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Chronic hyperglycemia is recognized as an important contributor to chronic inflammation, oxidative 
stress, and organ dysfunction that causes serious complications in diabetes and aging. This study 
investigates the effects of elevated glucose levels on human placenta-derived mesenchymal stem 
cells (hP-MSCs), especially since these cells hold a promise for tissue engineering and regenerative 
medicine due to their multipotency and self-renewal capabilities. hP-MSCs were treated with 10–
40 mM D-glucose to study the effects of high glucose on hP-MSCs functions. hP-MSCs viability and 
proliferation were determined by using thiazolyl blue tetrazolium bromide (MTT), cell cycle analysis, 
and senescence assays. The migration and osteogenic differentiation capacity were also determined by 
migration assay, alkaline phosphatase (ALP) activity assay, and Alizarin Red S staining. Quantitative 
real-time RT-PCR, Western blot, and Nanostring® nCounter assay were performed to study the effect 
of high glucose on the expression levels of genes involved in various aspects of hP-MSCs functions. The 
results demonstrated that high glucose significantly inhibited proliferation and cell cycle progression 
of hP-MSCs at the G1/S phase and induced replicative senescence in hP-MSCs possibly by decreasing 
the expression of proliferation-promoting genes, CCND1 and LMNB1, and increasing the expression of 
several senescence-associated proteins, p16, p21, and p53. Furthermore, high glucose also inhibited 
the migration and osteogenic differentiation of hP-MSCs, possibly by suppressing the expression of 
SDF1, CXCR4, RUNX2, OSX, OCN, and COL1A. The additional Nanostring analysis also showed that 
high glucose significantly affects multiple genes involved in inflammation, DNA repair, autophagy, 
and oxidative stress response in hP-MSCs. This study provides significant insights into the wide-
ranging effects of high glucose on the expression of the hP-MSCs genes that affect various aspects of 
its function, including proliferation, viability, senescence, oxidative stress response, and DNA repair, 
highlighting its implications for regenerative medicine in the context of diabetes and metabolic 
disorders.
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EME1	� Essential meiotic structure-specific endonuclease 1
FANCI	� Fanconi anemia, complementation group I
FBS	� Fetal bovine serum
FITC	� Fluorescein isothiocyanate
FLT1	� FMS-related receptor tyrosine kinase 1
GAPDH	� Glyceraldehyde 3-phosphate dehydrogenase
GDM	� Gestational diabetes mellitus
HRP	� Horseradish peroxidase
IRF1	� Interferon regulatory factor 1
ISCT	� International society for cell & gene therapy
ITGA11	� Integrin alpha-11
LMNB1	� Lamin-B1
MSCs	� Mesenchymal stem cells
MTT	� 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
NANOG	� NANOG homeobox
OD	� Optical density
OCN	� Osteocalcin
OSX	� Osterix
PBS	� Phosphate-buffered saline
PCR	� Polymerase chain reaction
PE	� Phycoerythrin
PI3K	� Phosphoinositide 3-kinase
hP-MSCs	� Human placenta-derived mesenchymal stem cells
pNPP	� p-Nitrophenyl phosphate
qRT-PCR	� Quantitative real-time reverse transcription polymerase chain reaction
RIPA	� Radioimmunoprecipitation assay
RUNX2	� Runt-related transcription factor 2
SA-β-Gal	� Senescence-associated β-galactosidase staining
SDF1	� Stromal cell-derived factor 1
SDS-PAGE	� Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEM	� Standard error of the mean
SOX2	� SRY-box transcription factor 2
TBST	� Tris-buffered saline with tween® 20 detergent
UC-MSCs	� Umbilical cord-derived mesenchymal stem cells
VEGFA	� Vascular endothelial growth factor A
ΔΔCT	� Comparative threshold cycle

Mesenchymal stem cells (MSCs) have attracted considerable interest in the fields of tissue engineering and 
regenerative medicine because of their ability to differentiate into various cell types and their ability to produce 
many therapeutically useful factors1. Although a considerable body of evidence demonstrates that MSC therapies 
possess efficacy in the treatment of various degenerative conditions, such as diabetic wounds, osteoarthritis, 
severe atopic dermatitis, and chronic ischemic stroke2–5, the variability in outcomes reported across numerous 
clinical trials presents a significant barrier to the wider implementation of MSC therapies4. These discrepancies 
can be attributed to a variety of factors, including the specific biological niche from which MSCs are isolated, 
the inherent characteristics of the donor, such as age, body mass index, and pre-existing health conditions, the 
in vitro culture protocols used, and the microenvironment present in the target tissue of the recipients6,7. All 
of which can profoundly impact the functional capabilities, differentiation potential, and overall therapeutic 
effectiveness of MSCs.

Hyperglycemia, a high blood glucose prevalent among diabetic patients who underwent MSC therapy, has 
been shown to induce premature senescence of MSCs derived from bone marrow (BM-MSCs) and adipose tissue 
and alter their therapeutic potential8,9. Consistent with this observation, MSCs harvested from umbilical cord 
tissue from mothers with gestational diabetes exhibit premature senescence and mitochondrial dysfunction, 
thus limiting their application in regenerative medicine10. High glucose levels have been shown to promote the 
accumulation of reactive oxygen species (ROS), leading to oxidative damage, mitochondrial dysfunction, and 
inflammatory responses that impair the function of several cell types, including MSCs11,12. Previous findings 
indicated that hyperglycemia increases tissue inflammation, inhibits osteogenic differentiation of mouse 
MSCs13, human dental pulp cells14, human gestational tissue-derived MSCs15, and alters chemokine expression 
in BM-MSCs, which promotes cellular senescence, genomic instability, and telomere attrition16–19. All of these 
factors can greatly reduce the therapeutic effectiveness of MSCs in diabetic patients.

Although the existing literature has shown that hyperglycemia affects the therapeutic effects of bone marrow- 
and adipose-derived MSCs commonly used in MSC therapy, their effects on other sources of MSCs, such as 
placenta-derived MSCs (hP-MSCs) are not fully understood. hP-MSCs can be harvested in large numbers from 
discarded placenta tissue by non-invasive procedures, have robust proliferation and differentiation capabilities 
even after extended culture periods20,21 and can release many therapeutically useful factors, making them more 
suitable sources for MSC therapies than their bone marrow counterparts. Therefore, this study aims to fill this 
knowledge gap by investigating the effects of high glucose levels on several important aspects of hP-MSCs 
functions, including their proliferation, replicative senescence, migration, osteogenic differentiation, and the 
mechanisms underlying these effects. This knowledge could be used to prevent the deleterious effects of high 
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glucose on MSC functions and improve the viability and therapeutic effects of these MSCs in the treatment of 
diabetic complications.

Materials and methods
Isolation and culture of hP-MSCs
This study was approved by the Human Research Ethics Committee of Thammasat University (Medicine) 
[Approval number: 289/2021]. The placenta was obtained from full-term pregnant women after normal delivery. 
Written informed consent was obtained from all donors. The hP-MSCs were derived according to the previous 
study with some modifications15,22. Briefly, placental tissues were minced and partially digested by incubation 
with 0.5% trypsin–EDTA (Gibco/Thermo Fisher Scientific, USA) for 3  h at 37  °C with continuous shaking. 
After incubation, cells were washed twice with phosphate-buffered saline (PBS; Gibco BRL, USA), resuspended 
in complete medium [Dulbecco’s Modified Eagle Medium (DMEM; Gibco/Thermo Fisher Scientific, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco/Thermo Fisher Scientific, USA), 2  mM Glutamax™ 
(Gibco / Thermo Fisher Scientific, USA), 100 U/ml penicillin and 100 µg/ml streptomycin], and seeded in a 25 
cm2 tissue culture flask (Corning, USA). The cultures were kept at 37 °C in a humidified atmosphere containing 
5% CO2 and the medium was replaced every 3 days for the entire culture period.

hP-MSCs characterization
hP-MSCs were characterized according to the minimal criteria of the International Society for Cell & Gene 
Therapy (ISCT)23. The procedure for characterization is as follows:

MSC surface markers
The expression of MSC surface markers was examined using immunostaining with antibodies specific for human 
antigens, CD34 (BioLegend, USA), CD45 (BioLegend, USA), HLA-DR (BioLegend, USA), CD 73 (BioLegend, 
USA), CD90 (BD Bioscience, USA) and CD105 (BD Bioscience, USA), according to the manufacturer’s 
recommendations. Briefly, 2×105 hP-MSCs in passages 4-6 were incubated with fluorescent conjugated anti-
human antibodies for 30 min at 4 °C in the dark. Subsequently, cells were washed with PBS and fixed with 
1% paraformaldehyde. The analysis was performed using flow cytometry (CytoFLEX platform for DxFLEX, 
Beckman Coulter, Life Sciences, USA) and interpreted using CytExpert software.

Differentiation potential of MSCs
To investigate the potential for osteogenic differentiation, hP-MSCs in passages 4-6 were seeded in 6-well 
plates (Corning, USA) at a density of 5×103 cells/cm2 and cultured in osteogenic induction medium [DMEM 
supplemented with 10% FBS, 100 nM dexamethasone, 10 mM β-glycerophosphate, 50 µg/mL L-ascorbic 
acid  2-phosphate (all Sigma-Aldrich, USA)]. The medium was changed every 3 days and the culture was 
maintained for 21 days. At the end of the culture, cells were fixed with 4% paraformaldehyde at 4  °C for 20 
min, stained with 40 mM Alizarin Red S (Sigma-Aldrich, USA) for 30 min at room temperature, and observed 
under an inverted microscope (Nikon Eclipse Ts2R-FL, Japan). In some experiments, the extent of Alizarin 
Red S staining was quantified by lysing the stained cells with 10% acetic acid (Sigma-Aldrich, USA) at room 
temperature for 30 min. After centrifugation at 12,000 g for 15 min, the supernatant was collected, neutralized 
with 200 µL of 10% (v/v) ammonium hydroxide, and the absorbance was measured at 405 nm using a microplate 
reader (BioTek, USA)24,25.

For adipogenic differentiation, hP-MSCs were seeded in 6-well plates at a density of 5×103 cells/cm2 and 
cultured in adipogenic induction medium [DMEM, high glucose (DMEM-HG; GibcoBRL, USA) supplemented 
with 10% FBS, 500 µM isobutyl methylxanthine, 0.2 mM indomethacin, 1 µM dexamethasone, and 10 µM 
insulin (all Sigma-Aldrich, USA)]. The medium was changed every 3 days until 21 days. At the end of the 
culture, cells were fixed with a vapor of 37% formaldehyde at room temperature for 10 min, stained with 0.3% 
Oil Red O (Sigma-Aldrich, USA) in 60% isopropanol for 20 min, and examined by inverted microscopy.

For chondrogenic differentiation, hP-MSCs in passages 4-6 were seeded at a density of 1×104 cells/well in 
the center of a 96-well U-bottom plate (Jet Biofil, China) and cultured with MSCgo™ Chondrogenic XF medium 
(Sartorius, Germany). The medium was changed every 3 days for 21 days. At the end of the culture, cells were 
washed twice with PBS, fixed with 10% formaldehyde, stained with a 1% Alcian blue (Sigma-Aldrich, USA) 
solution in the dark at room temperature overnight, and then washed three times with 0.1 N hydrochloric acid 
(HCl). The images were taken with an inverted microscope and a stereo microscope (Nikon SMZ1270, Japan).

Cells cultured with a complete medium served as controls in all differentiation experiments.

Cell viability assay
hP-MSCs were seeded at a density of 1 × 104 cells/cm2 and cultured in a complete medium supplemented with 
D-glucose (Ajax Finchem Univar® reagent, Australia) to final concentrations of 10 mM, 25 mM, 40 mM, and 
100  mM to mimic high glucose conditions as previously described15,26. Cell viability was determined using 
thiazolyl blue tetrazolium bromide (MTT; Sigma-Aldrich, USA) every 2 days for 14 days. Briefly, cells were 
incubated with 0.5 mg/ml MTT for 4 h, at 37 °C in a humidified atmosphere containing 5% CO2. The formazan 
precipitate was solubilized in 200 µL of dimethylsulfoxide (DMSO; Sigma-Aldrich, USA), and the absorbance 
was measured at 570 nm by a microplate reader. hP-MSCs cultured in a complete medium containing 5.5 mM 
D-glucose served as control. To exclude the osmolarity effect of glucose, we also cultured hP-MSCs in a complete 
medium supplemented with D-mannitol (Sigma-Aldrich, USA) at the same concentration of D-glucose.
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Assessment of growth characteristics
hP-MSCs, passages 3–5, were seeded at a density of 5 × 102 cells/cm2 in 24-well plates (Corning, USA) and 
cultured in a complete medium supplemented with D-glucose to final concentrations of 10 mM, 25 mM, and 
40 mM. hP-MSCs cultured in a complete medium containing 5.5 mM D-glucose served as the control. Cell 
numbers were determined on culture days 2, 4, 6, 8, and 10 using a hemocytometer to generate growth curve. 
Population doubling time (PDT) was calculated using the following formula27:

	
Population doubling time (PDT) = t ×

(
lg 2

lg Nt − lg N0

)

where t is the culture time (h), Nt is the harvested cell number, N0 is the initial cell culture number.

Quantitative real-time reverse transcription PCR
The hP-MSCs were seeded in 6-well plates at a density of 5 × 103 cells/cm2 and cultured in a complete medium 
supplemented with D-glucose to final concentrations of 10 mM, 25 mM, and 40 mM for 7 days. Total RNA 
was isolated using TRIzol® reagent (Invitrogen, USA) according to the manufacturer’s instructions and RNA 
concentration was determined using a NanoDrop ND-1000 spectrometer (Thermo Fisher Scientific, USA). 
cDNA synthesis was performed using the iScript™ Reverse Transcription Supermix for RT-qPCR (BioRad, USA) 
and quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) was performed using 
the iTaq Universal SYBR Green Supermix (BioRad, USA) according to the manufacturer’s instructions. The 
following procedure was used for RT-PCR: initial denaturation at 95  °C for 3  min, followed by 40 cycles of 
denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and extension at 72 °C for 10 s. Each sample was 
analyzed in triplicate and the expression levels of the target genes were normalized to the endogenous control 
gene, glyceraldehyde 3 phosphate dehydrogenase (GAPDH). The fold change in relative mRNA expression 
was calculated using the 2−ΔΔct method. All experiments were performed in triplicate to ensure accuracy and 
reproducibility. The primers are listed in Table 1.

Cell cycle analysis
hP-MSCs were seeded into 6-well plates at a density of 5 × 103 cells/cm2 and cultured in a complete medium 
supplemented with D-glucose to final concentrations of 10 mM, 25 mM, and 40 mM for 7 days. Subsequently, 
3 × 104 hP-MSCs were then fixed with 0.2 ml of 70% cold ethanol in PBS at − 20 °C for 30 min, washed twice 
with PBS, incubated with 50 mg/ml of RNase (Merck, Germany) at 37 °C for 30 min, and stained with 50 mg/
ml propidium iodide (PI; Merck, Germany) in the dark. Cell cycle analysis was performed using flow cytometry 
on a CytoFLEX platform for DxFLEX (Beckman Coulter, Life Sciences, USA) with the assistance of CytExpert 
software. The number of cells in the G0/G1, S, and G2/M phases of the cell cycle was quantified based on 
previously established methods13. The proliferative index was calculated according to the following equation 28:

	
Proliferation index (%) =

(
(S + G2/M)

(G0/G1 + S + G2/M)

)
× 100

Senescence-associated β-galactosidase staining
hP-MSCs were seeded in 6-well plates at a density of 5 × 103 cells/cm2 and cultured in a complete medium 
supplemented with D-glucose to final concentrations of 10 mM, 25 mM and 40 mM for 7 days. At the end of the 
culture, cells were fixed in a fixative buffer at room temperature for 20 min, washing twice with PBS, incubated 
with senescence-associated β-galactosidase (SA-β-gal) staining solution (Sigma-Aldrich, USA) for 16 h at 37 °C, 
and observed under an inverted microscope. For quantification, six random fields at 100 × magnification were 
selected and the percentage of senescent cells was calculated as follows29:

	
Senescent cell (%) =

(Number of positive cells
Number of total cells

)
× 100

Western blot analysis
hP-MSCs were seeded into 6-well plates at a density of 5 × 103 cells/cm2 and cultured in a complete medium 
supplemented with D-glucose to final concentrations of 10 mM, 25 mM, and 40 mM for 7 days. Cells were 
lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer (0.05 M Tris–HCl, pH 7.4, 1% TritonX-100, 1% 
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 0.15 M NaCl) containing a protease and phosphatase 
inhibitor cocktail (Cell Signaling Technology, USA) for 20  min on ice and proteins were quantified by 
Bradford assay (Bio-Rad, USA), Proteins were then separated by 12% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE), transferred to 0.45  µm nitrocellulose membranes (Bio-Rad, USA), blocked 
with Tris-buffered saline containing 0.1% Tween® 20 (TBST) and 5% skim milk for 2 h, and incubated at 4 °C 
overnight with appropriate primary antibodies, followed by incubation with horseradish peroxidase (HRP)-
conjugated mouse anti-rabbit antibody (1:10,000 dilution; Jackson ImmunoResearch, USA) or goat anti-mouse 
antibody (1:10,000 dilution; Jackson ImmunoResearch, USA) for 1.5 h at room temperature. Protein bands were 
detected with enhanced chemiluminescence (ECL) using Clarity™ Western ECL Substrate (Bio-Rad, USA). The 
signals were quantified with an Amersham ImageQuant 800 (CCD imager) (Amersham imageQuant TL 800, 
Cytiva, UK) using ImageQuant TL analysis software (IQTL 10.2) and normalized to the intensity of the β-actin 
band. Antibodies are listed in Table 2.
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Scratch wound healing assay
The hP-MSCs were seeded in a 24-well plate and allowed to reach approximately 80% confluence over 24 h 
in a complete medium. Subsequently, a scratch wound was created across the cell monolayer using a 200 µL 
pipette tip held perpendicular to the plate, ensuring consistent gap width. The wells were gently washed with 
PBS to remove debris, and the medium was supplemented with D-glucose to a final concentration of 10 mM, 
25  mM, and 40  mM. The wound area was observed at 0, 6, 12, and 24  h using an inverted microscope at 
100 × magnification26,30. The percentages of wound closure were calculated using the following equation 31: 

Antibody Host Dilution Company

Cyclin D1 Mouse 1:2000 Proteintech, USA

Sirt1 Rabbit 1:2000 Abcam, UK

P53 Rabbit 1:2000 Abcam, UK

P21 Rabbit 1:2000 Abcam, UK

P16 Rabbit 1:2000 Abcam, UK

β-actin Rabbit 1:1000 Enzo Life Sciences, USA

Table 2.  List of primary antibodies for western blot.

 

Primer Direction Nucleotide Sequence Size (bp)

Stemness genes

OCT4
Forward 5’ ​G​A​A​G​G​A​T​G​T​G​G​T​C​C​G​A​G​T​G​T 3’

183
Reverse 5’ ​G​T​G​A​A​G​T​G​A​G​G​G​C​T​C​C​C​A​T​A 3’

SOX2
Forward 5’ ​A​C​A​C​C​A​A​T​C​C​C​A​T​C​C​A​C​A​C​T 3’

213
Reverse 5’ ​G​C​A​A​A​C​T​T​C​C​T​G​C​A​A​A​G​C​T​C 3’

NANOG
Forward 5’ ​T​T​C​C​T​T​C​C​T​C​C​A​T​G​G​A​T​C​T​G 3’

224
Reverse 5’ ​T​C​T​G​C​T​G​G​A​G​G​C​T​G​A​G​G​T​A​T 3’

Proliferation-promoting genes

CCND1
Forward 5’ ​A​A​C​T​A​C​C​T​G​G​A​C​C​G​C​T​T​C​C​T 3’

204
Reverse 5’ ​C​C​A​C​T​T​G​A​G​C​T​T​G​T​T​C​A​C​C​A 3’

LMNB1
Forward 5’ ​C​A​T​G​A​A​A​C​G​C​G​C​T​T​G​G​T​A​G​A 3’

241
Reverse 5’ ​G​G​C​T​C​T​C​A​A​T​T​C​T​C​A​T​G​C​G​G 3’

Senescence-associated genes

p16
Forward 5’ ​G​A​C​T​G​G​C​C​A​A​G​A​G​A​A​A​C​A​G​C 3’

161
Reverse 5’ ​C​T​C​T​T​G​G​T​G​G​G​A​A​G​G​T​G​T​G​T 3’

p21
Forward 5’ ​T​T​T​G​G​C​T​C​C​C​C​T​G​T​A​C​C​T​T​T 3’

225
Reverse 5’ ​C​C​T​T​C​C​C​C​T​T​C​C​A​G​T​C​C​A​T​T 3’

p53
Forward 5’ ​G​G​C​C​C​A​C​T​T​C​A​C​C​G​T​A​C​T​A​A 3’

153
Reverse 5’ ​G​T​G​G​T​T​T​C​A​A​G​G​C​C​A​G​A​T​G​T 3’

Migration-promoting genes

CXCR4
Forward 5’ ​G​G​T​G​G​T​C​T​A​T​G​T​T​G​G​C​G​T​C​T 3’

227
Reverse 5’​T​G​G​A​G​T​G​T​G​A​C​A​G​C​T​T​G​G​A​G 3’

SDF1
Forward 5’ ​A​G​A​G​C​C​A​A​C​G​T​C​A​A​G​C​A​T​C​T 3’

223
Reverse 5’​G​G​G​C​A​G​C​C​T​T​T​C​T​C​T​T​C​T​T​C 3’

Osteogenic genes

RUNX2
Forward 5’ ​G​A​C​A​G​C​C​C​C​A​A​C​T​T​C​C​T​G​T​G 3’

159
Reverse 5’ ​C​C​G​G​A​G​C​T​C​A​G​C​A​G​A​A​T​A​A​T 3’

OSX
Forward 5’-​T​G​C​T​T​G​A​G​G​A​G​G​A​A​G​T​T​C​A​C-3’

114
Reverse 5’-​C​T​G​C​T​T​T​G​C​C​C​A​G​A​G​T​T​G​T​T-3’

OCN
Forward 5’ ​C​T​C​A​C​A​C​T​C​C​T​C​G​C​C​C​T​A​T​T 3’

245
Reverse 5’ ​T​C​A​G​C​C​A​A​C​T​C​G​T​C​A​C​A​G​T​C 3’

COL1A
Forward 5’-​C​C​T​G​G​A​T​G​C​C​A​T​C​A​A​A​G​T​C​T-3’

174
Reverse 5’-​A​A​T​C​C​A​T​C​G​G​T​C​A​T​G​C​T​C​T​C-3’

Endogenous control gene

GAPDH
Forward 5’ ​C​A​A​T​G​A​C​C​C​C​T​T​C​A​T​T​G​A​C​C 3’

159
Reverse 5’ ​T​T​G​A​T​T​T​T​G​G​A​G​G​G​A​T​C​T​C​G 3’

Table 1.  List of primers for qRT-PCR.
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Wound closer (%) =

(A0h − Axh

A0h

)
× 100

A0h = Area of the wound after scratching (t = 0 h).
Axh = Area of the wound at 6, 12, 24 h after the scratching.

Transwell migration assay
2 × 104 hP-MSCs were seeded in the upper chamber of a Transwell plate (8 µm pore size; Millipore, USA) in 
DMEM containing 5.5 mM D-glucose and 2% FBS. The lower chamber was filled with a complete medium 
supplemented with D-glucose to final concentrations of 10 mM, 25 mM, and 40 mM. After culture for 24 h, 
the membranes were fixed in 10% formaldehyde (Sigma-Aldrich, USA) for 15  min, and stained with 0.5% 
crystal violet for 20 min at room temperature. Subsequently, cells on the upper membrane surface were removed 
using a cotton swab, and migrated cells on the lower surface were visualized and quantified using an inverted 
microscope. For quantification, six random fields at 100 × magnification were analyzed to determine the number 
of migrated cells. Migration was calculated as follows26:

	
Migrated cells (%) =

(Number of cells on the lower surface
Number of seeded cells

)
× 100

Osteogenic differentiation assay
The osteogenic differentiation potential of hP-MSCs cultured in a complete medium supplemented with 
D-glucose to final concentrations of 10 mM, 25 mM, and 40 mM was determined on days 7, 14, 21, and 28 
using Alizarin Red S staining and qRT-PCR as above mentioned. In addition, an alkaline phosphatase (ALP) 
activity assay was also performed using a SensoLyte® pNPP ALP assay kit (AnaSpec, USA). Cells were lysed 
using a lysis buffer containing 0.1 M glycine (Bio-Rad, USA), 1% Nonidet P-40 (USB Chemical, USA), 1 mM 
MgCl2 (Sigma-Aldrich, USA) and 1 mM ZnCl2 (EMSURE®, Germany), pH 9.6, at 4 °C. Cell debris was removed 
by centrifugation at 12,000 g, 4 °C for 10 min, supernatants were collected and incubated with p-Nitrophenyl 
Phosphate (pNPP) at 37 °C for 30 min. Then, the stop solution was added and the plate was shaken on a plate 
shaker for 1  min. The absorbance of the yellow product was detected at 405  nm using a microplate reader. 
The ALP activity was determined by comparing the optical density (OD) of the samples with a standard curve 
generated from known concentrations of the ALP standard solution and then normalized to the concentration 
of total cellular protein.

Nanostring® nCounter assay
hP-MSCs were seeded at a density of 5 × 103 cells/cm2 and cultured in a complete medium containing 5.5 mM 
(control) and 25 mM glucose for 7 days. After treatment, total RNA was isolated using the PureLinkTM RNA 
Mini Kit (Ambion, USA). A total of 100  ng of RNA was used for nCounter analysis using the nCounter® 
metabolic pathways panel (NanoString Technologies, USA). An overnight hybridization process was performed 
at 65 °C with 50-base nCounter Reporter and Capture probes, and the samples were loaded into the nCounter 
Prep Station. A high-density scan (555 field of view) was then performed on the nCounter Digital Analyzer to 
enumerate individual fluorescent barcodes and quantify target RNA molecules. Gene expression analysis of 
768 genes was performed according to the manufacturer’s instructions on the Counter Flex system using the 
nSolver software v4.0. Gene expression was normalized by the geometric mean of 20 housekeeping genes, with a 
baseline subtraction threshold count value of 50. Differential expression analysis, using fold-change calculations, 
compared samples cultured in high glucose with the control. Raw p-values from these analyzes were used to 
assess differences in gene expression. Heatmaps and related data sets were generated through the nCounter 
Analysis and Advanced Analysis packages in nSolver 4.0 (NanoString Technologies, USA).

Statistical analysis
All statistical analyzes and data visualizations were performed using GraphPad Prism 10.0 software (GraphPad 
Software, USA). Comparisons between the different sample groups were evaluated using a one-way analysis of 
variance (ANOVA) with Turkey’s post hoc test. Each assay was performed in triplicate to ensure the accuracy 
and reproducibility of the results. Results with a p-value of less than 0.05 were considered statistically significant.

Results
Characteristic of hP-MSCs
hP-MSCs were isolated and characterized according to the standards recommended by the ISCT. On day 2 of 
culture, the isolated cells displayed a round morphology, with a small number of cells adhering to the culture 
surface. On day 14 of culture, the hP-MSCs exhibited an elongated shape and proliferated to form a confluent 
monolayer (Fig. 1A). hP-MSCs also exhibited a trilineage differentiation capacity toward osteoblasts, determined 
by Alizarin Red S staining, adipocytes, determined by Oil Red O staining, and chondrocytes, determined by 
Alcian blue staining (Fig. 1A). Furthermore, flow cytometry showed that more than 97% of hP-MSCs expressed 
typical MSC surface markers, CD73, CD90, and CD105, and did not express hematopoietic surface markers, 
CD34, CD45, and HLA-DR (Fig. 1B). These results indicated that these hP-MSCs exhibited all of the typical 
characteristics of the MSCs defined by the ISCT.

Effect of high glucose on the viability of hP-MSCs
To investigate the effect of high glucose on the survival of hP-MSCs, hP-MSCs were cultured in a complete 
medium containing four different concentrations of D-glucose (10 mM, 25 mM, and 40 mM), corresponding to 
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blood sugar levels common in diabetic patients, for 14 days. hP-MSCs cultured in a complete medium containing 
5.5 mM glucose, a blood sugar level found in healthy people, served as controls. The results of the MTT assay 
showed that D-glucose reduced hP-MSCs viability in a dose- and time-dependent manner (Fig.  2A,B). A 
significant reduction in the viability of hP-MSCs was observed on day 2 in 100  mM D-glucose, the highest 
glucose concentration initially examined (Fig.  2A). Although 100  mM D-glucose shows the highest level of 
negative impact, its effects could be caused by an increase in osmolarity rather than the direct effect of D-glucose, 
as demonstrated by a similar level of viability of hP-MSCs treated with the same concentration of mannitol 
(Fig. 2A). Therefore, D-glucose concentrations between 10 and 40 mM, which did not show a large osmolarity 
effect, were chosen for subsequent experiments.

Consistent with the MTT results, the growth kinetics revealed that D-glucose reduced growth rates and 
prolonged the doubling time of hP-MSCs compared to control (5.5  mM D-glucose) in a dose- and time-
dependent manner. D-glucose 40  mM had the most significant negative impact on the growth rate and the 

Fig. 1.  Characteristics of human placenta-derived mesenchymal stem cells (hP-MSCs). (A) Morphology 
and differentiation potential of hP-MSCs. (a, b) The morphology of hP-MSCs cultured in complete medium 
on day 2 and day 14. (c, d) hP-MSCs cultured in osteogenic differentiation medium after Alizarin Red S 
staining compared to the control group cultured in DMEM + 10% FBS. (e, f) hP-MSCs cultured in adipogenic 
differentiation medium after Oil Red O staining compared to the control group cultured in DMEM + 10% 
FBS. (g, h) hP-MSCs aggregate cultured in a chondrogenic differentiation medium after Alcian blue 
staining compared to the control group cultured in DMEM + 10% FBS. (B) Flow cytometry analysis showed 
the expression of typical MSC surface markers, CD73, CD90, CD105, and the absence of hematopoietic 
markers, CD34, CD45, and HLA-DR. Images (a, b, g, and h) were captured with a 10 × magnification. Scale 
bar = 200 µm; Images (c and d) were captured with 4 × magnification. Scale bar = 500 µm; Image e was captured 
with 20 × magnification. Scale bar = 100 µm; Image (f) was captured with 40 × magnification. Scale bar = 50 µm.
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doubling time of hP-MSCs (Fig. 2C,D). This finding demonstrated that prolonged exposure to high glucose has 
a cumulative negative effect on the growth and proliferation of hP-MSCs.

Effect of high glucose on stemness of hP-MSCs
To explore how high glucose levels affected stemness, typical characteristics for self-renewal and differentiation 
into various cell types, the expression of stemness-related genes was explored in hP-MSCs exposed to varying 
glucose concentrations, 10 mM, 25 mM and 40 mM, compared to control (5.5 mM). qRT-PCR revealed that 
high glucose conditions negatively impacted the stemness of hP-MSCs, as evidenced by the reduced expression 
of essential stemness-related genes, OCT4, SOX-2, and NANOG. This effect was dose-dependent, with higher 
glucose levels leading to greater suppression of self-renewal capacity. A noticeable reduction in OCT4 expression 
in hP-MSCs was detected across all tested glucose levels compared to the control (Fig. 2E). In particular, SOX-
2 and NANOG expression was observed to progressively diminish with increasing glucose levels relative to 
control conditions (Fig.  2F,G). The gradual decrease in expression suggested that high glucose levels have a 
dose-dependent suppressive effect on the self-renewal potential of hP-MSCs.

Fig. 2.  Effect of high glucose on the viability and growth kinetics of hP-MSCs. (A) The MTT assay showed 
the viability of hP-MSCs treated with 10—100 mM D-glucose for 14 days. hP-MSCs treated with the same 
concentration of mannitol served as an osmotic control. (B) Phase contrast micrographs of hP-MSCs treated 
with 10, 25, and 40 mM D-glucose compared to control (5.5 mM). (C) Growth kinetics of hP-MSCs treated 
with 10, 25, and 40 mM D-glucose compared to control (5.5 mM). (D) Population doubling (PD) time of hP-
MSCs treated with 10, 25, and 40 mM D-glucose compared to control (5.5 mM). (E–G) Quantitative real-time 
RT-PCR analysis demonstrated the expression of stemness genes in hP-MSCs cultured under varying high 
glucose conditions for 7 days. Normalization of expression levels was conducted relative to GAPDH. Data are 
presented as mean ± SEM from three independent experiments conducted in triplicate. *p < 0.05 compared to 
the control. Images B were captured with a 10 × magnification. Scale bar = 100 µm.
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Effect of high glucose on the cell cycle distribution of hP-MSCs
To confirm the inhibitory effect of high glucose on hP-MSCs proliferation, we performed a cell cycle analysis 
of hP-MSCs treated with 10 mM, 25 mM, and 40 mM D-glucose for 7 days. The results showed that D-glucose 
inhibited the progression of the hP-MSCs cell cycle in a dose-dependent manner, determined by a significant 
increase in the percentages of cells in the G0/G1 phase and a decrease in the percentages of cells in both the S 
and G2/M phases compared to the control (5.5 mM D-glucose) (Fig. 3A,B). D-glucose also significantly reduced 
the proliferation index, a ratio of actively dividing cells in S and G2/M to total cells, in a dose-dependent manner 
(Fig. 3C; Table 3).

Consistent with its negative effect on cell cycle progression, D-glucose significantly reduced CCND1 gene 
expression, a critical regulator of the G1/S transition, and LMNB1, a gene associated with the proliferative state 
in hP-MSCs, in a dose-dependent manner (Fig. 3D,E). These findings suggested that high glucose inhibits the 
cell cycle progression of hP-MSCs, possibly by down-regulating the expression of proliferation-promoting genes, 
such as CCND1 and LMNB1, in these cells.

D-glucose concentration G0/G1 (%) S (%) G2/M (%) Proliferative index (%)

5.5 mM 61.14 ± 2.08 23.11 ± 3.33 14.39 ± 2.85 38.01 ± 2.75

10 mM 73.75 ± 0.90 15.90 ± 2.09 10.08 ± 1.49 26.05 ± 1.49

25 mM 82.81 ± 2.88 10.11 ± 2.74 6.59 ± 0.67 16.78 ± 2.10

40 mM 84.74 ± 3.53 9.87 ± 2.60 4.93 ± 1.36 14.86 ± 2.50

Table 3.  Cell cycle distribution and proliferation index of hP-MSCs cultured under high glucose conditions 
compared to the control. Data are presented as mean ± SEM.

 

Fig. 3.  Effect of high glucose on the cell cycle progression of hP-MSCs. (A) Flow cytometric analysis of cell 
cycle progression of hP-MSCs treated with 10, 25, and 40 mM D-glucose for 7 days compared to control 
(5.5 mM). (B) Representative histograms show the percentage of hP-MSCs in each phase of the cell cycle. (C) 
Proliferative index of hP-MSCs treated with 10, 25, and 40 mM D-glucose for 7 days compared to control 
(5.5 mM). (D, E) Graphs show the relative mRNA expression levels of proliferation-promoting genes, CCND1 
and LMNB1, in hP-MSCs treated with 10, 25, and 40 mM D-glucose for 7 days compared to control (5.5 mM). 
Data are presented as mean ± standard error of the mean (SEM) from three independent experiments. *p < 0.05 
compared to control (5.5 mM). **p < 0.01 compared to control (5.5 mM).
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Effect of high glucose on hP-MSCs senescence
To investigate whether the reduced proliferative capacity of hP-MSCs in high glucose is caused by replicative 
senescence, we determined the percentages of senescence cells by SA-β-gal staining and the expression levels 
of genes related to senescence. The results showed that exposure to 25 mM and 40 mM D-glucose significantly 
increases the percentage of SA-β-gal-positive hP-MSCs compared to the control (hP-MSCs treated with 5.5 mM 
D-glucose) (Fig. 4A,B).

Consistent with this, the gene expression analysis also showed that 25  mM and 40  mM D-glucose 
significantly increased the expression levels of senescence-associated genes, p16, p21, and p53, in hP-MSCs 
compared to the control (Fig. 4C–E). The effect of high glucose on the increased expression of p16, p21, and 
p53 genes was confirmed by western blot analysis showing that 25  mM and 40  mM D-glucose significantly 
increased the levels of these three senescence-associated proteins in hP-MSCs compared to the control (Fig. 5A 
and Supplementary Fig. 1–5). In addition to the increase in senescence-associated proteins, 25- and 40-mM 
D-glucose also significantly decreased the levels of Cyclin D1 and Sirtuin 1 (Sirt1) proteins, which promote 
growth, proliferation, and longevity, in hP-MSCs (Fig. 5B).

Collectively, these findings suggested that high glucose induces senescence in hP-MSCs by increasing the 
expression of various senescence-associated proteins while suppressing the expression of Cyclin D1 and Sirt1 
proteins, which promote growth, proliferation, and longevity, in these cells.

Effect of high glucose on hP-MSCs migration
To investigate whether high glucose affects other functional properties of hP-MSCs, we determined the effect 
of high glucose on the migration of hP-MSCs using scratch wound healing and transwell migration assays. The 
results show that 10 mM, 25 mM, and 40 mM D-glucose significantly decreased the migration of hP-MSCs, 
determined by delayed wound closure in the scratch wound healing assay (Fig. 6A,C) and a reduced number 
of migratory cells in the transwell migration assay (Fig. 6B,D), compared to the control (5.5 mM) in a dose-
dependent manner. Consistent with these results, the gene expression study also showed that 10 mM, 25 mM, 
and 40 mM D-glucose significantly decreased the expression levels of the SDF1 and CXCR4 genes, which have 

Fig. 4.  Effect of high glucose on hP-MSCs senescence. (A) Representative micrographs of senescence-
associated β-galactosidase (SA-β-gal) staining of hP-MSCs treated with 10, 25, and 40 mM D-glucose for 
7 days compared to control (5.5 mM). (B) Graphs show the percentages of SA-β-gal-positive hP-MSCs after 
treatment with 10, 25, and 40 mM D-glucose for 7 days compared to control (5.5 mM). (C–E) Graphs show the 
relative mRNA expression levels of senescence-associated genes (p16, p21, and p53) in hP-MSCs treated with 
10, 25, and 40 mM D-glucose for 7 days compared to control (5.5 mM). Data are presented as mean ± standard 
error of the mean (SEM) from three independent experiments. *p < 0.05 denoting statistical significance 
relative to control (5.5 mM). Images A were captured with a 10 × magnification. Scale bar = 100 µm.
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Fig. 6.  Effect of high glucose on hP-MSCs migration. (A) Representative micrographs show the migration 
of hP-MSCs treated with 10, 25, and 40 mM D-glucose compared to control (5.5 mM) at 0, 6, 12, and 24 h, 
determined by scratch wound healing assays. (B) Representative micrographs show the migration of hP-MSCs 
treated with 10, 25, and 40 mM D-glucose compared to control (5.5 mM) at 16 h, determined by transwell 
migration assays. (C) Graphs show the percentages of wound closure of hP-MSCs treated with 10, 25, and 
40 mM D-glucose compared to control (5.5 mM). (D) Graphs show the number of migrated hP-MSCs treated 
with 10, 25, and 40 mM D-glucose compared to control (5.5 mM), determined by transwell migration assays. 
(E, F) The graphs show the relative expression levels of the migration-promoting genes, SDF1 and CXCR4, in 
hP-MSCs treated with 10, 25, and 40 mM D-glucose compared to the control (5.5 mM). Data are presented as 
means ± SEM from three independent experiments. *p < 0.05 compared to the control. Images A and B were 
captured with a 10 × magnification. Scale bar = 100 µm.

 

Fig. 5.  Effect of high glucose on the expression levels of senescent-associated proteins. (A) Western blot shows 
the levels of proteins involved in cell cycle regulation (Cyclin D1, Sirt1) and senescence (p16, p21 and p53) 
in hP-MSCs treated with 10, 25, and 40 mM D-glucose for 7 days compared to control (5.5 mM). (B) Graphs 
show the levels of Cyclin D1, Sirt1, p16, p21, and p53 in hP-MSCs treated with 10, 25, and 40 mM D-glucose 
for 7 days compared to control (5.5 mM). Data are presented as mean ± standard error of the mean (SEM) of 
three independent experiments. *p < 0.05 compared to control (5.5 mM).
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been shown to promote MSC migration (Fig.  6E,F). These results suggested that high glucose levels inhibit 
hP-MSC migration, possibly by suppressing the expression of migration-promoting genes, such as SDF1 and 
CXCR4.

Effect of high glucose on osteogenic differentiation of hP-MSCs
Next, we investigate the effects of high glucose on osteogenic differentiation of hP-MSCs. The results showed that 
25 mM and 40 mM D-glucose significantly decreased the osteogenic differentiation of hP-MSCs, determined by 
reduced levels of Alizarin Red S staining (Fig. 7A,C) and ALP activity (Fig. 7B), compared to the control (5.5 mM 

Fig. 7.  Effect of high glucose on osteogenic differentiation of hP-MSCs. (A) Representative micrographs 
show the extent of Alizarin Red S staining in hP-MSCs treated with 10, 25, and 40 mM D-glucose at days 
7, 14, 21 and 28 of osteogenic differentiation compared to control (5.5 mM). (B) Graphs show the alkaline 
phosphatase (ALP) activity of hP-MSCs treated with 10, 25, and 40 mM D-glucose at days 7, 14, 21, and 28 of 
osteogenic differentiation compared to control (5.5 mM). (C) Graphs show the levels of Alizarin Red S staining 
of hP-MSCs treated with 10, 25, and 40 mM D-glucose at days 7, 14, 21, and 28 of osteogenic differentiation 
compared to control (5.5 mM). (D–G) Graphs show the relative mRNA expression levels of osteogenic genes, 
RUNX2, OSX, OCN and COL1A, in hP-MSCs treated with 10, 25, and 40 mM D-glucose at days 7, 14, 21 and 
28 of osteogenic differentiation compared to control (5.5 mM). Data are presented as the mean ± SEM of three 
independent experiments. *p < 0.05 compared to control (5.5 mM). **p < 0.01 compared to control (5.5 mM).
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D-glucose) in a dose-dependent manner. Consistent with these results, D-glucose also significantly decreased 
the expression of osteogenic genes, RUNX2, OSX, OCN, and COL1A, in hP-MSCs compared to controls in 
a dose-dependent manner (Fig.  7D–G). These findings suggested that high glucose levels inhibit osteogenic 
differentiation of hP-MSCs, possibly by suppressing the expression of osteogenic genes, such as RUNX2, OSX, 
OCN, and COL1A, in these cells.

Effect of high glucose on the expression of genes involved in DNA repair, oxidative stress 
response, and autophagy in hP-MSCs
To investigate signaling pathways affected by high glucose levels, a Nanostring® nCounter assay was used 
to determine the alteration in the expression levels of 725 target genes in hP-MSCs. Hierarchical clustering 
indicated that 25 mM D-glucose significantly altered the expression of 59 genes in hP-MSCs compared to the 
control (Fig. 8). These genes included key ligands, receptors and modulators of pathways associated with cell 
cycle control, autophagy, DNA damage repair, ROS response, and metabolic pathways such as PI3K and mTOR 
signaling (Fig.  8C). In which, high glucose increased the expression of several genes involved in glutamine 
metabolism, DNA damage repair, and extracellular matrix-related genes including fms-related receptor tyrosine 

Fig. 8.  NanoString nCounter analysis shows the effect of high glucose on the gene expression profile of 
hP-MSCs. (A) Heatmap of the hierarchical cluster analysis shows the gene expression profiles of hP-MSCs 
treated with 25 mM D-glucose for 7 days compared to control (5.5 mM). (B) Volcano plot shows genes that are 
upregulated under high glucose conditions. Notable examples include FLT1, ITGA11, VEGFA, and COL6A1, 
which are involved in glutamine metabolism and DNA damage repair. Data represent fold changes determined 
by NanoString nCounter analysis, with p-values indicating statistical significance compared to the control 
(5.5 mM). (C) Gene enrichment analysis shows significantly up- and down-regulated genes under high glucose 
conditions.
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kinase 1 (FLT1), the alpha-11 integrin (ITGA11), vascular endothelial growth factor A (VEGFA) and collagen 
type VI alpha 1 chain (COL6A1) (Fig.  8C; Table 4 and Supplementary Table 1). Furthermore, high glucose 
also suppressed the expression of genes associated with cell cycle regulation, lysosomal degradation and DNA 
damage repair, including interferon regulatory factor 1 (IRF1), Fanconi anemia, complementation group I 
(FANCI), and endonuclease specific to the essential structure of meiotic (EME1) in hP-MSCs (Fig. 8C; Table 4 
and Supplementary Table 1). These findings suggested that a high glucose level significantly affects multiple 
signaling pathways, particularly those involved in cellular senescence, autophagy, and oxidative stress in hP-
MSCs.

Discussion
Although chronic hyperglycemia is recognized as an important contributor to chronic inflammation, oxidative 
stress, and organ dysfunction, which causes serious complications in type 2 diabetes19 and the aging process16, 
its effects on MSC functions remain underexplored. MSCs were isolated from human placenta and characterized 
according to the International Society for Cell & Gene Therapy (ISCT) guidelines. All three differentiation 
potentials were conducted under normal glucose conditions to confirm MSC characteristics. The effects of 
high glucose on the proliferation, migration, and osteogenic differentiation of hP-MSCs were investigated 
using glucose concentrations of 10  mM, 25  mM, and 40  mM. 5.5  mM (100  mg/dL) D-glucose represents a 
normal blood glucose level, while 10 mM (180 mg/dL) D-glucose represents a level of blood glucose in diabetic 
patients with good glycemic control, which allows us to investigate how hP-MSCs respond to mild disturbances 
in glucose metabolism. 25 mM (450 mg/dL) D-glucose represents a level of blood glucose in diabetic patients 
with poor glycemic control, allowing us to investigate the response of hP-MSCs under conditions that induced 
long-term diabetic complications. The highest concentration of 40 mM (720 mg / dL) of D-glucose represents a 
level of blood glucose in diabetic patients during acute diabetic crises, such as diabetic hyperosmolar syndrome, 
which allows us to investigate the effects of extremely high glucose on hP-MSCs. Using this range of glucose 
concentrations, our objective is to investigate how varying levels of hyperglycemia affect the proliferation, 
migration, and osteogenic differentiation of hP-MSCs, which could improve our understanding of the 
mechanisms underlying hyperglycemic-induced diabetic complications.

Our results revealed that high glucose reduced viability, decreased growth rates, and prolonged the doubling 
time of hP-MSCs in a dose- and time-dependent manners, which is similar to previous studies showing that 
high glucose impairs the growth of various stem cell populations14,18. High glucose suppressed the expression 
of stemness markers such as OCT4, SOX2, and NANOG. Specifically, OCT4 expression decreased progressively 
under high glucose conditions, particularly at 40 mM glucose. The significant reductions in SOX2 and NANOG 
mRNA levels at high glucose concentrations further underscore this trend. Previous studies have highlighted the 
interdependence of OCT4 and SOX2 in maintaining stemness, with OCT4 being linked to increased osteogenic 
marker expression in MSCs derived from human adipose tissue32. Furthermore, upregulation of OCT4 and 
NANOG has been associated with enhanced trilineage differentiation potential and proliferation, indicating 
their crucial role in preserving MSC characteristics33. SOX2 is essential for maintaining both the proliferation 

Gene Gene description Fold Change P-value

Down-regulated genes compared to control

SOD2- Superoxide dismutase 2 − 2.09 0.035

IRF1 Interferon regulatory factor 1 − 1.81 0.003

HMOX1 Heme oxygenase 1 − 1.48 0.016

ASS1 Argininosuccinate synthase 1 − 1.02 0.036

RBKS Ribokinase − 1 0.029

ODC1 Ornithine decarboxylase 1 − 0.988 0.055

EME1 Essential meiotic structure-specific endonuclease 1 − 0.906 0.037

FANCA Fanconi anemia complementation group A − 0.853 0.037

LEPR Leptin receptor − 0.842 0.024

FANCI FA complementation group I − 0.841 0.053

Up-regulated genes compared to control

FLT1 fms related receptor tyrosine kinase 1 4.74 0.027

ITGA11 Integrin, alpha 11 2.77 0.011

ASNS Asparagine synthetase 2.14 0.048

VEGFA Vascular endothelial growth factor A 1.84 0.041

PHGDH Phosphoglycerate dehydrogenase 1.61 0.039

PDK1 Pyruvate dehydrogenase kinase 1 1.44 0.053

COL6A1 Collagen, type VI, alpha 1 1.39 0.041

GADL1 Glutamate decarboxylase like 1 1.3 0.029

COL4A1 Collagen, type IV, alpha 1 1.26 0.050

INRS Insulin receptor 1.22 0.034

Table 4.  Fold change in gene expression in hP-MSCs under high glucose conditions.
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and osteogenic differentiation capabilities of MSCs. For instance, human BM-MSCs expressing SOX2 established 
improved proliferation and osteogenic differentiation potential when cultured with basic fibroblast growth 
factor34. In contrast, SOX2-knockout MSCs exhibited a senescent phenotype, leading to impaired colony-
forming ability35. We also showed that high glucose reduced hP-MSCs proliferation by inhibiting its cell cycle 
progression, possibly by downregulating the expression of CCND1, LMNB1, and SIRT1, which promote cell 
growth, proliferation, and cellular longevity36,37.

Furthermore, high glucose also induces replicative senescence in hP-MSCs, characterized by an increase in 
β-galactosidase-positive cells and an increase in the expression of several senescence-associated proteins, p16, 
p21, and p53. Our finding is consistent with previous studies showing that high glucose (25–40 mM D-glucose) 
increased levels of p16, p21, and p53 proteins in human renal tubular epithelial cells and endothelial cells38,39, and 
another study showing that umbilical cord-derived MSCs (UC-MSCs) isolated from patients with gestational 
diabetes mellitus (GDM) exhibit accelerated senescence and express higher levels of p53 and p1640. Our study 
supports findings of previous studies showing that high glucose induces senescence in several types of cells18,19,41 
by activating the p53 and pRb pathways, which up-regulates cyclin-dependent kinase inhibitors, p21 and p16, 
causing cell cycle arrest42,43.

In addition to its effect on cell proliferation, high glucose also negatively affects the function of hP-MSCs 
by reducing their migration capacity, possibly through downregulation of the migration-promoting CXCR4 
and SDF1 genes44–46. Although some previous studies indicated that high glucose promotes migration of some 
cancer cells47, our results are consistent with other studies showing that high glucose reduces migration of neural 
crest cells and rat BM-MSCs41,48. The discrepancy is probably caused by differences in the cell types used in 
each study. Furthermore, high glucose levels also inhibit osteogenic differentiation of hP-MSCs, possibly by 
suppressing the expression of osteogenic genes, RUNX2, OSX, OCN, and COL1A, which play a significant role 
in the osteogenic differentiation process49,50. These results are consistent with previous studies showing that 
high glucose inhibits osteogenic differentiation and matrix mineralization of BM-MSCs, UC-MSCs and human 
dental pulp stem cells13,15,51.

Our high-throughput gene expression analysis using Nanostring® nCounter assay also showed that high 
glucose decreased the expression of genes involved in DNA damage repair (FANCI, EME1 and FANCA), 
oxidative stress response (SOD2 and HMOX1), and autophagy52 in hP-MSCs. Down-regulation of these genes 
could increase the susceptibility of hP-MSCs to DNA damage and oxidative stress that could result in reduced 
proliferation, increased senescence, and increased apoptosis53. Furthermore, high glucose also increased the 
expression of genes involved in inflammation and immune responses, such as FLT1, ITGA11, and VEGFA, and 
the matrix-related gene COL6A1, which has been shown to promote cellular senescence and tissue fibrosis54,55.

The findings from this study enhance the current understanding of the effects of high glucose exposure by 
integrating gene expression analysis through Nanostring technology. This approach elucidates the metabolic 
pathways influenced by elevated glucose levels. Furthermore, it highlights the transcriptional and translational 
regulation of senescence markers, thereby providing a deeper insight into the dysfunction of MSCs in 
hyperglycemic conditions. These results lay the groundwork for developing targeted strategies to mitigate high 
glucose-induced MSC dysfunction and its implications for degenerative diseases in the future.

Conclusions
This study elucidates the profound impact of high glucose levels on the functionality of hP-MSCs. Our findings 
demonstrate that elevated glucose concentrations significantly impair hP-MSCs proliferation, induce replicative 
senescence, and hinder both migration and osteogenic differentiation. These effects are mediated through 
alterations in gene expression, including the downregulation of proliferation-related genes and the upregulation 
of senescence markers. Additionally, high glucose influences a range of genes associated with inflammation, 
DNA repair, autophagy, and oxidative stress response. Collectively, these insights underscore the critical 
implications of hyperglycemia for the therapeutic potential of hP-MSCs in regenerative medicine, particularly 
in the context of diabetes and related metabolic disorders. Understanding these mechanisms may help create 
strategies to enhance the efficacy of hP-MSCs in clinical applications. Although beyond the scope of the present 
study, we suspect that high glucose could also affect the adipogenic and chondrogenic differentiation of MSCs 
and plan to study the effect of high glucose on these aspects to improve our understanding of the complex effects 
of hyperglycemia on mesenchymal stem cells in the future.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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