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Abstract 26 

Background Dental tissue-derived mesenchymal stromal cells (DSCs) represent an accessible and 27 

minimally invasive cell source for bone regenerative applications. However, the extent to which they 28 

recapitulate the molecular and functional characteristics of human bone cells in physiologically 29 

relevant in vitro models of osteogenic differentiation remains incompletely understood. Therefore, we 30 

performed a comprehensive comparative analysis of osteogenic commitment in DSCs and normal 31 

human osteoblasts (NHOst). 32 

Methods Mesenchymal stromal cells isolated from adult dental pulp (DPSCs) as well as from exfoliated 33 

deciduous teeth (SHEDs), and NHOst were cultured under osteogenic conditions and analyzed at early 34 

and late stages using complementary phenotypic, transcriptomic, protein and metabolomic 35 

approaches, including mineralization assays, RT2 Profiler PCR Arrays, immunocytochemistry and 36 

targeted metabolomics. 37 

Results All three cell populations successfully acquired an osteogenic phenotype, accompanied by 38 

extracellular matrix mineralization, reduced proliferative activity and characteristic morphological 39 

changes. Comparative transcriptomic and protein analyses identified a shared molecular response 40 

involving extracellular matrix organization and bone-related signaling, with CSF3, ICAM1, and MMP8 41 

among the most consistently upregulated genes. Targeted metabolomic profiling further revealed 42 

extensive metabolic reprogramming involving amino acid, lipid and energy metabolism. Kynurenine 43 

emerged as the most prominent differentiation-associated metabolite detected across the DSCs and 44 

NHOst populations.  45 

Conclusions We demonstrated that DSCs acquire an osteoblast-like profile that closely resembles 46 

primary NHOst while retaining selected cell type-specific characteristics. These findings support the 47 

potential of DSCs as a biologically relevant in vitro model for investigating osteogenesis and as a 48 

valuable experimental platform for bone biology, regenerative medicine, and hard tissue engineering. 49 

 50 
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 53 

Background 54 

Bone is a highly specialized tissue that provides structural support, enables locomotion, protects vital 55 

organs, and serves as a dynamic reservoir for mineral homeostasis. Although bone possesses an 56 

intrinsic capacity for regeneration, its self-repair potential is generally limited to small defects and is 57 

often insufficient to restore extensive bone loss resulting from trauma, congenital abnormalities, 58 

tumor resection, or degenerative diseases [1]. Current treatment strategies, including autologous and 59 

allogeneic bone grafting, remain associated with important limitations such as donor site morbidity, 60 

limited tissue availability, and the risk of graft failure. Consequently, the development of advanced 61 

bone tissue engineering (BTE) approaches has become a major focus of regenerative medicine (RM), 62 

with particular emphasis on stem cell-based therapies. 63 

Dental tissue-derived mesenchymal stromal cells (DSCs) represent an attractive source of 64 

mesenchymal stromal cells (MSCs) owing to their accessibility, minimally invasive procurement, and 65 

fewer ethical concerns than many other stem cell sources. In addition, they exhibit high proliferative 66 

capacity, multilineage differentiation potential, trophic activity, and immunomodulatory properties. 67 

Their therapeutic applicability extends well beyond the oral cavity, encompassing not only dental and 68 

craniofacial tissues but also bone, neural, vascular, and other extraoral tissues [2-5]. A particularly well-69 

characterized and extensively studied DSCs population is represented by dental pulp-derived MSCs. 70 

These cells can be isolated from both adult teeth (DPSCs) and exfoliated deciduous teeth (SHEDs), with 71 

SHEDs generally demonstrating greater proliferative capacity and enhanced stemness characteristics 72 

compared with DPSCs [6]. Nevertheless, both cell populations exhibit strong osteogenic differentiation 73 

potential and have been investigated as promising candidates for cell-based therapies and BTE 74 

applications [7]. Osteogenic differentiation of MSCs is a tightly regulated multilevel process governed 75 

by the sequential activation of lineage-specific transcription factors, signaling pathways, and 76 
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biochemical/biomechanical stimuli provided by the extracellular matrix (ECM). Key regulators include 77 

RUNX2, DLX5, and OSX, which coordinate the transition from proliferating progenitors to ECM-78 

producing osteoblasts and ultimately to mature bone-forming cells. This process is accompanied by 79 

dynamic changes in the expression mostly of osteogenic markers, including ALP, BSP, COL1A1, OCN, 80 

OPN, and PHEX reflecting progressive commitment, ECM maturation, and mineralization [8,9]. Beyond 81 

its structural role, the ECM also regulates cell behavior through mechanical and biochemical cues, 82 

earning it the title of the “fourth element” in TE [10]. Osteoblasts secrete the matrix and initiate 83 

mineralization of the osteoid, requiring a surface scaffold (predominantly collagens) to synthesize new 84 

ECM. Interestingly, the structural form of collagens influences osteoblast behavior: while fibrillar forms 85 

support cell proliferation, denatured forms may suppress proliferation, but enhance osteogenic 86 

differentiation. Thus, collagens serve both as a physical scaffold and as a biological modulator of 87 

osteoblast function, proliferation, and maturation [10,11]. Moreover, increasing evidence indicates 88 

that osteogenesis is closely linked to extensive cellular remodeling involving not only transcriptional 89 

regulation and ECM production but also metabolic adaptation required to support ECM synthesis, 90 

mineralization, and cell differentiation. 91 

A number of studies have demonstrated the osteogenic potential of DSCs. However, the extent to 92 

which developmentally distinct DSCs populations recapitulate the osteogenic characteristics of 93 

primary normal human osteoblasts (NHOst) remains incompletely characterized, particularly at the 94 

integrated phenotypic, molecular, and metabolic levels. In biomedical research, NHOst cells represent 95 

a widely used non-transformed in vitro model for investigating bone development, ECM 96 

mineralization, and cellular responses to biomaterials and implant surfaces [12,13]. In contrast to 97 

commonly used osteosarcoma-derived cell lines, which often display altered proliferative and 98 

differentiation behavior, NHOst cells provide a physiologically relevant reference for human 99 

osteogenic studies. Moreover, integrated studies capturing the osteogenic dynamics between these 100 

populations remain limited. 101 
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In this study, we comprehensively compared osteogenic differentiation of DPSCs, SHEDs, and 102 

NHOst across phenotypic, functional, transcriptional, protein, and metabolic levels to characterize 103 

common and cell type-associated features of the differentiation process. To our knowledge, this is the 104 

first study to provide an integrated multi-level comparison of osteogenic differentiation between DSCs 105 

and NHOst. The obtained results advance our understanding of the biological relationship between 106 

these populations and further support the use of DSCs as accessible cellular models for studies of 107 

osteogenesis, providing a foundation for future research in BTE and regenerative therapies. 108 

 109 

Materials and methods 110 

Monitoring of cell morphology 111 

The morphology of the control (CM) and osteogenically induced (OM) cells was monitored throughout 112 

the experiment. Bright-field photomicrographs were captured by a light microscope (Optika IM-3, 113 

Ponteranica, Italy) on Day 1 (D1), Day 5 (D5), Day 10 (D10), and Day 15 (D15) after the beginning of 114 

osteogenic differentiation.  115 

 116 

Isolation, expansion, and osteogenic differentiation of cells 117 

Three cell populations were investigated: DPSCs, SHEDs, and NHOst cells, with one donor-derived 118 

preparation representing each cell type (n = 1 donor per cell type). The three populations were 119 

analyzed independently; therefore, observed similarities or differences were interpreted as findings 120 

specific to the respective populations rather than as population-level effects in multiple donors. 121 

Human DPSCs and SHEDs were isolated according to our optimized protocol [14]. All in vitro cell 122 

experiments were approved by the Ethical Committee of the Jessenius Faculty of Medicine, Comenius 123 

University (approval No. EK 24/2020; date of approval 18 April 2020). Cells from donor 1 (DPSCs; 27-124 

years old female) and donor 2 (SHEDs; 7-years old male) were obtained from the Department of 125 

Stomatology and Maxillofacial Surgery, University Hospital Martin. Donor 3 (NHOst; 33-years old male) 126 

was purchased from Lonza (Basel, Switzerland; Ref. CC-2538; Lot 19TL092044). DPSCs and SHEDs were 127 
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grown in DMEM/F-12, GlutaMAX™ (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) culture 128 

medium supplemented with 10% FBS (Gibco) and 100 U/mL penicillin and 100 µg/mL streptomycin 129 

(Biosera, Nuaille, France). Commercially available NHOst was grown in OBM culture medium 130 

supplemented with 10% FBS, 1% ascorbic acid, 30 µg/mL gentamycin sulfate, and 15 ng/mL 131 

amphotericin B (Lonza). All cells were grown in standard culture conditions (5% CO2, 37 °C, humidified 132 

conditions) and seeded at a density of 5 × 103 cells/cm2. When cells reached 60% confluence, they 133 

were differentiated using the commercially available osteogenic differentiation medium OsteoMAX-134 

XF™ (Merck, Darmstadt, Germany) supplemented with 100 U/mL penicillin and 100 µg/mL 135 

streptomycin (Biosera). Unexposed controls were prepared simultaneously. Culture medium was 136 

replaced every 3rd day. Cells were analyzed at an early (D5) and a late (D15) stage of osteogenic 137 

differentiation using the individual analytical approaches described below, which were performed on 138 

passages 3-5 (Fig. 1).  139 

 140 

 141 

Alizarin Red S staining and calcium deposit quantification 142 

Analysis was evaluated on D5 and D15 based on our optimized protocol [15]. Briefly, CM and OM were 143 

washed with DPBS, followed by fixation in 4% PFA (v/v) (Cell Signaling Technology, Danvers, MA, USA) 144 

Fig. 1 Schematic overview of the experimental workflow. DPSCs, SHEDs, and NHOst cells, each represented by a single donor-

derived cell population underwent osteogenic differentiation and were analyzed at early (Day 5) and late (Day 15) stages using 

complementary phenotypic, molecular, protein, and metabolic approaches. 
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for 30 min in the dark at RT. After washing with DPBS, 2% Alizarin Red S (Merck) was added for 3 min. 145 

The dye was removed, and the stained deposits were carefully washed with ddH2O and visualized using 146 

a light microscope (Optika IM-3). Then, the calcium deposits were destained (10% acetic acid (v/v) + 147 

20% methanol (v/v)) and centrifuged at 9,500 × g, 15 °C for 10 min. Subsequently, the absorbance of 148 

individual samples was read at a wavelength of 405 nm using an Epoch microplate reader (BioTek 149 

Instruments, Winooski, VT, USA). The results were normalized to the total amount of protein. The 150 

protein concentration was determined by the BCA assay (Pierce Biotechnology, Thermo Fisher 151 

Scientific, Rockford, IL, USA).  152 

 153 

Flow cytometry  154 

The expression of CD9, CD44, CD45, CD73, CD90, and CD105 markers was analyzed by flow cytometry 155 

on D5 and D15. Single-cell suspension of CM and OM was prepared and centrifuged at 450 × g at 13 °C 156 

for 4 min, and cells were resuspended in FACS buffer (5% (v/v) mouse serum in DPBS, 1 mmol/L EDTA). 157 

After blocking for 30 min in the dark on ice, CD markers (BioLegend, San Diego, CA, USA) were 158 

incubated with cell samples for 60 min in the dark on ice. Consequently, labeled samples were washed 159 

with DPBS followed by centrifugation at 450 × g, 13 °C for 4 min, and the pellet was resuspended in 160 

FACS buffer. A single measurement was performed for each sample. The samples were analyzed by BD 161 

FACS Diva software (v8.0.1) on a flow cytometer (BD Biosciences FACS Aria, San Jose, CA, USA). Analysis 162 

was performed on 10,000 events and gating was set up using an unstained/isotype control. Gating was 163 

applied uniformly and dead cells as well as debris were excluded from the analysis across all samples 164 

at each time point. In addition to the percentage of positive CD marker expression, the mean 165 

fluorescence intensity (MFI) was determined for the positively gated cell population of each marker 166 

using the same gating strategy. 167 

 168 

Cell proliferation assay 169 
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Proliferation of CM and OM was evaluated on D1, D5, D10, and D15 using the Cell Counting Kit-8 (CCK-170 

8; Sigma-Aldrich) according to the manufacturer's protocol. At each time point, the CCK-8 reagent was 171 

added to the culture medium at 10% (v/v). The cells were then incubated for 5 h under standard culture 172 

conditions (37 °C, 5% CO₂). After incubation, the plate was gently shaken, and absorbance was 173 

measured at a wavelength of 450 nm with background correction at 650 nm using an Epoch microplate 174 

reader (BioTek). 175 

 176 

RNA isolation and quality determination 177 

Total RNA was isolated from CM and OM on D5 and D15 using the NucleoSpin® RNA Plus Kit (Macherey-178 

Nagel GmbH & Co. KG, Düren, Germany) according to the manufacturer's instructions. Briefly, lysis 179 

buffer was added to the cell pellet, and lysate was loaded onto the column followed by centrifugation 180 

at 11,000 × g for 30 s. The binding solution was added to the flow-through, and the mixture was applied 181 

to the column, followed by centrifugation. The bound RNA was washed with Wash Buffer 1, twice with 182 

Wash Buffer 2 and centrifuged at 11,000 × g for 15 s. RNA was eluted with RNase-free water. RNA 183 

concentration and purity were determined spectrophotometrically using a NanoDrop™ One 184 

instrument (Thermo Fisher Scientific). The quality and integrity of the isolated RNA were assessed by 185 

Agilent 2100 Bioanalyzer using RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA). Only 186 

samples exhibiting RNA Integrity Number (RIN) greater than 9.5 were used for subsequent analyses. 187 

 188 

RT2 PCR Array-based osteogenic gene profiling 189 

To investigate transcriptional differences between CM and OM, RNA isolated from samples collected 190 

at D5 and D15 was analyzed using the RT2 Profiler™ PCR Array Human Osteogenesis (PAHS-026ZA, 191 

QIAGEN GmbH), according to the manufacturer's instructions. The array enables simultaneous analysis 192 

of 84 genes associated with osteogenic differentiation, including those involved in skeletal 193 

development, bone mineral metabolism, ECM organization, and cell adhesion. Total RNA (1 µg) was 194 

treated with genomic DNA elimination buffer (42 °C, 5 min), followed by reverse transcription (42 °C 195 
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for 15 min) to generate cDNA using RT2 First Strand Kit (QIAGEN GmbH, Hilden, Germany) as 196 

recommended by the manufacturer. The resulting cDNA was combined with RT2 SYBR Green 197 

MasterMix, RNase-free water, and the reaction mixture (25 µL) and was loaded into the array plate. 198 

Real-time PCR amplification was performed using a QuantStudio™ 7 Real-Time PCR System (Applied 199 

Biosystems, Thermo Fisher Scientific, Foster City, CA, USA). The array included five housekeeping genes 200 

(β-actin, β-2-microglobulin, glyceraldehyde-3-phosphate dehydrogenase, hypoxanthine 201 

phosphoribosyl- transferase 1, ribosomal protein lateral stalk subunit P0; ACTB, B2M, GAPDH, HPRT1, 202 

RPLP0) for normalization, along with internal controls for gDNA contamination, reverse transcription 203 

efficiency, and PCR performance. Raw Ct values were analyzed using the GeneGlobe Data Analysis 204 

Center (QIAGEN GmbH; https://geneglobe.qiagen.com/sk/analyze; accessed on 29 May 2024). Gene 205 

expression was normalized to the geometric mean of the most stable reference genes selected by the 206 

software, and relative expression levels were calculated using the 2^−ΔΔCt method. Differential gene 207 

expression was determined by comparing OM samples with time-matched CM samples (D5 as well as 208 

D15). Changes between time points were also evaluated to assess transcriptional dynamics during 209 

osteogenic differentiation. Genes with log2 fold change |log2FC| ≥ 1 were considered differentially 210 

expressed. Heatmaps, scatter plots, and FC values were generated using GeneGlobe. Based on these 211 

results, ten differentially expressed genes were selected for validation by RT-qPCR using a custom RT2 212 

Profiler™ PCR Array plate (QIAGEN GmbH). For validation, cDNA was prepared as described above and 213 

amplified using RT2 SYBR Green Mastermix on a QuantStudio™ 7 Real-Time PCR System. Gene 214 

expression was normalized to the most stable housekeeping genes (GAPDH, HPRT1, and RPLP0).  215 

 216 

Immunocytochemistry 217 

Immunocytochemical staining was evaluated on D5 and D15. Cells grown in dark 96-well plates 218 

(Sarstedt AG & Co. KG, Nümbrecht, Germany) were washed with DPBS and fixed in 4% PFA (v/v) (Cell 219 

Signaling Technology) for 30 min in the dark at RT. After washing, cells were incubated with specific 220 

antibodies. Samples stained with Alexa Fluor® 488 Phalloidin (Abcam, Cambridge, UK, ab176753, 221 
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1:1,000 in a solution of 1% BSA (w/v) in DPBS) were incubated for 60 min. Consequently, the samples 222 

were labeled with 1 µg/mL DAPI dye (Sigma-Aldrich) for 10 min in the dark at RT. The cells were washed 223 

with DPBS and analyzed by fluorescence microscope (WiScan®, Hermes IDEA Bio-Medical, Rehovot, 224 

Israel). Samples stained with specific primary antibodies APOA2 (Abcam, Cambridge, UK, ab92478, 225 

rabbit, 1:200), BSP2 (Sigma-Aldrich, MAB1061, mouse, 1:100), COL1A1 (Cell Signaling Technology, 226 

39952, rabbit, 1:500), DMP1 (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA, PA5-103323, 227 

rabbit, 1:500), DSPP (Invitrogen, PA5-76382, rabbit, 1:200), OPN (Sigma-Aldrich, HPA027541, rabbit, 228 

1:100) were washed with DPBS and incubated in blocking solution (5% (v/v) goat serum + 0.2% (v/v) 229 

Triton X-100 in DPBS) for 60 min in the dark at RT. The samples were incubated with primary antibodies 230 

in a blocking solution overnight at 4 °C. After washing with DPBS, the fluorescent secondary antibody 231 

(Abcam, ab150077, antirabbit, 1:500; Abcam, ab150113, antimouse, 1:500) in a blocking solution was 232 

added for 60 min in the dark at RT. Consequently, the samples were labeled with 1 µg/mL DAPI dye 233 

(Sigma-Aldrich) for 10 min in the dark at RT. Cells were washed with DPBS and analyzed by fluorescence 234 

microscope (WiScan®). Negative controls were included for all samples, where cells were stained 235 

exclusively with the fluorescent secondary antibody, omitting the primary antibodies to confirm the 236 

absence of autofluorescence of the cells. Semiquantitative image analysis was performed using 237 

Fiji/ImageJ software (v1.8.0_345) [16] according to a previously established protocol [14]. Briefly, 238 

individual fluorescence channels were separated and analyzed independently. Cell nuclei were 239 

quantified from DAPI-stained images using a fixed threshold applied uniformly across all samples. The 240 

fluorescence signal corresponding to the target protein was then quantified using identical threshold 241 

settings for all samples stained with the same antibody at a given time point. To minimize the influence 242 

of variations in cell number, fluorescence intensity values were normalized to the corresponding 243 

nucleus count and subsequently expressed relative to the appropriate control group. 244 

 245 

Metabolite profiling and quantification 246 



11 

 

Samples from CM and OM cultures were collected at D5 and D15. Intracellular metabolites were 247 

extracted by isopropanol precipitation to rapidly quench cellular metabolism and preserve labile 248 

intermediates. Briefly, cells were washed with ice-cold physiological saline (0.9% NaCl) and lysed 249 

directly in culture flasks using ice cold 100% isopropanol (-20 °C). Extracts were vortexed for 30 s, and 250 

sonicated in an ice-cold water bath (3 × 30 s). Protein precipitation was performed by incubation at -251 

20 °C for 60 min, followed by centrifugation at 16,000 × g for 20 min at 4 °C. Supernatants containing 252 

metabolites were collected and stored at -80 °C until analysis. For protein quantification, the residual 253 

pellet was resuspended in SDT buffer [17], vortexed for 1 min, and incubated at 20 °C for 2 h on a 254 

shaker (1200 rpm). Samples were then centrifuged at 14,000 × g for 20 min at 20 °C, and protein 255 

extracts were collected and stored at -80 °C. Targeted metabolomic profiling was performed using the 256 

AbsoluteIDQ® p180 kit (Biocrates Life Sciences AG, Innsbruck, Austria), enabling the simultaneous 257 

quantification of 185 metabolites, including acylcarnitines, amino acids, biogenic amines, ether-linked 258 

phosphatidylcholines, phosphatidylcholines, lysophosphatidylcholines, sphingomyelins, and hexoses. 259 

Intracellular metabolites obtained from DPSCs, SHEDs, and NHOst cells and appropriate extracellular 260 

metabolites were analyzed. A single measurement was performed for each sample. Metabolite 261 

quantification and data processing were performed using MassLynx v4.2 (Waters, Prague, Czech 262 

Republic) and WebIDQ software (Biocrates). Quality control procedures followed the manufacturer's 263 

recommendations. Metabolites showing a coefficient of variation >25% in QC samples or with >50% of 264 

values below the limit of detection (LOD) or limit of quantification (LOQ) were excluded from further 265 

analysis [18-20]. Intracellular metabolite abundances were normalized to total protein determined 266 

using the Pierce™ 660 nm Protein Assay Kit (Pierce Biotechnology) according to the manufacturer's 267 

instructions. Extracellular metabolite abundances were corrected by subtracting the background 268 

values measured in the corresponding cell-free culture medium. Intracellular and extracellular 269 

metabolite abundances were expressed as the OM/CM log2FC ratio, whereas temporal metabolic 270 

changes in OM were expressed as the D15/D5 log2FC ratio. Positive log2FC ratios indicate increased 271 

metabolite abundance, whereas negative log2FC ratios indicate decreased metabolite abundance. 272 
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Interpretation focused on metabolites exhibiting substantial changes (|log2FC| ≥ 1) for each cell type 273 

and Ɵme point. Results were visualized using boxplots. 274 

 275 

Statistical analysis 276 

All staƟsƟcal analyses and visualizaƟons were performed in R (v4.5.3), using packages including ggplot2 277 

(v4.0.2) and ggpubr (v0.6.3) [21-23]. Each cell type was represented by a single donor-derived culture 278 

(biological n = 1 per cell type), with replicate measurements within each experiment represenƟng 279 

technical replicates. Accordingly, p-values derived from technical measurements were used as 280 

exploratory/descripƟve staƟsƟcal comparisons of the observed measurements and were not 281 

interpreted as evidence of biological staƟsƟcal signiĮcance or populaƟon-level inference. For cell 282 

proliferaƟon, four technical measurements were obtained for each condiƟon and Ɵme point and 283 

summarized as mean ± standard deviaƟon (SD). Comparisons between OM and CM were evaluated 284 

using p-values derived from these technical measurements. MineralizaƟon was assessed using three 285 

technical replicates per condiƟon and Ɵme point and summarized as mean ± SD, with OM/CM 286 

comparisons evaluated in the same manner. For transcripƟonal proĮling, gene expression changes 287 

were expressed as log2FC, and genes meeƟng the predeĮned threshold of |log2FC| ≥ 1 were 288 

considered for further analysis. Results were visualized using bar plots and Venn diagrams. RT-qPCR 289 

veriĮcaƟon was performed using three technical measurements for each gene, which were averaged 290 

prior to relaƟve expression analysis using the 2^-ΔΔCt method. The resulƟng FC values were visualized 291 

using heatmaps and evaluated based on the magnitude and direcƟon of change and concordance with 292 

the RT2 ProĮler™ PCR Array Įndings. Protein expression assessed by immunocytochemistry was based 293 

on three technical replicates, with data presented as mean ± SD and OM/CM comparisons evaluated 294 

using p-values derived from the technical measurements.  295 

 296 

Results 297 

Transition from proliferation to osteogenic maturation  298 
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Morphological assessment revealed progressive changes associated with osteogenic differentiation in 299 

all three cell types throughout the 15-day differentiation period (Fig. S1). All CM populations displayed 300 

stable growth and retained their characteristic morphology; a spindle-shaped mesenchymal 301 

appearance in DPSCs and SHEDs, and an elongated shape in NHOst. In contrast, all OM types 302 

underwent progressive morphological remodeling accompanied by ECM deposit production and 303 

mineralized nodule formation. DPSCs exhibited the earliest detectable morphological alterations, 304 

whereas similar changes in SHEDs and NHOst became evident during the subsequent stages of 305 

differentiation. Notably, differentiated NHOst cultures formed multicellular aggregates that were not 306 

observed in DPSCs or SHEDs. This feature was observed without an apparent difference in the overall 307 

osteogenic phenotype.  308 

Analysis of proliferative activity revealed a broadly consistent response to osteogenic induction 309 

across all three cell populations (Fig. 2). All CM groups showed continuous growth throughout the 310 

cultivation period, reaching maximal cell densities between D5 and D10. In contrast, OM cultures 311 

displayed only a modest increase in proliferation during the early stages, followed by a pronounced 312 

decline after D5. The decrease coincided with progressive ECM deposition and mineralization, with a 313 

plateau phase between D10 and D15. In spite of minor differences in absolute proliferation rates, the 314 

three cell types followed comparable growth patterns during osteogenic differentiation. 315 

 316 

Fig. 2 Cell proliferaƟon during a 15-day culture period under control (CM) and osteogenic (OM) condiƟons assessed by the 
CCK-8 assay. Absorbance values, proporƟonal to the number of metabolically acƟve cells, are shown for a DPSCs, b SHEDs, 
and c NHOst cells. Data are presented as mean ± SD. StaƟsƟcal comparisons between CM and OM at individual Ɵme points 
were performed separately for each donor-derived cell populaƟon; corresponding p-values are indicated as p ≤ 0.05 (*), p ≤ 
0.01 (**), and p ≤ 0.001 (***).  

a b c 
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Matrix mineralization across osteogenic cell populations  317 

To confirm osteogenic differentiation, ECM mineralization was assessed by Alizarin Red S staining and 318 

quantified at D5 and D15 (Fig. 3a-b). At D5, calcium deposition remained minimal and did not differ 319 

significantly between CM and OM. By D15, OM exhibited intense mineralization at both the 320 

macroscopic and microscopic levels, whereas CM remained largely unstained. At this stage, extensive 321 

ECM deposition largely masked individual cellular features, consistent with advanced matrix 322 

maturation. Quantitative analysis at D15 further confirmed this pattern, revealing approximately 100-323 

fold higher mineralization in OM cultures than in their corresponding CM. Overall, these findings show 324 

substantial ECM mineralization under osteogenic conditions in the three donor-derived cell 325 

populations examined.  326 

 327 

Fig. 3 Alizarin Red S staining of mineral deposits in DPSCs, SHEDs, and NHOst. a Macroscopic and microscopic visualizaƟon of 
control (CM) and osteogenically diīerenƟated (OM) samples before and aŌer Alizarin Red S staining on Day 5 (D5) and Day 15 
(D15) imaged by light microscopy (100× magniĮcaƟon). b QuanƟĮcaƟon of calciĮed matrix producƟon. Calcium deposiƟon 
was normalized to total cellular protein content, with CM values set to 100% at each Ɵme point. Data are presented as mean 
± SD of three technical replicates. StaƟsƟcal comparisons between CM and OM were performed separately for each donor-
derived cell populaƟon at each Ɵme point; p-values are indicated as p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***) and non-
signiĮcant (n.s.).  
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Maintenance of mesenchymal surface marker expression during osteogenic differentiation  328 

Surface marker expression (CD9, CD44, CD45, CD73, CD90, and CD105) was analyzed by flow cytometry 329 

in CM and OM cultures. Across all cell types, the majority of MSC-associated markers remained 330 

detectable at high proportions throughout the differentiation period. CD44, CD73, and CD90 were 331 

detected in more than 97% of cells in most experimental groups, whereas CD45 expression remained 332 

below 1% under all conditions (Fig. 4a-c). Representative histograms showed relatively homogeneous 333 

cell populations in DPSCs and SHEDs cultured under CM and OM conditions at D5 (Fig. S2-4). By D15, 334 

broader peak distributions and subtle leftward shifts of several positive markers became apparent, 335 

suggesting increased population heterogeneity accompanied by reduced fluorescence intensity. 336 

Similar changes were observed in NHOst cultures, where shifts in fluorescence intensity profiles were 337 

already evident at D5 and persisted throughout osteogenic differentiation. Although the proportion of 338 

marker-positive cells remained largely unchanged, the progressive leftward shifts in fluorescence 339 

intensity distributions suggested reduced marker expression levels during differentiation. This trend 340 

was confirmed by MFI analysis (Fig. 4d). Across all three cell types, MFI progressively declined from D5 341 

to D15, with the most pronounced reductions observed for CD44 and CD90. At D15, MFI decreased by 342 

more than 70% in DPSCs and SHEDs and by more than 65% in NHOst cells. An exception was observed 343 

for CD90 in DPSCs, where MFI transiently increased by more than 40% at D5 under OM conditions 344 

before declining at D15. Notably, a similar transient increase in CD90 MFI was also observed in our 345 

previous study [14]. This response was not observed in SHEDs or NHOst cells. Overall, these results 346 

indicate that osteogenic differentiation is associated with gradual remodeling of the cell surface 347 

phenotype, reflected primarily by reduced MFI of MSC-associated markers rather than a substantial 348 

loss of marker-positive cells, while high proportions of marker-positive cells (>97% for CD44, CD73, and 349 

CD90 in most experimental groups) were maintained throughout differentiation.  350 

 351 

 352 

 353 
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 367 

Coordinated transcriptional changes accompany osteogenic differentiation  368 

To characterize gene expression changes associated with osteogenic differentiation, the expression of 369 

84 osteogenesis-related genes was analyzed using the RT2 Profiler PCR Array in DPSCs, SHEDs, and 370 

NHOst at D5 and D15 (Fig. 5a-c; Table S1). Gene expression levels in OM were compared with time-371 

matched CM using |log2FC| ≥ 1. At D5, all three cell populations exhibited increased expression of the 372 

canonical osteogenic marker ALPL, with log2FC values ranging from 4.51 to 6.00. This transcriptional 373 

response also included genes associated with ECM molecules (COL3A1, FN1, ICAM1), growth factors 374 

and receptors (IGF2, TGFB2, TGFBR2), and calcium ion binding and homeostasis (MMP8). Notably, CSF3 375 

(growth factor/cytokine) was the most strongly induced transcript across all cell types (8.00 to 9.73). 376 

Strong induction was also observed for ICAM1 (4.17 to 6.39) and MMP8 (4.11 to 6.35), indicating a 377 

shared early transcriptional response among the three cell types. In contrast, the osteogenic 378 

transcription factor RUNX2 (1.46 to 1.65) was upregulated exclusively in DSCs, together with other 379 

  CD9 CD44 CD73 CD90 CD105 

DPSCs 

D5 CM 3 767 13 946 3 410 7 058 355 

D5 OM 3 130 7 301 2 140 10 035 220 

D15 CM 5 228 10 323 3 498 7 906 523 

D15 OM 1 180 2 457 1 406 2 281 379 

SHEDs 

D5 CM 9 446 17 693 3 996 16 030 805 

D5 OM 4 555 8 654 2 550 13 666 250 

D15 CM 12 377 16 042 4 584 13 376 674 

D15 OM 2 186 2 743 961 3 903 682 

NHOst 

D5 CM 2 018 10 158 2 770 9 131 750 

D5 OM 651 5 318 1 252 8 794 656 

D15 CM 2 862 8 107 2 262 10 471 587 

D15 OM 439 2 838 926 3 547 342 

Fig. 4 Distribution of percentage representation of selected surface CD markers positive in analysed cells. Overview of surface 

CD marker expression in a DPSCs, b SHEDs, and c NHOst cells cultured under control (CM, blue) and osteogenic (OM, red) 

conditions on Day 5 (D5) and Day 15 (D15). d Representative mean fluorescence intensity (MFI) values demonstrate a time-

dependent decrease in the expression of selected surface markers with each cell type represented by a single donor-derived 

cell population, at D5 and D15. 

a b 

c d 
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osteogenesis-related genes, including BMP1, BMPR1B, COL5A1, CTSK, IGF1, MMP2, NFKB1, and 380 

SMAD1.  381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

DPSCs exhibited altered expression of 38 genes (28 upregulated, 10 downregulated), SHEDs 397 

exhibited 39 genes (26 upregulated, 13 downregulated), and NHOst cells exhibited 34 genes (17 398 

upregulated, 17 downregulated). In all three populations, upregulated genes outnumbered 399 

downregulated genes at D5, reflecting extensive changes in transcriptional profiles during the early 400 

 
Day 5 

Upregulated genes 

Day 5 

Downregulated genes 

Day 15 

Upregulated genes 

Day 15 

Downregulated genes 

DPSCs 

SHEDs 

NHOst 

ALPL, COL3A1, CSF1, CSF3, 

FN1, ICAM1, IGF2, MMP8, 

TGFB2, TGFBR2 

BMP6, COL14A1, DLX5, 

FLT1, SMAD3, SOX9, 

TGFB1 

COL10A1, CSF2, CSF3, 

ICAM1, ITGA2, MMP8 

BGN, BMP4, BMP6, CDH11, 

COL1A1, COL1A2, DLX5, FGFR2, 

ITGB1, SMAD3, SOX9, TGFB1, 

TGFBR1, TWIST1 

DPSCs 

SHEDs 

BMP1, BMPR1B, COL5A1, 

CTSK, IGF1, MMP2, NFKB1, 

RUNX2, SMAD1 

COL15A1 CTSK, ITGA3, TNFSF11 
CD36, COL5A1, FGFR1, CHRD, 

IGF1, IGF1R 

DPSCs 

NHOst 
BMP2, COL10A1, CSF2 none ALPL BMP3, VCAM1 

SHEDs 

NHOst 
none BGN, CD36, VCAM none 

ANXA5, BMPR2, FLT1, ITGB1, 

MMP2, TGFB3 

Fig. 5 Comparative gene expression profiles obtained by RT2 Profiler PCR Array analysis following osteogenic induction. a 

Gene expression changes in osteogenically differentiated cells (OM) relative to their corresponding control cultures (CM) in 

DPSCs, SHEDs, and NHOst cells with each cell type represented by a single donor-derived cell population, at D5 and D15. 

Genes with |log2FC| ≥ 1 were classified as upregulated (red) and downregulated (green). b Venn diagrams illustrating shared 

and cell type-specific sets of upregulated and downregulated genes among DPSCs, SHEDs, and NHOst cells at Day 5 (D5) and 

Day 15 (D15) of osteogenic differentiation. c List of upregulated and downregulated genes identified in DPSCs, SHEDs, and 

NHOst cells following osteogenic induction at D5 and D15. 

a 

b 

c 
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phase of osteogenic differentiation. By D15, the number of genes meeting the predefined expression-401 

change threshold further increased to 41 in DPSCs (15 upregulated, 26 downregulated), 44 in SHEDs 402 

(12 upregulated, 32 downregulated), and 38 in NHOst cells (12 upregulated, 26 downregulated). 403 

However, the transcriptional landscape shifted toward predominance of gene repression. Several 404 

genes associated with developmental and growth factor signaling, including BMP6, DLX5, SOX9, 405 

SMAD3, and TGFB1, were consistently downregulated across cell populations and time. Despite the 406 

predominance of downregulated transcripts, a subset of genes remained strongly induced in all three 407 

cell types, including CSF3 (10.91 to 14.23), MMP8 (6.26 to 9.15), CSF2 (6.76 to 7.38), and COL10A1 408 

(1.57 to 6.72). Additional induction was observed for genes associated with cell adhesion and matrix 409 

interactions, including ICAM1 and ITGA2. Collectively, these transcriptional changes are consistent 410 

with coordinated remodeling of gene expression programs associated with osteogenic differentiation, 411 

including cytokine-associated signaling, developmental regulation, ECM remodeling, and cell-matrix 412 

interactions.  413 

 414 

Validation of osteogenic and matrix-remodeling gene expression patterns  415 

To independently validate the gene expression patterns identified by the RT2 Profiler PCR Array, 416 

selected osteogenesis-related genes were analyzed by RT-qPCR using a custom-designed validation 417 

panel (Fig. 6a-b). Overall, the validation analysis reproduced the major expression trends observed in 418 

the array dataset, supporting the consistency of the observed transcriptional patterns across the two 419 

analytical approaches (Fig. S5). Genes exhibiting sustained upregulation in the PCR array analysis, 420 

including ALPL, COL10A1, CSF3, ICAM1, and MMP8, exhibited comparable expression patterns in the 421 

validation experiments across all three cell populations. ALPL (4.41 to 5.43) and ICAM1 (4.60 to 6.31) 422 

showed their strongest induction at D5, followed by a moderate decline at D15 (ALPL: 1.68 to 2.26; 423 

ICAM1: 1.64 to 3.68). Additionally, sustained induction of several genes was observed throughout 424 

osteogenic differentiation. Among these, MMP8 was progressively upregulated from D5 (4.99 to 5.82) 425 

to D15 (6.20 to 8.60), whereas COL10A1 exhibited a more pronounced induction by D15 (1.60 to 5.85) 426 
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compared with D5 (-1.02 to 4.47). CSF3 represented the most strongly induced transcript in all cell 427 

types, increasing from D5 (9.32 to 10.51) to D15 (12.14 to 15.59).  428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

The validation analysis likewise recapitulated the downregulation of BMP4, COL14A1, COMP, and 449 

VCAM1 observed in the PCR array dataset with the strongest suppression observed at late 450 

osteogenesis. Particularly decreased expression was observed in COL14A1 (-9.15 to -11.68), COMP  451 

(-7.98 to -15.60), and VCAM1 (-5.40 to -10.00) at D15. IGF1 displayed a unique temporal expression 452 

   DPSCs SHEDs NHOst 

Full name of gene Symbol Day log2FC log2FC log2FC 

Alkaline phosphatase, liver/bone/kidney ALPL 
5 4.410 5.427 4.862 

15 1.749 1.680 2.259 

Bone morphogenetic protein 4 BMP4 
5 0.337 -1.146 -1.161 

15 -2.917 -5.687 -5.791 

Collagen, type X, alpha COL10A1 
5 4.469 -1.024 3.419 

15 5.845 1.602 5.802 

Collagen, type XIV, alpha 1 COL14A1 
5 -1.473 -5.793 -4.911 

15 -9.152 -11.682 -10.739 

Cartilage oligomeric matrix protein COMP 
5 -1.032 -7.541 -7.961 

15 -7.977 -12.573 -15.602 

Colony stimulating factor 3 (granulocyte) CSF3 
5 9.324 10.043 10.507 

15 15.592 12.139 14.984 

Intercellular adhesion molecule 1 ICAM1 
5 6.314 5.436 4.595 

15 2.853 3.677 1.644 

Insulin-like growth factor 1 (somatomedin C) IGF1 
5 1.574 3.201 1.183 

15 -1.801 -7.668 -11.184 

Matrix metallopeptidase 8 MMP8 
5 5.819 5.686 4.987 

15 8.602 6.195 7.988 

Vascular cell adhesion molecule 1 VCAM1 
5 0.545 -4.529 -2.556 

15 -7.125 -10.000 -5.400 

Fig. 6 Gene expression of selected genes during osteogenic diīerenƟaƟon. The expression of ALPL, BMP4, COL10A1, COL14A1, 
COMP, CSF3, ICAM1, IGF1, MMP8, and VCAM1 was quanƟĮed by RT-qPCR in DPSCs, SHEDs, and NHOst at Day 5 (D5) and Day 
15 (D15) of osteogenic diīerenƟaƟon. a The table presents log2FC values calculated as the expression raƟo between 
osteogenic (OM) and control (CM) condiƟons at each Ɵme point. b The heatmap summarizes mean log2FC values illustraƟng 
overall paƩerns of transcripƟonal regulaƟon across the three donor-derived cell populaƟons, with each cell type represented 
by a single donor-derived populaƟon. 

a 

b 
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profile with transient upregulation at D5 (1.18 to 3.20) followed by downregulation at D15 (-1.80 to -453 

11.18). Heatmap analysis (Fig. 6b) showed similar temporal expression patterns across the three cell 454 

populations, consistent with the transcriptional changes observed during osteogenic differentiation.  455 

 456 

Molecular progression during osteogenic differentiation and matrix maturation 457 

Temporal changes in gene expression during osteogenic differentiation were assessed by comparing 458 

D15 and D5 transcriptomic profiles of OM cultures (Fig. 7a-c). Overall, the transcriptomic landscape 459 

shifted toward gene repression in all three cell populations. Accordingly, 40 genes met the predefined 460 

expression-change threshold in DPSCs (9 upregulated and 31 downregulated), 43 in SHEDs (14 461 

upregulated and 29 downregulated), and 31 in NHOst cells (12 upregulated and 19 downregulated) 462 

(Table S2).  463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 
OM D15/D5 

Upregulated genes 

OM D15/D5 

Downregulated genes 

DPSCs, SHEDs, NHOst 
BMP2, COL10A1, CSF2, CSF3, ITGA3, 

MMP8, TNFSF11 

BMP4, COL14A1, COL1A1, COL1A2, COL3A1, COL5A1, CSF1, 

FGFR2, IGF1, SMAD3, TGFBR1, VCAM1 

DPSCs, SHEDs FLT1 BMP1, COL5A1, ICAM1, MMP2, PDGFA, RUNX2, TWIST1 

DPSCs, NHOst SPP1 BGN, COL15A1, FGF2, FN1 

SHEDs, NHOst TNF BMP6, COMP 

Fig. 7 Time-specific patterns of gene expression changes during osteogenic differentiation. a Gene expression changes in 

osteogenically differentiated DPSCs, SHEDs, and NHOst cells at Day 15 (D15) relative to Day 5 (D5). Genes with |log2FC| ≥ 1 
were classified as upregulated (orange) and downregulated (blue), respectively. b Venn diagrams illustrating cell type-

specific and overlapping sets of upregulated and downregulated genes identified at D15/D5 in DPSCs, SHEDs, and NHOst 

cells. c List of genes showing temporal upregulation or downregulation in each donor-derived cell population (D15 vs. D5), 

with each cell type represented by a single donor-derived population.  

a 

c 

b 
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Seven genes remained upregulated across all three cell populations, including genes associated with 476 

skeletal development (BMP2, COL10A1), growth factors and receptors (CSF2, CSF3), calcium ion 477 

binding and homeostasis (MMP8), and cell adhesion (ITGA3, TNFSF11). Among these, CSF3 and MMP8 478 

exhibited the strongest and most sustained induction across the differentiation period. In contrast, 479 

during later stages of osteogenic differentiation, coordinated downregulation was observed among 480 

genes associated with ECM molecules (COL1A1, COL1A2, COL3A1, COL5A1, COL14A1), growth factors 481 

and receptors (BMP4, CSF1, FGFR2, IGF1, TGFBR1), and cell growth and proliferation (SMAD3, VCAM1). 482 

This may reflect continued transcriptional refinement during osteogenic maturation. 483 

 484 

Protein redistribution during ECM assembly 485 

Immunocytochemical analysis revealed extensive fluorescence signals and subcellular localization 486 

patterns for osteogenesis-associated markers with pronounced cytoskeletal reorganization in DPSCs 487 

(Fig. 8a; Fig. S6), SHEDs (Fig. 8b; Fig. S7), and NHOst cells (Fig. 8c; Fig. S8), including APOA2, BSP2, 488 

COL1A1, DMP1, DSPP, OPN, and F-actin. Fluorescence of phalloidin (F-actin) decreased about 62−69% 489 

compared to CM at D15, which may indicate substantial restructuring of the cytoskeleton during 490 

osteogenic maturation. Concurrently, fluorescence signals for multiple matrix-associated proteins 491 

increased and showed marked redistribution from predominantly cytoplasmic localization toward 492 

perinuclear and ECM-associated patterns. Despite these common features, individual osteogenic 493 

markers exhibited distinct temporal dynamics among the three donor-derived cultures. DPSCs showed 494 

sustained increases in APOA2, DMP1, and BSP2 fluorescence signals, with BSP2 showing the strongest 495 

response (approximately 420% of CM levels at D15), whereas COL1A1, DSPP, and OPN peaked early at 496 

D5. SHEDs displayed a prolonged increase in ECM-associated fluorescence signals, characterized by 497 

marked induction of COL1A1 (365% of CM levels at D15) together with progressive increases in APOA2 498 

and DSPP, while BSP2, DMP1, and OPN reached maximal fluorescence intnsity at D5 before partially 499 

declining. In contrast, NHOst cells mounted a rapid early matrix response, with maximal induction of 500 

COL1A1 (618% of CM levels), APOA2, BSP2, OPN, and DMP1 already at D5, followed by declining 501 
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fluorescence at D15, consistent with an earlier transition toward later stages of matrix maturation. 502 

DSPP fluorescence remained elevated throughout late differentiation. Across the three donor-derived 503 

cultures, the observed marker remodeling followed a broadly similar temporal pattern, with 504 

differences primarily in the timing and magnitude of individual marker-associated fluorescence. 505 

 506 

 507 

Intracellular metabolomic remodeling  508 

Targeted metabolomic profiling of cell lysates identified intracellular metabolic changes associated 509 

with osteogenic induction in DPSCs, SHEDs, and NHOst cultures (Fig. 9a, b; Table S3). Although several 510 

differences between the three donor-derived cultures were observed, multiple metabolic signatures 511 

were shared across all three cell populations. Three amino acids showed increased intracellular levels 512 

Fig. 8 Immunocytochemical quanƟĮcaƟon of osteogenesis-related protein expression. Mean Ňuorescence intensity (MFI)  
was quanƟĮed for individual proteins in a DPSCs, b SHEDs, and c NHOst at Day 5 (D5) and Day 15 (D15) of osteogenic 
diīerenƟaƟon. Expression levels were normalized to corresponding controls (CM), which were set to 100% at each Ɵme 
point. StaƟsƟcal comparisons between osteogenic (OM) and control (CM) condiƟons were performed separately for each 
donor-derived cell populaƟon at each Ɵme point; p-values are indicated as p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***); 
n.s., not signiĮcant. 

a b 

c 
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at both D5 and D15, namely phenylalanine (1.09 to 2.60), isoleucine (1.40 to 2.43), and threonine (1.59 513 

to 5.42). Threonine accumulation was most pronounced in the NHOst culture, where tryptophan also 514 

exhibited a similar trend (2.95 to 3.34). Additional amino acids that increased during differentiation 515 

included proline, serine, and valine. One of the most consistent changes was observed for trans-4-516 

hydroxyproline, which showed a similar increase across the three donor-derived cultures at D5 (1.99 517 

to 2.75). In contrast, alanine decreased specifically in DSCs compared with NHOst. Moreover, 518 

ornithine, tyrosine and α-aminoadipic acid showed markedly reduced intracellular levels following 519 

osteogenic induction predominantly in DSCs. Changes in glutamine metabolism were reflected by a 520 

decreased glutamine-to-glutamate ratio in NHOst at both time points and in DSCs at D15.  521 

 522 

 523 

Among the biogenic amines, kynurenine showed the largest increase following osteogenic 524 

induction, with an approximately 20-fold to >1000-fold increase in OM across the three donor-derived 525 

cultures. Putrescine increased in OM DSCs at D15, whereas taurine exhibited one of the strongest 526 

decreases detected following osteogenic induction especially at D15 (-6.59 to -6.83). Additional 527 

metabolites were likewise altered during differentiation. Intracellular creatinine remained decreased 528 

a b 

Fig. 9 Boxplots of intracellular metabolite changes. Analyses were performed on cell lysates obtained from DPSCs, SHEDs, and 
NHOst at a Day 5 (D5) and b Day 15 (D15) with each cell type represented by a single donor-derived cell populaƟon. Metabolite 
changes are expressed as log2FC between osteogenic and control condiƟons (OM/CM). Metabolites detected in all three cell 
types and meeƟng the FC criterion (|log2FC| ≥ 1) are displayed as boxplots. NegaƟve log2FC values indicate lower metabolite 
abundance in OM relaƟve to CM, whereas posiƟve values indicate higher abundance in OM relaƟve to CM. Metabolites are 
designated using standard nomenclature. Standard abbreviaƟons are used for amino acids and biogenic amines; C0, 
carniƟnes; LPC, lysophosphaƟdylcholines; PC, phosphaƟdylcholines; PC O, ether-linked phosphaƟdylcholines; SM, 
sphingomyelins. 
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in OM at both time points, whereas intracellular hexoses were reduced, particularly in DSCs at D15. 529 

The majority of intracellular phosphatidylcholines, ether-linked phosphatidylcholines, and 530 

sphingomyelins showed reduced abundance in all three OM, consistent with coordinated lipid 531 

remodeling during osteogenic induction. In contrast, only a limited number of phosphatidylcholines 532 

increased, predominantly at D5. Among these, PC 28:1 was elevated at both time points. 533 

 534 

Dynamics of the intracellular metabolome 535 

Longitudinal analysis (D15/D5) revealed marked metabolic remodeling during osteogenic 536 

differentiation (Table S4). Across all three cell populations, most metabolites showing substantial 537 

changes exhibited lower intracellular abundance at D15 than at D5, indicating a predominantly 538 

decreasing metabolic pattern over this interval. Common temporal changes included decreased 539 

intracellular levels of aspartate, serine, and hexoses (-1.13 to -1.59), whereas creatinine remained 540 

relatively stable between D5 and D15. In contrast to these shared temporal trends, DSCs underwent 541 

more extensive metabolic remodeling than NHOst cells in the tested cultures, especially in amino acids 542 

and biogenic amines. This was characterized by a reduction in the glutamine-to-glutamate ratio 543 

together with decreased intracellular levels of asparagine, glycine, N-acetylornithine, kynurenine, 544 

methionine sulfoxide, spermidine, spermine, and trans-4-hydroxyproline. Kynurenine (-1.01 to -1.88) 545 

and taurine (-1.86 to -3.68) exhibited one of the most pronounced temporal declines in DSCs. By 546 

comparison, NHOst cells showed a slight increase in intracellular taurine abundance (1.46). At the lipid 547 

level, intracellular phospholipid remodeling persisted from D5 to D15. Most lipid subclasses exhibited 548 

a further reduction between D5 and D15, while the temporal pattern of lipid remodeling in NHOst 549 

closely resembled that observed in DPSCs. 550 

 551 

Extracellular metabolomic changes 552 

Compared with the intracellular metabolome, fewer extracellular metabolites fulfilled the selection 553 

criteria. Nevertheless, several metabolites showed similar extracellular patterns across all three cell 554 
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populations, consistent with coordinated changes in the osteogenic secretome (Fig. 10a,b; Tables S5 555 

and S6). The extracellular amino acid profile was characterized by increased serine levels across all 556 

three cell populations at both D5 (1.99 to 2.43) and D15 (1.35 to 1.61), whereas alanine levels were 557 

reduced at both time points. N-acetylornithine also increased at D5 (1.18 to 2.32). Tryptophan 558 

exhibited the strongest extracellular accumulation at D15 across all cell populations (2.17 to 4.74), 559 

while at D5 an increase was detected only in NHOst (5.08). Kynurenine emerged as the most prominent 560 

extracellular metabolic feature associated with osteogenic differentiation. Conditioned media from 561 

OM contained markedly higher kynurenine levels than CM at both D5 (6.66 to 10.76) and D15 (6.83 to 562 

9.00), demonstrating consistently elevated extracellular kynurenine levels under osteogenic 563 

conditions.  564 

Longitudinal analysis of conditioned media revealed relatively fewer changes than were observed 565 

intracellularly. Extracellular methionine sulfoxide and asparagine increased between D5 and D15 566 

across the cell populations grown in OM whereas isoleucine decreased over time in DSCs (-1.71 to -567 

4.79). In contrast, extracellular kynurenine levels remained relatively stable between D5 and D15. 568 

 569 

 570 

 571 

a b 

Fig. 10 Boxplots of extracellular metabolite changes. Analyses were performed on condiƟoned media obtained from DPSCs, 
SHEDs, and NHOst at a Day 5 (D5) and b Day 15 (D15) with each cell type represented by a single donor-derived cell 
populaƟon. Metabolite changes are expressed as log2FC between osteogenic and control condiƟons (OM/CM). Metabolites 
detected in all three cell types and meeƟng the predeĮned FC criterion (|log2FC| ≥ 1) are displayed as box plots. NegaƟve 
log2FC values indicate lower metabolite abundance under OM relaƟve to CM, whereas posiƟve values indicate higher 
abundance in OM relaƟve to CM. Metabolites are designated using standard nomenclature. Standard abbreviaƟons are used 
for amino acids and biogenic amines; PC, phosphaƟdylcholines. 



26 

 

Discussion 572 

Continuous bone remodeling is essential for maintaining skeletal integrity and mineral homeostasis. 573 

Although small bone defects generally heal spontaneously, regeneration of large segmental defects 574 

resulting from trauma, tumor resection, or age-related disorders often requires additional therapeutic 575 

intervention [24]. MSCs have therefore emerged as promising candidates for bone regeneration owing 576 

to their capacity to modulate tissue repair through paracrine signaling, immunomodulatory activity, 577 

and differentiation toward the osteoblastic lineage [25]. Within this context, a central aim of the 578 

present study was to assess the extent to which DSCs recapitulate key features of the osteogenic 579 

program observed in primary NHOst. Through integrated functional, phenotypic, transcriptomic, 580 

protein, and metabolomic analyses, we found that the examined donor-derived DPSCs, SHEDs, and 581 

primary NHOst preparations shared multiple characteristics of osteogenic differentiation. This overall 582 

convergence across the three cellular preparations is noteworthy. However, because each cell 583 

population was represented by a single donor, the present design cannot distinguish cell-type effects 584 

from donor-specific effects or establish inter-donor generalizability. Accordingly, differences observed 585 

among DPSCs, SHEDs, and NHOst should be interpreted within the context of the donor-derived 586 

preparations examined, while their broader cell-type specificity remains to be established across 587 

independent donors. Nevertheless, the concordance observed across multiple analytical levels 588 

provides new insight into the biological relationship between DSCs and NHOst within the present 589 

experimental system and may supports the potential utility of DSCs as a model for bone regeneration 590 

research. 591 

Morphological changes represented one of the earliest visible evidence of osteogenic 592 

differentiation, with all three cell populations undergoing a comparable transition toward a bone-593 

forming phenotype accompanied by ECM mineralization, whereas CM retained a stable spindle-594 

shaped, elongated morphology [15,26]. In line with their immature phenotype, CM continued to 595 

proliferate throughout cultivation, with SHEDs exhibiting the highest proliferative activity, in 596 

agreement with previous reports describing their shorter population doubling time and greater 597 
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proliferative capacity than DPSCs [6,27]. In contrast, the decline in proliferation observed after 598 

osteogenic induction, followed by a plateau after D10 was consistent with the transition from cell 599 

expansion to matrix maturation and mineralization. A similar pattern was previously described during 600 

osteogenic differentiation by Carluccio et al. [28]. Progressive calcium deposition in all three cell 601 

populations further supports comparable osteogenic maturation of DPSCs, SHEDs, and NHOst, 602 

corroborating earlier reports demonstrating similar mineralization dynamics [14,29]. 603 

A notable observation was the overall stability of the mesenchymal immunophenotype throughout 604 

osteogenic differentiation. In spite of extensive transcriptional remodeling and progressive cellular 605 

maturation, DPSCs, SHEDs, and NHOst remained predominantly positive for the commonly used 606 

mesenchymal surface markers CD44, CD73, and CD90, whereas the proportion of CD105-positive cells 607 

declined only modestly, particularly after osteogenic induction. CD45 expression was absent in all cell 608 

populations throughout the study. These data suggest that osteogenic differentiation involved 609 

phenotypic adaptation while largely preserving the characteristic mesenchymal surface marker profile, 610 

as previously observed in MSCs [30,31]. A distinct pattern emerged when marker-associated 611 

fluorescence intensity was evaluated. MFI decreased markedly for CD44, CD73, CD90, and especially 612 

CD105 following osteogenic differentiation, indicating a substantial shift in surface marker-associated 613 

fluorescence during acquisition of osteoblast-like characteristics. Moreover, CD9 displayed a different 614 

behavior from the remaining markers. While SHEDs largely preserved the proportion of CD9-positive 615 

cells after differentiation, MFI declined across all three cell populations. These findings further support 616 

the concept that differentiation is associated not only with lineage-specific gene expression but also 617 

with changes in the surface immunophenotype. Although marker positivity was largely maintained 618 

throughout differentiation, the MFI of individual surface markers continued to change, indicating that 619 

marker positivity alone does not necessarily reflect stable surface expression. Similar reductions in 620 

MSCs marker density have also been reported previously [32-34]. 621 

One of the most striking findings of this study was the broad similarity in osteogenic transcriptional 622 

responses across DPSCs, SHEDs, and NHOst cells. Early differentiation was characterized by induction 623 
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of canonical osteogenic regulators, including ALPL and RUNX2, alongside activation of genes involved 624 

in ECM organization and microenvironmental remodeling. This transcriptional signature reflects the 625 

coordinated interplay between matrix synthesis, degradation, and cell-matrix interactions required for 626 

successful osteogenic differentiation, reinforcing earlier evidence in this field [35,36]. As 627 

differentiation progressed, a distinct transcriptional shift became apparent, moving from matrix 628 

production toward matrix maturation and mineralization. Persistent expression of ALPL and COL10A1 629 

supports ongoing osteogenic maturation, while the concurrent decrease in COL1A1, COL1A2, and IGF1 630 

expression may reflect stage-specific remodeling of the osteogenic transcriptional program associated 631 

with late-stage mineralization. This interpretation aligns with evidence that osteoblast differentiation 632 

involves dynamic changes in extracellular matrix production and inflammatory signaling, which can 633 

both promote and fine-tune osteogenesis in a context- and intensity-dependent manner [37]. Notably, 634 

sustained MMP8 upregulation suggests that ECM remodeling remains an active component of 635 

osteogenic maturation rather than being restricted to early differentiation stages. Although MMP8 is 636 

not considered a classical osteogenic marker, its induction across all three cell populations points to a 637 

broader role for ECM remodeling in shaping the extracellular environment associated with mineral 638 

deposition. Particularly noteworthy was the robust and sustained induction of CSF3, which emerged 639 

as one of the most prominently upregulated transcripts throughout osteogenic differentiation. While 640 

traditionally associated with hematopoietic regulation, accumulating evidence indicates that CSF3 also 641 

contributes to osteogenesis, supporting the view that cytokine signaling may represent an integral 642 

component of the osteogenic differentiation process. Consistent with this concept, MSCs actively 643 

secrete cytokines that regulate the bone microenvironment and coordinate regenerative processes 644 

[38-41]. Together with the shared regulation of COL10A1, ICAM1, and MMP8, these findings suggest 645 

that the osteogenic programs observed across the examined cell populations extend beyond canonical 646 

markers such as RUNX2 and ALPL, encompassing coordinated regulation of ECM remodeling, cytokine-647 

mediated signaling, and microenvironmental adaptation. 648 
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Immunocytochemical analyses provided complementary evidence of coordinated remodeling 649 

involving cellular metabolism, ECM organization, and cytoskeletal architecture in each cell-specific 650 

population. A prominent finding was the progressive extracellular accumulation of APOA2-associated 651 

fluorescence, supporting the emerging role of lipid metabolism in osteogenic maturation [17,42,43]. 652 

In parallel, lipid remodeling was observed in our metabolomic analysis. Dynamic ECM reorganization 653 

was reflected by persistent extracellular COL1A1-associated signal, while COL1A1 transcript levels and 654 

intracellular fluorescence declined and MMP8 expression remained persistent, supporting ongoing 655 

matrix organization. This interpretation is supported by previous studies demonstrating continuous 656 

collagen reorganization during the formation of mineralized bone tissue and osteocyte-associated 657 

lacunar structures [11]. Likewise, BSP2, DSPP, DMP1, and OPN supported progression toward a mature 658 

osteogenic phenotype despite differences in their temporal expression patterns. Reduced F-actin 659 

staining at D15 further indicated cytoskeletal remodeling associated with matrix formation and 660 

mineralization [44,45]. Although temporal protein dynamics varied more than transcriptional 661 

responses, all three cell populations converged toward a comparable osteogenic phenotype, 662 

suggesting that similar phenotypic outcomes can arise despite differences in the timing and extent of 663 

post-transcriptional and extracellular remodeling. The dynamic nature of ECM organization and its 664 

variation among cell types during osteogenic differentiation has been well documented [10,11] and is 665 

in line with our findings.  666 

Targeted metabolomic profiling revealed coordinated remodeling of both the intracellular 667 

metabolome and the extracellular metabolic milieu during osteogenic differentiation. Previous 668 

metabolomic studies of MSC osteogenesis have similarly demonstrated coordinated alterations in 669 

amino acid, phospholipid, and sphingolipid metabolism, supporting the concept that metabolic 670 

adaptation is an integral component of osteogenic maturation [17,46,47]. Although several differences 671 

among the examined cell populations were detected, the overall metabolic response to osteogenic 672 

induction was largely shared between DSCs and NHOst. However, longitudinal analysis demonstrated 673 

that DSCs underwent substantially more dynamic metabolic remodeling than NHOst, particularly 674 
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within amino acid and biogenic amine metabolism. This finding likely reflects the greater metabolic 675 

plasticity associated with lineage commitment and differentiation of DSCs, whereas NHOst may 676 

undergo more limited metabolic adaptation to support matrix production and mineralization. Amino 677 

acid metabolism represented the principal metabolic axis affected by osteogenic differentiation. The 678 

osteogenic induction-associated increase in intracellular and extracellular serine, decreased 679 

glutamine-to-glutamate ratio, and coordinated alterations in several essential amino acids are in line 680 

with the current understanding that osteoblast differentiation involves extensive metabolic 681 

reprogramming to sustain biosynthesis, ECM production, and cellular maturation. Notably, 682 

intracellular trans-4-hydroxyproline levels increased early during osteogenic differentiation in all three 683 

cell populations. As trans-4-hydroxyproline is closely associated with collagen maturation [48], its early 684 

increase is consistent with enhanced collagen maturation and ECM remodeling during osteogenic 685 

differentiation. The most distinctive metabolic alteration observed in the present study was the 686 

marked intracellular accumulation and extracellular release of kynurenine. To our knowledge, this is 687 

the first study to characterize intracellular kynurenine accumulation together with its extracellular 688 

release during osteogenic differentiation across NHOst, DPSCs, and SHEDs. The observed kynurenine 689 

accumulation links osteogenic differentiation with tryptophan metabolism via the kynurenine 690 

pathway, the major route of tryptophan degradation in mammalian cells [49]. Increasing evidence 691 

indicates that tryptophan metabolism contributes to skeletal homeostasis by regulating osteoblast 692 

differentiation, osteoclast activity, and immune signaling [50]. Although prolonged exposure to 693 

exogenous kynurenine has been associated with oxidative stress, impaired osteoblast bioenergetics, 694 

and age-related bone loss [51,52], its physiological role during osteogenic differentiation remains 695 

unclear and is likely influenced by cellular context, metabolite concentration, and differentiation stage 696 

[53]. Likewise, intracellular phosphatidylcholine and sphingomyelin species were broadly reduced 697 

following osteogenic induction, with lipid remodeling continuing throughout differentiation. Given 698 

their structural and signaling functions, these changes may reflect altered membrane turnover and 699 

vesicular trafficking associated with extracellular remodeling during osteoblast maturation [54].  700 
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Overall, the present results show that DSCs acquire key features of primary NHOst during in vitro 701 

osteogenic differentiation while retaining selected characteristics related to their cellular origin. The 702 

principal biological insights emerging from the integrated phenotypic, transcriptomic, protein, and 703 

metabolomic analyses are summarized in Table 1. Determining how these common differentiation 704 

programs and metabolic adaptations influence bone regeneration in vivo will be essential for 705 

translating these findings into regenerative applications. 706 

 707 

Table 1. Integrated biological interpretation of osteogenic differentiation in DPSCs, SHEDs, and NHOst cells. 708 

 709 

Several limitations of the present study should be acknowledged. First, the comparative analyses 710 

were performed using single donor-derived DPSCs, SHEDs, and NHOst populations, precluding 711 

assessment of donor-to-donor variability. Second, transcriptional profiling was restricted to a targeted 712 

osteogenesis-focused gene panel and two differentiation time points, which may not fully capture the 713 

complexity and temporal dynamics of osteogenic progression. Finally, the transcriptomic and 714 

metabolomic findings require validation across larger donor cohorts to establish their generalizability. 715 

Future studies integrating high-resolution transcriptomic, single-cell, and functional in vivo approaches 716 

will be important to further define the regulatory mechanisms underlying osteogenic differentiation 717 

Biological level 
Shared observations in DPSCs, 

SHEDs and NHOst 

Cell type-specific 

observations 
Biological implication 

Morphology 
Comparable morphological 

transition and mineralization 

SHEDs showed faster growth 

rate 
Shared osteogenic progression 

Immunophenotype 
MSC phenotype was largely 

maintained 

CD9 expression remained 

stable in SHEDs 

Osteogenesis with limited 

changes in MSC phenotype 

Transcriptome 
Shared osteogenesis-related 

gene expression patterns 

Temporal differences in gene 

regulation 
Shared regulatory network 

Protein localization 

ECM remodeling and 

osteogenesis-related protein 

deposition 

Differences in matrix 

organization 

Alternative structural 

adaptations 

Intracellular 

metabolome 

Similar amino acid and lipid 

remodeling 
Early metabolic differences 

Metabolic adaptation with cell 

type-specific features 

Extracellular 

metabolome 

Similar patterns of metabolite 

release 

Differences in metabolite 

abundance 

Dynamic metabolic 

communication 

Novel findings 

Increased transcription of 

CSF3, ICAM1, and MMP8, 

together with endogenous 

kynurenine production and 

release 

Persistent cell type-specific 

differences despite shared 

osteogenic characteristics 

Previously underrecognized 

aspect of the osteogenic 

differentiation in vitro 
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and to determine the translational relevance of the osteogenic programs identified across the 718 

examined cell populations.  719 

 720 

Conclusion 721 

Using integrated comprehensive analyses, we show that DSCs acquire the defining characteristics of 722 

primary NHOst during physiologically relevant in vitro osteogenic differentiation while preserving 723 

selected features related to their cellular origin. Rather than indicating fundamentally distinct 724 

osteogenic trajectories, the observed molecular and metabolic differences occurred alongside 725 

convergence toward a common osteoblast-like phenotype. Beyond canonical osteogenic markers, we 726 

identified a shared transcriptional signature involving sustained induction of CSF3, ICAM1, and MMP8 727 

suggesting coordinated regulation of ECM remodeling and microenvironmental adaptation during 728 

osteogenesis. In addition, the coordinated intracellular accumulation and extracellular release of 729 

kynurenine identifies a previously underrecognized metabolic feature of in vitro osteogenic 730 

differentiation. These findings provide an integrated framework linking phenotypic, transcriptional, 731 

protein, and metabolic remodeling and further support the translational potential of DSCs for BTE and 732 

RM. 733 

 734 

List of abbreviations 735 

ALPL/ALP Alkaline phosphatase gene/protein 736 

APO  Apolipoprotein  737 

BMP  Bone morphogenetic protein 738 

BSA  Bovine serum albumin 739 

BSP  Bone sialoprotein 740 

BTE  Bone tissue engineering 741 

CCK-8  Cell counting kit 8 742 

CM  Cells grown in control medium 743 
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COL-  Collagen-type 744 

COMP  Cartilage oligomeric matrix protein 745 

CSF  Colony stimulating factor 746 

CTSK  Cathepsin K 747 

DLX5   Distal-less homeobox 5 748 

DMP1  Dentin matrix protein 1 749 

DPBS  Dulbecco´s phosphate buffered saline 750 

DPSCs  Mesenchymal stromal cells isolated from adult dental pulp 751 

DSCs  Dental tissue-derived mesenchymal stromal cells 752 

DSPP  Dentin sialophosphoprotein 753 

ECM  Extracellular matrix 754 

FBS  Fetal bovine serum 755 

FGF  Fibroblast growth factor 756 

FC  Fold change 757 

FLT1  Fms-related tyrosine kinase 1 758 

FN1   Fibronectin 1 759 

CHRD  Chordin 760 

ICAM1  Intracellular adhesion molecule 1 761 

IGF1  Insulin-like growth factor 1 762 

ITGA 3  Integrin alpha 3 763 

MSCs  Mesenchymal stromal cells 764 

MMP  Matrix metalopeptidase  765 

NHOst  Normal human osteoblasts 766 

OCN  Osteocalcin 767 

OM  Cells grown in osteogenic differentiation medium 768 

OPN  Osteopontin 769 
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OSX  Osterix 770 

PDGFA  Platelet derived growth factor subunit A 771 

PHEX  Phosphatase-regulating endopeptidase homolog X-linked 772 

RM  Regenerative medicine 773 

RT  Room temperature 774 

RUNX2  Runt-related transcription factor 2 775 

SHEDs  Mesenchymal stromal cells isolated from exfoliated deciduous teeth  776 

SMAD3  Mothers against decapentaplegic homolog 3 777 

SOX9  SRY-box transcription factor 9 778 

TGF  Transforming growth factor  779 

TNF  Tumor necrosis factor 780 

VCAM1  Vascular cell adhesion molecule 1 781 
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