΔCt1 = Ct for SLCO2B1 – Ct for ND1) and 

ND5/SERPINA1 pair (ΔCt2 = Ct for SERPINA1 – Ct for ND5). The mtDNA copy number was calculated 

using the 2ΔCt method. 

 

NOX4 overexpression 
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MBMSCs were transfected with pCMV3-untagged-NOX4 vector or pCMV3-untagged Negative Control 

Vector (Sino Biological Inc., Beijing, China) by lipofectamine 2000 (Thermo Fisher Scientific) according 

to the manufacturer’s instructions. Briefly, each plasmid was diluted with an Opti-MEM I reduced serum 

medium (Life Technologies) and then mixed with lipofectamine 2000 regent for 5 min. The mixture was 

added to MBMSCs and incubated for 6 h, and then the culture medium was replaced with a fresh medium. 

Cells were incubated for 2 days at 37 °C and 5% CO2, for use in subsequent experiments. 

 

Measurement of ROS levels  

Cells seeded in 96-well black culture plates (Greiner Bio-One, Frickenhausen, Germany) were cultured 

until confluent and then subjected to adipogenic induction for 12 h, 24 h, 3 days, and 7 days. In some 

experiments, NOX4 plasmid vectors or control plasmid vectors were transfected after MBMSC seeding. 

Intracellular ROS levels were measured using the ROS Assay Kit-Highly Sensitive DCFH-DA (Dojindo). 

Cells were washed twice with Hanks' balanced salt solution (HBSS) (FUJIFILM Wako Pure Chemical 

Corp.) and then treated with a highly sensitive DCFH-dye solution at 37 °C for 30 min. The fluorescence 

intensity was measured using a TriStar2 multimode plate reader (Berthold Technologies, Bad Wildbad, 

Germany). The total cell number in each well was measured using a Cell Count Normalization Kit 

(Dojindo). Cells were treated with the working solution supplied with the Kit for 30 min at 37 °C, after 
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which fluorescence intensity was measured using a TriStar2 multimode plate reader (Berthold 

Technologies). Intracellular ROS levels were normalized to the total cell number.  

 

Cell viability assay 

Cell viability assay was performed using the Premix WST-1 Cell Proliferation Assay System (Takara Bio). 

MBMSCs (1 × 103 cells) were seeded in 96-well cell culture plates and cultured until they adhered. Cells 

were then treated with 100–2000 nM menadione (FUJIFILM Wako Pure Chemical Corp.) or vehicle 

(dimethyl sulfoxide, DMSO) for 24, 48, or 72 h. Cells were incubated with Premix WST-1 at 37 °C for 40 

min, and the absorbance was measured at 450 nm using a microplate reader (Multiscan FC; ThermoFisher 

Scientific). 

 

Statistical analysis  

The Shapiro–Wilk test was performed to assess the normality of data. For normally distributed data, 

Student's t-test was used for comparisons between two groups, and one-way analysis of variance with 

Tukey's post-hoc test was used for multiple comparisons. For non-normally distributed data, comparisons 

between two groups were performed using the Mann-Whitney U test, and multiple comparisons were 
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performed using the Kruskal–Wallis test, followed by the Dunn's–Bonferroni post-hoc test. Statistical 

significance was set as p < 0.05. All data analyses were performed using the SPSS software (version 28.0, 

SPSS Inc., Chicago, IL, USA). 

 

Results 

Comparison of the adipogenic potential of MBMSCs and IBMSCs 

We first assessed cell surface antigen and stem cell marker expressions in undifferentiated MBMSCs and 

IBMSCs. The expression of cell surface antigen markers was similar between MBMSCs and IBMSCs 

(Supplementary Fig. 1A). The expression levels of Oct-4, SOX2, and Nanog, which are involved in the 

maintenance of MSC pluripotency [21], were comparable between undifferentiated MBMSCs and IBMSCs 

(Supplementary Fig. 1B). Next, we evaluated the adipogenic potential of MBMSCs and IBMSCs using Oil-

Red-O staining, which showed that lipid droplet formation was significantly lower in MBMSCs than that 

in IBMSCs (Fig. 1A). We next investigated the expression of several adipogenesis-regulating transcription 

factors. C/EBPβ, C/EBPδ, and Ebf-1 are immediately induced after adipogenic differentiation and play 

important roles as initiators of adipogenesis [9-12]. We found that C/EBPβ, C/EBPδ, and Ebf-1 expression 

levels were significantly increased in IBMSCs at 24 h after adipogenic induction (Fig. 1B), whereas they 

were slightly, but not significantly increased, in MBMSCs (Fig. 1B). However, Ebf-1 expression levels in 
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MBMSCs were significantly lower than those in IBMSCs at 24 h after adipogenic induction (Fig. 1B). Next, 

we evaluated the expression levels of PPARγ and C/EBPα, which are essential transcription factors for the 

adipocyte maturation phase, and those of metabolic genes and adipokines. Adipogenic induction 

significantly promoted PPARγ and C/EBPα expression in IBMSCs, and their expression levels were 

significantly higher than those in MBMSCs (Fig. 1C). Adipogenic induction significantly increased the 

expression levels of LPL, aP2, and adiponectin expression in IBMSCs but not in MBMSCs (Fig. 1D). 

These results indicate that MBMSCs are negatively regulated at both the early and late stages of 

differentiation, which may contribute to the attenuation of lipid droplet formation. 

 

Evaluation of mitochondrial function in MBMSCs and IBMSCs 

We evaluated the mitochondrial membrane potential two days after adipogenic differentiation. 

Undifferentiated cells showed less accumulation of the JC-1 dye and emitted green fluorescence (Fig. 2A). 

Moreover, adipogenic induction increased the red fluorescence intensity of both IBMSCs and MBMSCs, 

and there was no significant difference in the increase in mitochondrial membrane potential between 

MBMSCs and IBMSCs (Fig. 2A). We also evaluated mitochondrial biogenesis during adipogenic induction 

in MBMSCs and IBMSCs and observed that adipogenic induction increased the mtDNA copy number in 

both IBMSCs and MBMSCs, with no significant difference between the two cell types at any time point 



13 

 

(Fig. 2B). Furthermore, we evaluated mitochondrial biogenesis-regulating gene expression. Adipogenic 

induction induced the expression of PGC-1α and TFAM in both MBMSCs and IBMSCs; however, there 

was no significant difference between the two cells (Fig. 2C). These results suggest that the activation of 

mitochondrial function is not directly involved in the adipogenic differentiation of MBMSCs. 

 

Adipogenic differentiation induces intracellular ROS production in MBMSCs and IBMSCs  

To investigate the involvement of ROS in the inhibition of adipogenesis in MBMSCs, we compared the 

intracellular ROS production levels during adipogenesis in MBMSCs and IBMSCs. ROS levels in IBMSCs, 

but not in MBMSCs, increased in a time-dependent manner (Fig. 3A). Because NOX4-derived ROS are 

important for the regulation of adipogenic differentiation [18], we investigated changes in NOX4 

expression levels during adipogenic differentiation. In IBMSCs, NOX4 expression was temporarily 

reduced 24 h after adipogenic induction; however, on day 7, it was similar to that in undifferentiated cells 

(Fig. 3B). In contrast, NOX4 expression did not change following adipogenic induction in MBMSCs. 

Furthermore, NOX4 expression in MBMSCs was significantly lower than in IBMSCs at all time points 

(Fig. 3B). These results suggest that NOX4-derived ROS may be involved in the regulation of MBMSC 

adipogenesis. 
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Evaluation of the effect of increased ROS production by NOX4 overexpression on MBMSC 

adipogenesis 

To further evaluate the involvement of NOX4-derived ROS in the MBMSC adipogenesis, NOX4 gene was 

overexpressed in MBMSCs. MBMSCs were transfected with pCMV3-negative control plasmid or pCMV3-

NOX4 plasmid, and then NOX4 mRNA expression was evaluated. NOX4 mRNA expression level at day 

3 after transfection was significantly higher in NOX4 plasmid-transfected cells than negative control 

plasmid-transfected cells (Fig. 4A). Furthermore, overexpression of NOX4 was confirmed to significantly 

increase ROS production in MBMSCs (Fig. 4B). Next, we evaluated the adipogenic potential of NOX4-

overexpressing MBMSCs. First, we investigated the changes in the adipogenic transcription factors 

expression levels. C/EBPβ, C/EBPδ, and Ebf-1 expression in NOX4-overexpressing cells was higher than 

that of negative control plasmid transfected cells, and C/EBPδ in NOX4-overexpressing cells was 

significantly higher than in control cells (Fig. 4C). In contrast, there was no significant increase in PPARγ 

and C/EBPα expression in NOX4-overexpressing cells (Fig. 4D). MBMSCs transfected with pCMV3-

negative control plasmid or pCMV3-NOX4 plasmid were subjected to adipogenic induction for 14 days, 

and then lipid droplet formation was evaluated. NOX4-overexpressing cells had no significant difference 

in lipid droplet formation compared to negative control plasmid-transfected cells (Fig. 4E). These results 

indicate that ROS induced by NOX4 overexpression may affect only early stages of adipose differentiation. 
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Evaluation of the effect of menadione-induced ROS on MBMSC adipogenesis 

Menadione is a synthetic derivative of vitamin K and generates ROS via a one-electron reduction 

mechanism [22]. Therefore, we investigated the effect of menadione-induced intracellular ROS production 

on adipogenic differentiation of MBMSCs. We evaluated the cytotoxicity of menadione in MBMSCs and 

observed that treatment with menadione (100–1000 nM) for 72 h showed no cytotoxic effect whereas 

treatment with 2000 nM menadione showed cytotoxicity (Fig. 5A). Next, we evaluated the effects of 

treatment with menadione on ROS production. Treatment with menadione induced ROS production in 

MBMSCs, and 1000 nM of menadione significantly induced ROS production at all the evaluated time 

points (Fig. 5B). Therefore, 1000 nM was used in subsequent experiments. We then investigated the effect 

of the induction of intracellular ROS production on the adipogenic differentiation of MBMSCs. Menadione 

significantly increased C/EBPβ and C/EBPδ expression levels (Fig. 6A); however, no change was observed 

in PPARγ and C/EBPα expression levels (Fig. 6B). We evaluated the effects of ROS induction on lipid 

droplet formation and observed that treatment with menadione did not promote lipid droplet formation (Fig. 

6C). These results indicate that ROS production induction by menadione treatment may affect only the 

early stages of adipogenic differentiation, similar to NOX4 gene overexpression. 
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Discussion 

MSCs exhibit tissue-specific characteristics; MBMSCs have a lower adipogenic potential than other 

BMSCs. However, the reason why MBMSCs scarcely differentiate into adipocytes remains unknown. In 

this study, we demonstrated that ROS may be partially involved in the adipogenic differentiation process 

of MBMSCs.  

Adipogenic differentiation of MSCs is mainly regulated in two stages: the determination and the 

terminal differentiation phases [8]. However, it is unclear at which phase stage MBMSC suppression occurs. 

In the present study, the expressions of C/EBPβ, C/EBPδ, and Ebf-1, which are early adipogenic 

transcription factors, were not increased in MBMSCs following adipogenic induction. C/EBPβ and C/EBPδ 

have been reported to induce adipogenic differentiation by regulating the expression of PPARγ and C/EBPα 

[9, 11]. As expected, PPARγ and C/EBPα expression levels in MBMSCs were significantly lower than those 

in IBMSCs. Therefore, the suppression of PPARγ and C/EBPα expression in MBMSCs may be C/EBPβ-

and C/EBPδ-dependent. Ebf-1 induces adipogenic differentiation by directly binding to PPARγ and 

C/EBPα [12]. Furthermore, Ebf-1 expression is regulated by C/EBPβ and C/EBPδ [12]. Thus, low 

expression of C/EBPβ and C/EBPδ may have led to the suppression of Ebf-1 expression in MBMSCs. 

These results indicate that the negative regulation during the early adipogenic differentiation may be critical 

for MBMSC adipogenesis. 
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Several factors, including chemical, physical, and biological factors are crucial in the lineage 

commitment of MSCs [23]. Chemical factors such as Dex, IBMX, and indomethacin contained in the 

differentiation medium regulate differentiation by directly regulating transcription factor expression [24, 

25]. Physical factors, such as mechanical force and the extracellular matrix, regulate differentiation through 

various intracellular signals [23]. Biological factors, such as cell metabolism, are closely involved in 

regulating MSC differentiation [23]. In particular, mitochondrial function and ROS generation are key 

regulators of adipogenic differentiation [13, 14, 18, 19]. In our study, the activation of mitochondrial 

function induced by adipogenic differentiation was comparable between MBMSCs and IBMSCs, 

suggesting that the activation of mitochondrial function may not be directly involved in the regulation of 

MBMSC adipogenesis. 

The major sources of ROS are mitochondrial complexes I and III and NOX4 [26]. NOX4-derived ROS 

are important for the regulation of adipose differentiation. Treatment with antioxidant N-acetyl-L-cysteine 

or NOX4 siRNA suppresses the adipogenesis of the mouse mesenchymal stem cell line 10T1/2 [18]. 

Furthermore, NOX4 overexpression induces adipogenesis in 3T3-L1 preadipocytes and human adipose-

derived MSCs [27, 28]. In the present study, NOX4 expression in MBMSCs was significantly lower than 

that in IBMSCs at all stages in undifferentiated and adipogenic differentiated cells. Furthermore, adipogenic 

induction promoted intracellular ROS production in IBMSCs but suppressed it in MBMSCs. These results 

indicate that NOX4-derived ROS may play a role in the regulation of MBMSC adipogenesis. Moreover, 
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NOX4 expression was suppressed in MBMSCs, even in undifferentiated cells; however, ROS production 

was similar between undifferentiated MBMSCs and IBMSCs. These results suggest that sources other than 

NOX4 may be important for ROS production in undifferentiated MBMSCs. Therefore, future studies 

should comprehensively investigate the mechanisms underlying the regulation of ROS production in 

MBMSCs.  

In addition, we evaluated the effect of NOX4 gene overexpression on adipogenesis in MBMSCs to 

investigate the involvement of ROS in suppressing adipogenesis of MBMSCs. NOX4 overexpression 

induced intracellular ROS production and the expression of C/EBPβ, C/EBPδ, and Ebf-1 in MBMSCs. 

However, it did not significantly increase PPARγ and C/EBPα expression levels or lipid droplet 

accumulation.  We also evaluated the effects of menadione-induced intracellular ROS on adipogenesis in 

MBMSCs. Treatment with menadione significantly enhanced the expression of C/EBPβ and C/EBPδ, but 

not the terminal differentiation of adipocytes. These results indicate that ROS may function as an early 

initiator of adipogenesis process. Consistent with our results, a previous study has shown that ROS 

production during 12–24 h of adipogenic induction is important for the promotion of adipogenesis [19]. 

Several studies have reported that increased ROS production promotes adipogenesis by inducing the 

expression and DNA-binding activity of C/EBPβ [29, 30]. However, it is unclear why adipocyte maturation 

was not induced in our study despite the upregulation of early adipogenic transcription factors. Previous 

studies reported that prolonged exposure to ROS suppresses insulin-induced lipogenesis and glucose uptake 
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in 3T3-L1 cells [31, 32]. It has also been reported that a transient increase in intracellular ROS is important 

for insulin signaling [33]. In the present study, we treated MBMSCs with menadione continuously for 14 

days, and this continuously forced induction of ROS production may have had a suppressive effect on 

adipocyte maturation. Another study has shown that the induction of PPARγ transcription requires 

mitochondrial complex III-derived ROS [34]. In the present study, we only evaluated the effects of NOX4-

derived ROS production on the adipogenic differentiation of MBMSCs. Therefore, future studies should 

investigate the effects of mitochondria-derived ROS on MBMSC adipogenesis. 

In this study, ROS production patterns differed between MBMSCs and IBMSCs; however, the cause of 

this difference is unknown. MSCs retain the site-specific memories of the tissue of origin and the 

information about the physical environment that they have previously encountered, which influences cell 

fate [6, 35]. Differences in ROS production patterns between MBMSCs and IBMSCs may also be due to 

their developmental origins and localized microenvironments. In the future, the mechanism of ROS 

production in MBMSCs should be comprehensively investigated. 

In conclusion, this study revealed that the suppression of the increased ROS production by adipogenic 

induction may cause low adipogenic potential in MBMSCs, providing important clues for elucidating the 

tissue-specific properties of MBMSCs.  
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Figure legends 

Fig. 1. Comparison of the adipogenic potential between maxillary/mandibular bone marrow-derived 

mesenchymal stem cells (MBMSCs) and iliac bone marrow-derived MSCs (IBMSCs). (A) Cells were 

cultured in an adipogenic differentiation medium for 14 days, followed by Oil Red-O staining. The dye was 

extracted with 100% isopropyl alcohol, and the optical density was measured at 540 nm. Results are 

presented as mean ± S.D. * p < 0.05. Scale bar, 100 μm. mRNA expression levels of (B) C/EBPβ, C/EBPδ, 

and Ebf1, (C) PPARγ and C/EBPα, and (D) LPL, aP2, adiponectin in MBMSCs (n=5) and IBMSCs (n=5) 

cultured in adipogenic differentiation medium for the indicated times. Each gene expression was 

normalized to β-actin levels, and all data are presented as fold change compared to the IBMSCs (0 h). 

Results are presented as mean ± S.D. * p < 0.05 versus IBMSCs (0 h), # p < 0.05 versus IBMSCs in each 

time point. Each experiment was repeated three times. 

 

Fig. 2. Evaluation of mitochondrial function in maxillary/mandibular bone marrow-derived mesenchymal 

stem cells (MBMSCs) and iliac bone marrow-derived MSCs (IBMSCs). (A) Mitochondrial membrane 

potential changes induced by adipogenic differentiation were evaluated by JC-1 dye staining (red 

fluorescence). Mitochondrial membrane potential was assessed by the ratio of red to green fluorescence. 

Results are presented as mean ± S.D. * p < 0.05. (B) mtDNA copy number in MBMSCs (n=5) and IBMSCs 
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(n=5) cultured in adipogenic differentiation medium for indicated times. Results are presented as mean ± 

S.D. (C) mRNA expression of PGC-1α and TFAM in MBMSCs (n=5) and IBMSCs (n=5) cultured in 

adipogenic differentiation medium for the indicated times. PGC-1α and TFAM gene expression was 

normalized with β-actin levels, and data are presented as fold change compared to the IBMSCs (0 h). 

Results are presented as mean ± S.D. * p < 0.05. Each experiment was repeated three times. 

 

Fig. 3. Intracellular reactive oxygen species (ROS) production induced by adipogenic differentiation in 

maxillary/mandibular bone marrow-derived mesenchymal stem cells (MBMSCs) and iliac bone marrow-

derived MSCs (IBMSCs). (A) Intracellular ROS production levels were measured using DCFH-DA dye in 

MBMSCs (n=5) and IBMSCs (n=5). * p < 0.05 versus IBMSC (0 h), # p < 0.05 versus IBMSC in each time 

point. (B) mRNA expression of NOX4 in MBMSCs (n=5) and IBMSCs (n=5) cultured in adipogenic 

differentiation medium for the indicated times. NOX4 gene expression was normalized with β-actin levels, 

and data are presented as fold change compared to the IBMSCs (0 h). Results are presented as mean ± S.D. 

* p < 0.05 versus IBMSC (0 h), # p < 0.05 versus IBMSC in each time point. Each experiment was repeated 

three times. 

 

Fig. 4. Effect of NOX4 overexpression on the adipogenesis of maxillary/mandibular bone marrow-derived 
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mesenchymal stem cells (MBMSCs). (A) Quantitative reverse transcription PCR of the relative gene 

expression of NOX4 in MBMSCs transfected with pCMV3 negative control (n=3) or pCMV3 NOX4 

plasmids (n=3). Results are presented as mean ± S.D. * p < 0.05. (B) Intracellular ROS level in MBMSCs 

transfected with pCMV3 negative control (n=3) or pCMV3 NOX4 plasmids (n=3). The ROS level was 

measured using DCFH-DA dye. Results are presented as mean ± S.D. * p < 0.05. mRNA expression of (C) 

C/EBPβ, C/EBPδ and Ebf-1, and (D) PPARγ and C/EBPα in MBMSCs transfected with pCMV3 negative 

control (n=3) or pCMV3 NOX4 plasmids (n=3). Each gene expression was normalized to β-actin levels, 

and all data are presented as fold change compared to MBMSC transfected with pCMV3 negative control 

plasmids. Results are presented as mean ± S.D. * p < 0.05. (E) MBMSCs transfected with pCMV3 negative 

control (n=3) or pCMV3 NOX4 plasmids (n=3) were cultured in an adipogenic induction medium for 14 

days, followed by Oil Red-O staining. The dye was extracted with 100 % isopropyl alcohol, and the optical 

density was measured at 540 nm. Results are presented as mean ± S.D. Scale bar, 100 μm. 

 

Fig. 5. Intracellular reactive oxygen species (ROS) production induced by menadione in 

maxillary/mandibular bone marrow-derived mesenchymal stem cells (MBMSCs). (A) Effect of menadione 

on MBMSC viability. MBMSCs were treated with menadione (100–2000 nM) or the vehicle (dimethyl 

sulfoxide: DMSO) for 24–72 h, and the cytotoxic effect was then evaluated by WST-1 assay (n=3). Results 



36 

 

are presented as mean ± S.D. * p < 0.05 versus 0 nM at each time point. (B) MBMSCs were cultured for 1, 

3, 7, and 10 days in an adipogenic induction medium containing menadione (100–1000 nM) or the vehicle 

(dimethyl sulfoxide: DMSO). Intracellular ROS production levels were measured using DCFH-DA dye in 

MBMSCs (n=3). Results are presented as mean ± S.D. * p < 0.05 versus 0 nM at each time point. 

 

Fig. 6. Involvement of reactive oxygen species (ROS) production by menadione in the adipogenic 

differentiation of maxillary/mandibular bone marrow-derived mesenchymal stem cells (MBMSCs). Gene 

expression of (A) C/EBPβ, C/EBPδ, and Ebf-1 and (B) PPARγ and C/EBPα in MBMSCs cultured for the 

indicated times in adipogenic induction medium containing menadione (1000 nM) or the vehicle (dimethyl 

sulfoxide: DMSO). Each gene expression was normalized with β-actin expression levels, and data are 

presented as fold change compared to 0 nM. Results are presented as mean ± S.D. * p < 0.05. (C) MBMSCs 

were cultured in an adipogenic differentiation medium containing menadione (1000 nM) or the vehicle 

(dimethyl sulfoxide: DMSO) for 14 days, followed by Oil Red-O staining. The dye was extracted with 

100% isopropyl alcohol, and the optical density was measured at 540 nm. Scale bar, 100 μm. 

 

 


