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Metformin combats high glucose‑induced 
damage to the osteogenic differentiation 
of human periodontal ligament stem cells 
via inhibition of the NPR3‑mediated MAPK 
pathway
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Abstract 

Background:  High glucose-induced damage to the osteogenic differentiation of human periodontal ligament stem 
cells (PDLSCs) has long been a challenge to periodontal regeneration for diabetic individuals. Metformin is an anti-
hyperglycemic drug that exhibits abundant biological activities associated with cell metabolism and downstream 
tissue regeneration. However, how metformin combats damage to PDLSC osteogenic differentiation under high 
glucose and the underlying mechanisms remain unknown.

Methods:  Osteogenic differentiation of PDLSCs was assessed by alkaline phosphatase (ALP) staining, ALP activity, 
Alizarin Red staining and quantitative assay, quantitative real-time polymerase chain reaction (qRT-PCR) and Western 
blot analysis. RNA-seq analysis was performed to screen target genes of metformin, and the effects of target genes 
were confirmed using lentivirus transfection. Western blot analysis was also used to detect the protein level of under‑
lying signaling pathways.

Results:  We found that osteogenic differentiation of PDLSCs under high glucose was decreased, and metformin 
addition enhanced this capacity of differentiation. Furthermore, the results of RNA-seq analysis showed that natriu‑
retic peptide receptor 3 (NPR3) was upregulated in PDLSCs under high glucose and downregulated after metformin 
addition. When the underlying pathways involved were investigated, we found that upregulation of NPR3 can com‑
promise the metformin-enhanced PDLSC osteogenic differentiation and activate the MAPK pathway (especially the 
p38 MAPK and Erk1/2 pathway), and that inhibition of the NPR3-mediated p38 MAPK or Erk1/2 pathway enhanced 
the osteogenic differentiation of PDLSCs under high glucose.
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Background
Periodontal disease constitutes a group of chronic 
inflammatory processes characterized by destruction of 
supporting structures of teeth [1]. This disease has been 
linked to more than 50 systemic diseases, mainly includ-
ing cardiovascular disease and diabetes mellitus [2, 3]. 
In particular, periodontal disease has been recognized 
as one of the most prevalent complications of diabetes 
mellitus [4]. Compared to individuals without diabetes, 
patients with diabetes are more susceptible to periodon-
tal disease, and the damage caused by periodontal disease 
could possibly be exacerbated in these patients [5, 6]. In 
addition, evidence has suggested that the hyperglycemic 
environment in diabetic patients leads to delayed peri-
odontal wound healing and impaired tissue regeneration 
[7–9]. Therefore, it is essential to enhance our knowledge 
about the impact of diabetes on periodontal disease and 
indeed to identify new agents that can promote peri-
odontal regeneration in diabetic individuals.

Mesenchymal stem cells (MSCs) are multipotent 
somatic stem cells that can be isolated from a variety of 
human tissues, including bone marrow, adipose tissue 
and periodontal ligament (PDL) [10]. These cells have 
become promising candidates for tissue engineering and 
regenerative medicine [11]. Periodontal ligament stem 
cells (PDLSCs) are important sources of MSCs that can 
be isolated from PDL tissues without significant safety or 
ethical concerns [12]. Moreover, PDLSCs isolated from 
periodontal ligament tissues can still survive, proliferate 
and form periodontal ligament-like tissues after in  vivo 
transplanted [13, 14]. With their advantage of multiline-
age differentiation, PDLSCs are becoming an attractive 
option for regeneration of destroyed periodontal tissues 
[15]. However, high glucose-induced damage to PDLSCs 
presents a major challenge to their applications in dia-
betic individuals [16]. Accumulating evidence indicates 
that PDLSCs incubated in high glucose exhibit impaired 
stem cell performance, including reduced proliferation 
and multilineage differentiation potentials, which would 
compromise the therapeutic effect of these cells [17, 18]. 
Therefore, enhancing the stemness of PDLSCs under 
high glucose is important for periodontal tissue regenera-
tion in diabetic individuals.

Metformin is a first-line drug extensively used for 
the treatment of diabetes [19]. In addition to its hypo-
glycemic effect, metformin also possesses anti-aging, 
anti-inflammatory and immunoregulatory activities, 
indicating that this drug has great potential for the treat-
ment of other disorders [20–22]. In recent years, the 
number of studies focusing on the role of metformin in 
the treatment of MSCs has been increasing. This drug has 
been reported to improve cellular proliferation and mul-
tilineage differentiation potentials in vitro and to enhance 
the survival of stem cells in vivo [23–25]. In addition, sev-
eral studies have also demonstrated that metformin treat-
ment can rescue the reduced differentiation potential of 
rat adipose-derived stem cells under high glucose [26]. 
However, how metformin combats damage to PDLSC 
osteogenic potential under high glucose and the underly-
ing mechanisms remain unknown.

In this study, we hypothesize that metformin may con-
fer a protective effect on the osteogenic differentiation of 
PDLSCs under high glucose. To test our hypothesis, we 
first measured the osteogenic differentiation of PDLSCs 
under normal or high glucose. Next, metformin was 
added to the culture medium to investigate its biologi-
cal function in PDLSC osteogenic differentiation under 
high glucose. Furthermore, we screened and identified 
the potential genes and signaling pathways involved in 
metformin-mediated PDLSC osteogenic differentiation. 
Our findings will provide new insight into the regulation 
of cellular osteogenic differentiation under high glucose, 
which is beneficial for optimizing current or developing 
new regenerative paradigms for diabetic individuals.

Methods
Isolation and culture of PDLSCs
Human PDL tissue samples were obtained from third 
molars or teeth extracted for orthodontic reason. Writ-
ten informed consent was provided by all donors (n = 5, 
3 males and 2 females, aged 18–24  years), and the sub-
sequent studies were approved by the Ethics Committee 
of the School of Stomatology, Fourth Military Medical 
University, Xi’an, Shaanxi, China. In summary, freshly 
extracted teeth were washed using cold phosphate-buff-
ered saline (PBS; Corning, New York, USA), and gingival 

Conclusions:  The present study suggests that metformin may enhance the osteogenic differentiation of PDLSCs 
under high glucose via downregulation of NPR3 and inhibition of its downstream MAPK pathway. This is the first 
report identifying the involvement of NPR3-mediated MAPK pathway in the metformin-enhanced osteogenic dif‑
ferentiation, indicating that NPR3 antagonists, such as metformin, may be feasible therapeutics for periodontal tissue 
regeneration in diabetic individuals.
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tissue was excluded. PDL tissues were scraped from the 
middle third of the root surface and cut into small pieces 
(approximately 1 mm3). Next, the periodontal samples 
were digested by type I collagenase (Sigma-Aldrich, St. 
Louis, USA) for 45 min in dark. After digestion, the PDL 
tissues were resuspended in complete Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco, New York, USA) 
supplemented with 10% (v/v) fetal bovine serum (FBS; 
Sijiqing, Hangzhou, China), 1% penicillin (Invitrogen, 
Carlsbad, CA, USA) and streptomycin (Invitrogen). The 
PDL tissues were finally transferred to a 6-well culture 
plate (Invitrogen) and cultured at 37  °C in a humidified 
atmosphere of 95% air and 5% CO2. The medium was 
exchanged every 2  days. These cells were recognized as 
P0 cells. When these P0 cells reached 80–90% conflu-
ence, they were digested and seeded in 100-mm-diame-
ter culture dishes (Invitrogen). The cells cultured in the 
dishes were recognized as P1 cells. Then, these cells were 
cultured and passaged when they reached 80–90% con-
fluence until P4. To eliminate the individual differences 
in cells from different donors, P4 cells from the same 
donors were labeled and cryopreserved in liquid nitro-
gen using CELLSAVING (New Cell & Molecular Biotech, 
Suzhou, China) and thawed at the same time for cellular 
identification and further experiments.

Flow cytometry analysis
Flow cytometry analysis was conducted to identify the 
immunophenotypes of PDLSCs. In brief, P4 cells from 
the five donors were collected and then transferred into 
sterile Eppendorf tubes (Invitrogen) at 5 × 105 cells per 
tube. The cells were incubated with monoclonal antibod-
ies against human CD73, CD90, CD105, CD146, CD11b, 
CD19, CD31, CD34, CD45 and HLA-DR (all from eBio-
science, San Diego, USA) according to the ISCT defini-
tion of MSCs and previous studies [27–29]. Cells without 
antibodies served as the blank control. After labeling for 
1 h in dark, the PDLSCs were washed and resuspended 
with PBS. These procedures were performed on ice. The 
immunophenotypes of these cells were assessed with a 
Beckman Coulter Epics AL cytometer (Beckman Coun-
ter, Fullerton, USA).

Colony‑forming unit (CFU) assay
To assess colony-forming efficiency of PDLSCs, P4 
cells were seeded in 100-mm-diameter culture dishes 
at 1 × 103 cells/dish. The medium was exchanged every 
2  days. After 14  days of cultivation, the cells were fixed 
using 4% paraformaldehyde (Invitrogen) for 30 min and 
then stained with 0.1% toluidine blue (Sigma-Aldrich) 
for 20  min. Cell colonies were photographed with an 
inverted microscope (Olympus Optical, Tokyo, Japan). 

Cell aggregates containing more than 50 cells were recog-
nized as colonies.

Cell Counting Kit‑8 (CCK‑8) assay
Proliferation ability of PDLSCs was measured with Cell 
Counting Kit-8 assay. P4 cells were seeded in 96-well cul-
ture plates (Invitrogen) at a density of 1 × 103. After 24 h 
of cell adhesion, 200 μL medium with 20 μL CCK-8 rea-
gent (Invitrogen) was added to the test wells. The plate 
was then incubated at 37  °C for 2  h. After incubation, 
absorbance at 450  nm was detected with a microplate 
reader (TECAN, Männedorf, Switzerland) to measure 
the proliferation capacity of PDLSCs. During the 8-day 
culture, all procedures mentioned were performed at 
proscribed time points every day.

Osteogenic differentiation assay
For osteogenic induction, P4 cells were seeded in 6-well 
plates at a density of 1 × 105 until 70–80% confluence. 
Cells were then cultured with osteo-inductive medium: 
complete DMEM or high glucose (25  mmol/L) DMEM 
(Gibco) supplemented with 10% (v/v) FBS, 1% penicillin 
and streptomycin, 50 μg/mL vitamin C (Sigma-Aldrich), 
10  nM dexamethasone (Sigma-Aldrich) and 10  mM 
β-glycerophosphate (Sigma-Aldrich). The medium was 
exchanged every 2 days.

Alkaline phosphatase (ALP) staining was performed 
after osteogenic induction for 7  days. PDLSCs were 
stained using a BCIP/NBT ALP Color Development kit 
(Biotime, Shanghai, China) and then observed and photo-
graphed with an inverted microscope. ALP activity meas-
urement was performed using an ALP assay kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). 
Alizarin Red staining (Sigma-Aldrich) was conducted 
after osteogenic induction for 21  days. PDLSCs were 
fixed using 4% paraformaldehyde (Invitrogen) for 30 min. 
Calcium deposits were stained and then observed and 
photographed with an inverted microscope. The stained 
areas were then dissolved in 6% cetylpyridine (Sigma-
Aldrich) for 15 min, and the absorbance at 560 nm was 
assessed using a microplate reader for quantitative assay.

Adipogenic differentiation assay
For adipogenic induction, P4 cells were seeded in 
6-well plates at a density of 1 × 105 until 80–90% con-
fluence. Cells were then cultured with adipo-inductive 
medium (Cyagen, Guangzhou, China). The medium was 
exchanged every 2 days.

Oil red O staining (Sigma-Aldrich) was performed 
after adipogenic induction for 21  days. PDLSCs were 
fixed using 4% paraformaldehyde (Invitrogen) for 30 min. 
Lipid droplets were stained and then observed and pho-
tographed with an inverted microscope. The stained 
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areas were then dissolved in isopropanol (Sigma-Aldrich) 
for 15 min, and the absorbance at 560 nm was measured 
using a microplate reader for quantitative assay.

Chondrogenic differentiation assay
For chondrogenic induction, P4 cells were collected 
in 15-mL centrifuge tubes (Invitrogen) at a density of 
2 × 105 cells/tube. The cells were washed with PBS and 
then resuspended in chondro-inductive medium (Cya-
gen). After 24 h, cell spheres were visible at the bottom of 
the tubes. The medium was exchanged every 2 days.

According to studies reported [30], Alcian blue staining 
was performed after chondrogenic induction for 21 days 
to measure the chondrogenic differentiation ability of 
PDLSCs.

Selection of the optimal concentration of metformin
To select the optimal concentration of metformin 
(Sigma-Aldrich), the toxic and protective effects of met-
formin were assessed by CCK-8 assay. For toxic effect, 
PDLSCs were seeded in 96-well culture plates at a den-
sity of 5 × 103 with different concentrations of metformin 
(0, 10, 100, 500 and 1000  µM). Cell viability was meas-
ured at 6, 12, 24, 48 and 72 h later. For protective effect, 
PDLSCs were seeded in 96-well culture plates at a den-
sity of 1 × 103 with the aforementioned concentrations 
of metformin. Cell viability was measured daily during 
the 6-day culture period. Accordingly, concentrations of 
metformin that induced cell toxicity were excluded. Ulti-
mately, a concentration that conferred the maximal pro-
tective effect was selected.

RNA‑seq analysis
RNA-seq analysis was performed to detect differentially 
expressed genes in PDLSCs cultured in different osteo-
inductive mediums. In brief, total RNA was extracted 
using a TRIzol reagent kit (Invitrogen). RNA quality 
was assessed using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, USA) and verified using RNase-
free agarose gel electrophoresis. Then, eukaryotic mRNA 
was enriched with Oligo (dT) beads, and total RNA was 
fragmented into short fragments using fragmentation 
buffer and reversely transcribed into cDNA with random 
primers. Second-strand cDNA was synthesized by DNA 
polymerase I, RNase H, dNTP and buffer. The cDNA 
fragments were purified with a QiaQuick PCR extrac-
tion kit (Qiagen, Venlo, The Netherlands), and then, the 
ends were repaired, and poly(A) was added. The frag-
ments were ligated to Illumina sequencing adapters. 
Desired genes were selected and compared to determine 
changes in the expression levels of relevant genes. After 
purification, cDNA fragments were sequenced using an 

Illumina Novasqr6000 by Gene Denovo Biotechnology 
Co (Guangzhou, China).

Lentivirus transfection
Lentivirus transfection was performed to stably upregu-
late the expression of natriuretic peptide receptor 3 
(NPR3) in PDLSCs. In brief, PDLSCs were cultured in 
6-well plates at a density of 1 × 105 until 40 ~ 50% conflu-
ence. Then, the cells were transfected with NPR3-overex-
pression lentivirus (NM_001204375.2) in the presence of 
polybrene (GenePharma, Shanghai, China). Cells trans-
fected with LV5 lentiviral vector were used as negative 
controls. The medium was exchanged 24 h after transfec-
tion. NPR3-overexpression lentivirus as well as LV5 len-
tiviral vector were packaged by GenePharma (Shanghai, 
China).

The transfection efficiency of the lentiviral vector was 
confirmed using phase contrast and fluorescence micros-
copy; and the efficiency of lentivirus-mediated upregu-
lation of NPR3 expression was confirmed by qRT-PCR, 
Western blot analysis and immunofluorescence staining.

Enzyme‑linked immunosorbent assay (ELISA)
After 7 days of osteogenic induction, the culture medium 
was collected and centrifuged to remove the cells and 
debris. The concentrations of C-type natriuretic pep-
tide (CNP) secreted into the cell culture supernates were 
detected with an ELISA kit (Rebiosci, Shanghai, China).

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)
Quantitative real-time polymerase chain reaction (qRT-
PCR) was conducted to measure mRNA expression levels 
following the manufacturer’s instructions. In brief, Total 
RNA was extracted from cells with TRIzol reagent (Inv-
itrogen). Extracted total RNA was reverse-transcribed 
to cDNA using Evo M-MLV RT Premix (Takara, Shiga, 
Japan). Quantitative real-time PCR was performed 
using the SYBR Green Premix Pro Taq HS qPCR kit (Tli 
RNaseH Plus; TaKaRa), and the results were analyzed 
with a CFX96 Real-time RT-PCR system (Bio-Rad, Her-
cules, CA, USA). Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used to normalize the expression 
levels. The expression of target genes was calculated 
using the 2−ΔΔCT method. The primer sequences used for 
qRT-PCR are listed in Table 1.

Western blot analysis
Western blot analysis was performed to measure protein 
expression levels in PDLSCs. Briefly, the prepared cells 
were first lysed in RIPA lysis buffer (Biotime) supple-
mented with protease and phosphatase inhibitors (Bio-
time). A bicinchoninic acid (BCA) assay kit (Biotime) was 
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then used to measure protein concentrations. Protein 
samples were separated by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE; Biotime) and 
transferred to PVDF membranes (Millipore, Billerica, 
MA, USA). After blocking with 5% nonfat milk (Bio-
time) at room temperature for 2 h, the membranes were 
incubated with primary antibodies at 4 °C overnight. The 
membranes were then incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1:2000; 
goat anti-rabbit IgG, CST, #7074; goat anti-mouse IgG, 
CST, #7076) at room temperature for 2 h. Subsequently, 
the blots were visualized using enhanced chemilumines-
cence substrate (ECL kit, Millipore), and protein bands 
were analyzed with ImageJ software. GAPDH was used 
as the housekeeping gene for internal normalization. The 
following primary bodies were used for Western blot-
ting: GAPDH (1:3000; Affinity, AF7021), ALP (1:10000; 
Abcam, ab108337), RUNX2 (1:1000; CST, #12556), 
BMP2 (1:1000; Abcam, ab214821), OCN (1:1000; Santa 
Cruz; Sc-390877), NPR3 (1:1000; Abcam, ab177954), 
p38 MAPK (1:1000; CST, #9212), p-p38 MAPK (1:1000; 
CST, #4511), JNK (1:1000; CST, #9252), p-JNK (1:1000; 
CST, #4668), ERK1/2 (1:1000; CST, #9102) and p-ERK1/2 
(1:1000; CST, #9101).

Immunofluorescence staining
Immunofluorescence staining was performed to visu-
alize NPR3 in PDLSCs. Briefly, cells were fixed with 4% 
paraformaldehyde for 30  min, followed by treatment 
with 0.5% Triton X-100 (Sigma-Aldrich) and 2% bovine 
serum albumin (BSA; Sigma-Aldrich). Then, the cells 
were incubated with primary antibodies against NPR3 
(1:100; Abcam, ab97389) over night. The secondary anti-
bodies for NPR3 were Alexa Fluor 488 AffiniPure don-
key anti-rabbit IgG (1:100; Yeasen Biotech Company, 

Shanghai, China). Finally, the cell nuclei were coun-
terstained with 4′,6-diamidino-2-phenylindole (DAPI; 
Abcam, ab104139), and the fluorescence images were 
acquired using an Olympus FV1000 confocal laser scan-
ning microscope (CLSM; Olympus, Tokyo, Japan) and 
analyzed using FV10-ASW4.2 software.

Statistical analysis
All data are presented as the mean ± standard deviation 
of at least three independent experiments. Statistical 
analysis was performed using GraphPad Prism 8 soft-
ware. One-way analysis of variance followed by Tukey’s 
multiple comparisons tests, Sidak’s multiple compari-
sons tests or Dunnett’s multiple comparisons was used 
for comparing more than two groups, and unpaired two-
tailed Student’s t test was used for comparisons of two 
unpaired groups. Statistical significance was expressed as 
p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***).

Results
Characterization of human PDLSCs
The results of CFU assay confirmed that the PDLSCs we 
obtained were plastic-adherent and can generate new 
colonies (Additional file 1: Fig. S1A). These cells contin-
ued to multiply, as suggested by the CCK-8 assay results 
(Additional file  1: Fig. S1B). The cells were also able to 
differentiate into multilineage cells when cultured in 
osteo-inductive, adipo-inductive and chondro-inductive 
medium, as evidenced by Alizarin red staining, Oil red 
O staining and Alcian blue staining, respectively (Addi-
tional file 1: Fig. S1C). In addition, flow cytometry analy-
sis verified that these PDLSCs positively expressed CD73, 
CD90, CD105 and CD146, but negatively expressed 
CD11b, CD19, CD31, CD34, CD45 and HLA-DR (Addi-
tional file 1: Fig. S1D).

Table 1  Sequences of gene-specific primers used in the present study

Gene ID Genes Forward sequence Reverse sequence

632 OCN CCC​AGG​CGC​TAC​CTG​TAT​CAA​ GGT​CAG​CCA​ACT​CGT​CAC​AGTC​

860 RUNX2 TGG​TTA​CTG​TCA​TGG​CGG​GTA​ TCT​CAG​ATC​GTT​GAA​CCT​TGCTA​

249 ALP AAC​ATC​AGG​GAC​ATT​GAC​GTG​ GTA​TCT​CGG​TTT​GAA​GCT​CTTCC​

2597 GAPDH GGA​GTC​CAC​TGG​CGT​CTT​CA GTC​ATG​AGT​CCT​TCC​ACG​ATACC​

60 β-Actin CTG​CTC​ATC​CCA​CTA​ATG​TC CTT​TAT​TAA​CTA​CCA​CCT​GGT​CCT​

650 BMP2 ACC​CGC​TGT​CTT​CTA​GCG​T TTT​CAG​GCC​GAA​CAT​GCT​GAG​

4880 CNP CTG​ACC​GAC​CGA​CTC​CAG​ AAA​TCT​CTC​ACC​TCC​GCC​AG

374 AREG GTG​GTG​CTG​TCG​CTC​TTG​ATA​ CCC​CAG​AAA​ATG​GTT​CAC​GCT​

3488 IGFBP5 ACC​TGA​GAT​GAG​ACA​GGA​GTC​ GTA​GAA​TCC​TTT​GCG​GTC​ACAA​

8111 GPR68 TGT​ACC​ATC​GAC​CAT​ACC​ATCC​ GGT​AGC​CGA​AGT​AGA​GGG​ACA​

6423 SFRP2 CTT​AGA​GGA​CAG​CGG​GGA​AG TCC​AAG​CAT​CTT​GCC​CTG​AG

4883 NPR3 AGA​CTA​CGC​CTT​CTT​CAA​CATTG​ GCT​TCA​AAG​TCG​TGT​TTG​TCTCC​
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High glucose impaired the osteogenic differentiation 
of PDLSCs
The osteogenic differentiation of PDLSCs under normal 
or high glucose was measured respectively. We found 
that incubation of PDLSCs under high glucose led to 
fewer ALP staining-positive cells and lower cellular ALP 
activity (Fig. 1A). The results of Alizarin red staining fur-
ther confirmed that less calcium deposits were formed 
by PDLSCs under high glucose compared to the con-
trol group (Fig. 1B). In addition, the results of qRT-PCR 
revealed that the osteoblast differentiation-related genes 
ALP, RUNX2, BMP2 and OCN were downregulated 
in PDLSCs under high glucose (Fig.  1C). Similarly, the 
expression of osteoblast differentiation-related proteins 
ALP, BMP2 and OCN was also decreased in PDLSCs 
under high glucose, but no obvious change was observed 
in the protein level of RUNX2 (Fig. 1D).

Metformin enhanced the osteogenic differentiation 
of PDLSCs under high glucose
To investigate the effect of metformin on the impaired 
PDLSC osteogenic differentiation under high glucose, 
metformin was added to the culture medium. We first 
selected the optimal concentration of metformin. Dur-
ing a 72-h incubation, cell viability was not significantly 
changed by different concentrations of metformin (0, 
10, 100, 500 and 1000  µM) under high glucose (Addi-
tional file 2: Fig. S2A). In addition, PDLSCs treated with 
100  µM metformin exhibited a higher proliferation rate 
than those in the other groups (Additional file  2: Fig. 
S2B). Hence, metformin at a concentration of 100  µM 
was selected for further studies.

After metformin addition, the number of ALP staining-
positive PDLSCs was increased, and ALP activity in cells 
was also enhanced (Fig. 2A). Consistently, the results of 
Alizarin red staining indicated that more calcium depos-
its were formed by PDLSCs with metformin addition 
than those without (Fig.  2B). Furthermore, the results 
of qRT-PCR revealed that after metformin addition, the 
gene levels of ALP, RUNX2, BMP2 and OCN were signifi-
cantly increased in PDLSCs under high glucose (Fig. 2C). 
The protein levels of ALP, BMP2 and OCN were also 
elevated after metformin addition, but no obvious change 
was observed in the protein level of RUNX2 (Fig. 2D).

Screening and identification of osteogenesis‑related 
genes mediating the metformin‑enhanced osteogenic 
differentiation under high glucose
To explore potential genes involved in the metformin-
enhanced osteogenic differentiation under high glucose, 
RNA-seq analysis was performed to analyze differentially 
expressed osteogenesis-related genes in PDLSCs cultured 
in normal (CON group), high glucose (HG group) or high 

glucose medium with metformin addition (HG + MET 
group). The threshold criteria for screening up- or down-
regulated genes was fold change ≥ 2.0 and p value ≤ 0.05. 
According to the results of RNA-seq analysis, 84 dif-
ferentially expressed genes were screened out. Among 
these differentially expressed genes, 38 genes were 
highly expressed in HG group, and 46 genes were highly 
expressed in CON group and HG + MET group (Fig. 3A, 
B). As we were specifically interested in osteogenic differ-
entiation, these 84 genes were further examined to iden-
tify those coding osteogenesis-related proteins, and we 
found that five of these 84 genes potentially contribute 
to cellular osteogenic differentiation. Among these five 
genes, AREG, IGFBP5, GPR68 and SFRP2 were upregu-
lated in CON group and HG + MET group but down-
regulated in HG group, while NPR3 was upregulated in 
HG group but downregulated in the other two groups 
(Fig. 3C).

To further verify these results, we examined the expres-
sion of the five genes with qRT-PCR and found that the 
expression patterns of NPR3 and SFRP2 were consistent 
with the results of RNA-seq analysis (Fig. 3D). We then 
performed Western blot analysis to validate the protein 
expression levels of NPR3 and SFRP2, and the results 
showed that the protein expression pattern of NPR3 was 
in line with the results of RNA-seq analysis and qRT-PCR 
(Fig. 3E).

Upregulation of NPR3 compromised 
the metformin‑enhanced osteogenic differentiation 
of PDLSCs under high glucose
To further investigate the relationship between the 
metformin-enhanced osteogenic differentiation and the 
expression of NPR3, we constructed NPR3-overexpres-
sion lentivirus to stably upregulate NPR3 expression in 
PDLSCs. The transfection efficiency was confirmed using 
phase contrast and fluorescence microscopy accord-
ing to the manufacturer’s instructions, as > 70% PDLSCs 
can express the green fluorescent protein after lentivi-
rus transfection (Additional file  3: Fig. S3A). And the 
efficiency of lentivirus-mediated NPR3 upregulation 
was confirmed by qRT-PCR, Western blot analysis and 
immunofluorescence staining, as a significant increase 
in gene and protein expression of NPR3 after lentivirus 
transfection (Additional file 3: Fig. S3B–D). The expres-
sion of NPR3 in PDLSCs among the groups was visual-
ized by immunofluorescence staining (Fig.  4A). After 
NPR3 upregulation, fewer ALP-positive cells and lower 
cellular ALP activity were found in metformin-treated 
PDLSCs (Fig.  4B). The results of Alizarin red stain-
ing and quantitative analysis further revealed that less 
calcium deposits were formed by metformin-treated 
PDLSCs after NPR3 upregulation (Fig. 4C). In addition, 
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we found that metformin-enhanced gene expression of 
ALP, RUNX2, BMP2 and OCN was reduced upon upreg-
ulation in NPR3 expression (Fig.  5A–D). The results of 

Western blot analysis also confirmed that the protein 
levels of ALP, BMP2 and OCN in metformin-treated 
PDLSCs were decreased after NPR3 upregulation, and 
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Fig. 1  High glucose impaired the osteogenic differentiation of periodontal ligament stem cells (PDLSCs). A ALP staining and ALP activity assay of 
PDLSCs when they were cultured in normal (CON) or high glucose (HG) condition following a 7-day osteogenic induction (scale bar = 200 µm). B 
Alizarin Red staining and quantitative analysis of the stained calcium deposits formed by PDLSCs when they were cultured in CON or HG condition 
following a 21-day osteogenic induction (scale bar = 200 µm). C Expression of osteoblast differentiation-related genes (ALP, RUNX2, BMP2 and 
OCN) in PDLSCs when they were cultured in CON or HG condition following a 14-day osteogenic induction (mRNA expression levels detected by 
qRT-PCR). D Expression of osteoblast differentiation-related proteins (ALP, RUNX2, BMP2 and OCN) in PDLSCs when they were cultured in CON or HG 
condition following a 14-day osteogenic induction (protein expression levels detected by Western blot analysis). The displayed bands were cropped 
from the corresponding original blots. Experiments for P4 cells from three different donors were repeated independently for at least 3 times, and 
data are presented as the means ± SD (n = 3). p value was based on t test. *p < 0.05, **p < 0.01, and ***p < 0.001 represent significant differences 
between the indicated columns, while NS represents no significant difference
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no significant difference was found in the protein level of 
RUNX2 among the groups (Fig. 5E–I).

Metformin‑enhanced PDLSC osteogenic differentiation 
under high glucose via inhibition of the NPR3‑mediated 
MAPK pathway
To explore whether the metformin-enhanced osteogenic 
differentiation occurs through regulation of NPR3-medi-
ated MAPK pathway, we detected the protein levels of 
critical members of MAPK pathway. We first detected 
the expression of C-type natriuretic peptide (CNP). The 
results of qRT-PCR and ELISA showed that the expres-
sion of CNP was increased in PDLSCs treated with met-
formin, but this increase was drastically reduced after 
upregulation of NPR3 (Fig. 6A, B). The results of West-
ern blot analysis further revealed that the expression of 
phosphorylated p38 MAPK and Erk1/2 was upregulated 
in PDLSCs under high glucose and downregulated after 
metformin addition. However, the metformin-mediated 
downregulation was further reversed by upregulation of 
NPR3. In addition, no significant difference was observed 
in phosphorylated JNK and total levels of p38 MAPK, 
Erk1/2 and JNK protein (Fig. 6C, D).

To further validate our findings, p38 MAPK and Erk1/2 
pathway were inhibited with specific inhibitors SB203580 
(MedChemExpress, Monmouth Junction, NJ, USA) and 
U0126 (MedChemExpress) respectively. The results of 
qRT-PCR showed that the gene levels of ALP, RUNX2, 
BMP2 and OCN were significantly increased after inhibi-
tion of p38 MAPK (Fig. 7A) or Erk1/2 pathway (Fig. 7B). 
Similarly, the results of Western blot analysis revealed 
that the protein levels of ALP, RUNX2 and OCN in 
NPR3-upregulated PDLSCs were also increased after 
inhibition of p38 MAPK (Fig.  7C) or Erk1/2 pathway 
(Fig. 7D). But no obvious change was found in the pro-
tein level of BMP2 after inhibition of p38 MAPK pathway 
(Fig. 7C).

Discussion
Periodontal disease, a leading cause of tooth loss in 
adults, can cause progressive destruction of the tooth-
supporting apparatus [1]. In the past decades, MSCs, 
particularly PDLSCs, have become promising candidates 
for repairing alveolar bone defect and mediating perio-
dontal tissue regeneration [12, 15]. However, accumulat-
ing evidence suggests that long-term exposure to diabetic 
conditions might cause cell damage; and such damage 
has long been a challenge to the therapeutic effect of 
stem cells in diabetic individuals [31, 32]. In addition, the 
development of a chronic hyperglycemic environment 
may be responsible for a range of diabetic complications 
and cell dysfunction [4]. Previous studies have revealed 
the damage of high glucose on MSCs, including weak-
ened mobilization and proliferation capacity, impaired 
differentiation potential and immunoregulatory capacity 
[16, 31, 33]. Thus, we first chose 25 mM glucose to mimic 
a high glucose condition according to previous studies 
and further explored the effects of high glucose on the 
osteogenic differentiation of PDLSCs [33–36]. Similarly, 
we found that incubation of PDLSCs under high glucose 
led to impaired osteogenic differentiation, evidenced by a 
decrease in formation of calcium deposit and expression 
of osteoblast differentiation-related genes and proteins. 
Therefore, our findings verify that long-term incubation 
in high glucose can reduce the stem cell performance of 
PDLSCs, as was found in previous studies, and further 
indicate the need to protect cells from high glucose-
induced damage.

Metformin is a potent insulin-sensitizing drug for the 
treatment of diabetes mellitus [37]. In addition to its 
anti-hyperglycemic effect, metformin has been found to 
exert protective effects on different cell types [38–40]. 
Moreover, metformin acts in a concentration-depend-
ent manner; and the concentrations of metformin used 
for the treatment of MSCs typically range from 10 to 
1000 µM [38, 41–43]. Therefore, we first selected a fea-
sible concentration of metformin using CCK-8 assay. We 
found that metformin at concentrations ranging from 0 
to 1000 µM induced no cytotoxicity and that metformin 

Fig. 2  Metformin enhanced the osteogenic differentiation of PDLSCs under high glucose. A ALP staining and ALP activity assay of PDLSCs 
when they were cultured in normal (CON), high glucose (HG) or high glucose with metformin addition (HG + MET) following a 7-day osteogenic 
induction (scale bar = 200 µm). B Alizarin Red staining and quantitative analysis of the stained calcium deposits formed by PDLSCs when they were 
cultured in normal (CON), high glucose (HG) or high glucose with metformin addition (HG + MET) following a 21-day osteogenic induction (scale 
bar = 200 µm). C Expression of osteoblast differentiation-related genes (ALP, RUNX2, BMP2 and OCN) in PDLSCs when they were cultured in normal, 
high glucose or high glucose with metformin addition following a 14-day osteogenic induction (mRNA expression levels detected by qRT-PCR). D 
Expression of osteoblast differentiation-related proteins (ALP, RUNX2, BMP2 and OCN) in PDLSCs when they were cultured in normal, high glucose 
or high glucose with metformin addition following a 14-day osteogenic induction (protein expression levels detected by Western blot analysis). 
The displayed bands were cropped from the corresponding original blots. HG, high glucose. Met, metformin. Experiments for P4 cells from three 
different donors were repeated independently for at least 3 times, and data are presented as the means ± SD (n = 3). p value was based on one-way 
analysis of variance (one-way ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001 represent significant differences between the indicated columns, while 
NS represents no significant difference

(See figure on next page.)
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at the concentration of 100  µM conferred the maximal 
protective effect on cell viability under high glucose. 
Furthermore, we added 100 µM metformin into the cul-
ture medium. The results of qRT-PCR and Western blot 
analysis showed that the expression of osteoblast differ-
entiation-related genes and proteins in PDLSCs under 
high glucose was increased after addition of metformin, 
suggesting that metformin can enhance the osteogenic 
differentiation ability of PDLSCs under high glucose. 
Similarly, previous studies have reported that 100  µM 
metformin can improve the differentiation potential of 
cells from aged rats [38]. In addition, metformin at con-
centrations ranging from 10 to 100 µM can enhance the 
migration potential of PDLSCs; several studies have also 
revealed that 1  mM metformin treatment can protect 
MSCs from apoptosis under inflammatory conditions 
[24, 42]. The different metformin concentrations may be 
due to the distinct culture conditions, which could alter 
the cell sensitivity to metformin. Moreover, it has been 
reported that, after oral administration (35  mg/kg body 
weight), the plasma concentrations of metformin in the 
portal vein are 40–70  µM [44]. Though the metformin 
concentration in periodontal tissue has not been clear, 
some studies suggested that metformin at concentra-
tions of 70–120 µM, higher than the plasma concentra-
tions in the portal vein, can be used for the treatment 
of periodontitis [45, 46]. These studies indicated that 
the low metformin concentration in periodontal tissues 
after oral administration may be responsible for the fail-
ure of the treatment dose of metformin to improve peri-
odontal tissue regeneration. In addition, though previous 
studies have demonstrated that high glucose leads to 
decreased expression of RUNX2, we found in this study 
that the protein level of RUNX2 was not changed under 
high glucose or following metformin treatment [33, 47]. 
It has been reported that the expression of this transcrip-
tion factor is increased at the early stage of osteogenic 
differentiation but is decreased at the late stage [48]. In 
this part of the experiments, we detected the protein 

expression of RUNX2 at 14 days after osteogenic induc-
tion, the late stage of osteogenic differentiation. These 
might explain why the protein level of RUNX2 was not 
obviously altered in the PDLSCs under high glucose or 
following metformin treatment. Taken together, the pre-
sent and previous results suggest that metformin may 
exert a protective effect on the treatment of stem cells, 
including (but not limited to) PDLSCs, and the effects 
of metformin are not only dependent on the drug con-
centration, but are also different in diverse cell lineages 
and under different incubation conditions. Moreover, our 
findings suggest that metformin at the concentration of 
100 µM may be feasible for treatment of PDLSCs under 
high glucose.

To further explore the underlying mechanisms, we 
conducted RNA-seq analysis to investigate the poten-
tial genes mediating the effect of metformin on PDLSCs 
under high glucose. Five osteogenesis-related genes 
AREG, IGFBP5, GPR68, SFRP2 and NPR3 were detected. 
Among these genes, AREG, IGFBP5, GPR68 and SFRP2 
were downregulated in PDLSCs under high glucose and 
upregulated after the addition of metformin, while NPR3 
exhibited the opposite pattern. We further confirmed the 
mRNA and protein expression levels of these five genes 
and found that only the mRNA and protein expression 
of NPR3 was consistent with the RNA-seq results. Thus, 
NPR3 was considered as a potential target of metformin 
in further experiments. To further investigate the role of 
NPR3 in metformin-enhanced osteogenic differentiation 
under high glucose, we used NPR3-overexpression lenti-
virus to stably upregulate NPR3 expression in PDLSCs. 
After upregulation of NPR3, we found that the calcium 
deposit formation, the expression of  osteoblast differ-
entiation-related genes and proteins were decreased 
in metformin-treated PDLSCs. These data suggest 
upregulation of NPR3 can compromise the metformin-
enhanced PDLSC osteogenic differentiation. NPR3 is a 
clearance receptor of natriuretic peptides and has been 
reported to be involved in regulation of cell metabolism 

(See figure on next page.)
Fig. 3  Screening and identification of osteogenesis-related genes mediating metformin-enhanced osteogenic differentiation under high glucose. 
A Venn diagram showing the number of differentially expressed genes in PDLSCs when they were cultured in normal (CON), high glucose (HG) or 
high glucose with metformin addition (HG + MET) following a 14-day osteogenic induction. B Heatmap showing all the differentially expressed 
genes in PDLSCs when they were cultured in normal (CON), high glucose (HG) or high glucose with metformin addition (HG + MET) following a 
14-day osteogenic induction. The color key (from purple to red) of Z-score value (− 1.95 to 2.77) indicated low to high expression levels. C Heatmap 
showing the osteogenesis-related genes in PDLSCs when they were cultured in normal (CON), high glucose (HG) or high glucose with metformin 
addition (HG + MET) following a 14-day osteogenic induction. The color key (from purple to red) of Z-score value (− 1.24 to 2.08) indicated low 
to high expression levels. D The statistical analysis of expressed levels of osteogenesis-related genes (AREG, IGFBP5, GPR68, SFRP2 and NPR3) in 
PDLSCs when they were cultured in normal, high glucose or high glucose with metformin addition following a 14-day osteogenic induction (mRNA 
expression levels detected by qRT-PCR). E Protein expression of SFRP2 and NPR3 in PDLSCs when they were cultured in normal, high glucose or 
high glucose with metformin addition following a 14-day osteogenic induction (protein expression levels detected by Western blot analysis). 
The displayed bands were cropped from the corresponding original blots. HG, high glucose. Met, metformin. Experiments for P4 cells from three 
different donors were repeated independently for at least 3 times, and data are presented as the means ± SD (n = 3). p value was based on one-way 
analysis of variance (one-way ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001 represent significant differences between the indicated columns, while 
NS represents no significant difference
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Fig. 3  (See legend on previous page.)
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Fig. 4  Upregulation of NPR3 compromised the metformin-enhanced osteogenic differentiation of PDLSCs under high glucose. A Representative 
confocal images and quantitative analysis of natriuretic peptide receptor 3 (NPR3) in PDLSCs transfected with or without LV-NPR3 when they 
were cultured in normal, high glucose, or high glucose with metformin addition following a 14-day osteogenic induction (scale bar = 100 µm, 
×200 magnification). B ALP staining and ALP activity assay of PDLSCs transfected with or without LV-NPR3 when they were cultured in normal, 
high glucose, or high glucose with metformin addition following a 7-day osteogenic induction (scale bar = 200 µm). C Alizarin Red staining and 
quantitative analysis of the stained calcium deposits formed by PDLSCs transfected with or without LV-NPR3 when they were cultured in normal, 
high glucose, or high glucose with metformin addition following a 21-day osteogenic induction (scale bar = 200 µm). HG, high glucose. Met, 
metformin. LV-NPR3, NPR3-overexpression lentivirus. Experiments for P4 cells from three different donors were repeated independently for at least 3 
times, and data are presented as the means ± SD (n = 3). p value was based on one-way analysis of variance (one-way ANOVA). *p < 0.05, **p < 0.01, 
and ***p < 0.001 represent significant differences between the indicated columns, while NS represents no significant difference
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Fig. 5  Upregulation of NPR3 decreased the metformin-enhanced expression of osteoblast differentiation-related genes and proteins. A–D 
Expression of osteoblast differentiation-related genes (ALP, RUNX2, BMP2 and OCN) in PDLSCs transfected with or without LV-NPR3 when they 
were cultured in normal, high glucose, or high glucose with metformin addition following a 14-day osteogenic induction (mRNA expression 
levels detected by qRT-PCR). E–I Expression of osteoblast differentiation-related proteins (ALP, RUNX2, BMP2 and OCN) in PDLSCs transfected 
with or without LV-NPR3 when they were cultured in normal, high glucose, or high glucose with metformin addition following a 14-day 
osteogenic induction (protein expression levels detected by Western blot analysis). The displayed bands were cropped from the corresponding 
original blots. HG, high glucose. Met, metformin. LV-NPR3, NPR3-overexpression lentivirus. Experiments for P4 cells from three different donors 
were repeated independently for at least 3 times, and data are presented as the means ± SD (n = 3). p value was based on one-way analysis 
of variance (one-way ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001 represent significant differences between the indicated columns, while NS 
represents no significant difference
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and progression of metabolic diseases [49, 50]. Consist-
ent with our findings, several studies suggest that NPR3 
expression is upregulated in adipose tissues from dia-
betic individuals [51]; and inhibition of NPR3 can stimu-
late endochondral ossification and bone growth [52, 53]. 
Therefore, our results suggest that high glucose-induced 
damage to PDLSCs might be linked to upregulation of 
NPR3 and that metformin can enhance the osteogenic 
differentiation of PDLSCs under high glucose via down-
regulation of NPR3. Moreover, regulation of NPR3 may 
be an effective strategy for maintaining the functionality 
of cells under high glucose.

Mitogen-activated protein kinase (MAPK) pathway is 
a downstream signaling pathway of NPR3. The intracel-
lular Gi/o-binding domain of NPR3 could increase the 
phosphorylation level of ERK1/2 and further activate 
the MAPK pathway [49, 54]. In addition, NPR3 can also 
increase the level of phosphorylated ERK1/2 through 
decreasing bioavailable CNP [55]. Thus, we further 
detected the changes in the three major subfamilies of 
MAPK pathway, p38 MAPK, JNK and Erk1/2 pathway. 
After upregulation of NPR3, the metformin-mediated 
decrease in phosphorylation of p38 MAPK and Erk1/2 
was reversed, but not JNK. These results suggest that 
upregulation of NPR3 can activate the MAPK path-
way (particularly the p38 MAPK and Erk1/2 pathway) 
in PDLSCs treated with metformin, indicating that the 
NPR3-mediated MAPK pathway may be involved in the 
metformin-enhanced PDLSC osteogenic differentiation.

MAPK pathway plays a crucial role in cellular differ-
entiation. Gold nanoparticles can enhance osteogenic 
differentiation of MSCs by the p38 MAPK pathway; and 
osteoblasts lacking p38 MAPK pathway-related pro-
teins show decreased marker gene expression and defec-
tive mineralization [56, 57]. In addition, Erk1/2 pathway 
has also been suggested to be one of the key regulators 
in the osteogenic differentiation of PDLSCs [58, 59]. 
To further validate the role of NPR3-mediated MAPK 
pathway in the metformin-enhanced PDLSC osteogenic 

differentiation, we blunted the p38 MAPK and Erk1/2 
pathway with the corresponding inhibitors (the phospho-
rylation-specific inhibitor for p38 MAPK was SB203580 
while that for Erk1/2 was U0126) and observed the corre-
sponding effects on PDLSC osteogenic differentiation. To 
block the p38 MAPK and Erk1/2 pathway, the concentra-
tion (20 μM) and duration (2 h) of SB203580 and U0126 
on PDLSCs were selected according to similar investiga-
tions [59, 60]. From the results of qRT-PCR and Western 
blot analysis, we identified that the osteogenic differen-
tiation of NPR3-upregulated PDLSCs was enhanced after 
the addition of p38 MAPK or Erk1/2 inhibitors, suggest-
ing that the p38 MAPK and Erk1/2 pathways are closely 
related to the function of NPR3, which is consistent with 
the above speculation. However, although previous stud-
ies have also demonstrated that the JNK pathway is cru-
cial for the osteogenic differentiation of MSCs, we found 
no obvious change in the JNK pathway after NPR3 upreg-
ulation, indicating that the JNK pathway might not be a 
target of NPR3 [61]. Taken together, our results suggest 
that metformin might enhance PDLSC osteogenic differ-
entiation under high glucose via downregulation of NPR3 
and inhibition of the downstream MAPK pathway.

In summary, our study revealed for the first time that 
metformin can enhance the osteogenic differentia-
tion of PDLSCs under high glucose and that metformin 
functions via downregulating NPR3 and inhibiting the 
downstream MAPK pathway (Fig. 8). These results indi-
cated that NPR3-mediated MAPK pathway inhibitors, 
including but not limited to metformin, may be used as 
therapeutic agents to promote stemness of stem cells like 
PDLSCs and enhance their therapeutic efficiency in cel-
lular therapy in the future. In addition, the limitations of 
our study should be acknowledged. We only used an in 
vitro model in this study to investigate the effect of met-
formin on PDLSCs under high glucose. Further in vivo 
studies are needed to fully elucidate the intracellular 
responses underlying the effect of metformin under dia-
betic conditions.

(See figure on next page.)
Fig. 7  Inhibition of the NPR3-mediated p38 MAPK or Erk1/2 pathway enhanced PDLSC osteogenic differentiation under glucose. A Expression of 
osteoblast differentiation-related genes (ALP, RUNX2, BMP2 and OCN) in PDLSCs transfected with or without LV-NPR3 when they were cultured in 
high glucose with metformin addition or high glucose with metformin and SB203580 addition following a 14-day osteogenic induction (mRNA 
expression levels detected by qRT-PCR). B Expression of osteoblast differentiation-related genes (ALP, RUNX2, BMP2 and OCN) in PDLSCs transfected 
with or without LV-NPR3 when they were cultured in high glucose with metformin addition or high glucose with metformin and U0126 addition 
following a 14-day osteogenic induction (mRNA expression levels detected by qRT-PCR). C Expression of osteoblast differentiation-related proteins 
(ALP, RUNX2, BMP2 and OCN) in PDLSCs transfected with or without LV-NPR3 when they were cultured in high glucose with metformin addition 
or high glucose with metformin and SB203580 addition following a 14-day osteogenic induction (protein expression levels detected by Western 
blot analysis). D Expression of osteoblast differentiation-related proteins (ALP, RUNX2, BMP2 and OCN) in PDLSCs transfected with or without 
LV-NPR3 when they were cultured in high glucose with metformin addition or high glucose with metformin and U0126 addition following a 14-day 
osteogenic induction (protein expression levels detected by Western blot analysis). The displayed bands were cropped from the corresponding 
original blots. HG, high glucose. Met, metformin. LV-NPR3, NPR3-overexpression lentivirus. SB203580, p38 MAPK pathway inhibitor. U0126, Erk1/2 
pathway inhibitor. Experiments for P4 cells from three different donors were repeated independently for at least 3 times, and data are presented 
as the means ± SD (n = 3). p value was based on one-way analysis of variance (one-way ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001 represent 
significant differences between the indicated columns, while NS represents no significant difference
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Conclusions
In this study, we prove for the first time that the func-
tion of metformin in combating high glucose-dam-
aged osteogenic differentiation was related to its role 
as a regulator of NPR3. Further evidence suggests 
that MAPK pathway, particularly the p38 MAPK and 
Erk1/2 pathway, can be activated by NPR3, and the 
NPR3-mediated MAPK pathway was involved in the 
metformin-enhanced osteogenic differentiation under 
high glucose. This is the first report to demonstrate that 
metformin-enhanced osteogenic differentiation under 
high glucose occurs via downregulating NPR3 and 
inhibiting the downstream MAPK pathway, indicating 
that regulation of the NPR3-mediated MAPK pathway 
can be considered as a key therapeutic target for effec-
tive periodontal regeneration in diabetic individuals.
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qRT-PCR: Quantitative real-time polymerase chain reaction; MAPK: Mitogen-
activated protein kinase.
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Additional file 1: Fig. S1. Isolation and characterization of PDLSCs. 
A Colony formation ability of PDLSCs: colonies in a macroscopic view 
and a single colony observed by microscopy (scale bar = 200 µm). B 
Proliferative activity of PDLSCs assessed by CCK-8 assay during an 8-day 
culture (n = 3). C Alizarin red staining (left; scale bar = 200 µm), Oil red O 
staining (middle; scale bar = 200 µm) and Alcian blue staining (right; scale 
bar = 200 µm) of the PDLSCs following a 21-day osteogenic, adipogenic 
or chondrogenic induction. D Surface markers of PDLSCs assessed by flow 
cytometry analysis.

Additional file 2: Fig. S2. Selection of the optimal concentration of met‑
formin. A Cell viability of PDLSCs during a 72-h metformin treatment at 
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the indicated concentrations (cell viability detected by CCK-8 assay). B Cell 
viability of PDLSCs during a 6-day metformin treatment at the indicated 
concentrations (cell viability detected by CCK-8 assay). M0, high glucose 
without metformin addition. M1, high glucose with 10 µM metformin 
addition. M2, high glucose with 100 µM metformin addition. M3, high 
glucose with 500 µM metformin addition. M4, high glucose with 1000 µM 
metformin addition. Experiments for P4 cells from three different donors 
were repeated independently for at least 3 times and data are presented 
as the means ± SD (n = 3). p value was based on two-way analysis of 
variance (two-way ANOVA). ^p < 0.05, ^^p < 0.01 and ^^^p < 0.001 
represent significant differences between M2 and M1; #p < 0.05, ##p < 0.01 
and ###p < 0.001 represent significant differences between M2 and M3; 
$p < 0.05, $$p < 0.01 and $$$p < 0.001 represent significant differences 
between M2 and M4, while NS represents no significant difference.

Additional file 3: Fig. S3. The efficiency of lentivirus-mediated upregula‑
tion of NPR3 expression. A GFP expression in PDLSCs after transfection 
with lentiviral vector for 72 h (scale bar = 100 µm, × 100 magnification). 
B Gene expression of NPR3 in PDLSCs in response to transfection with 
LV-NC or LV-NPR3 (mRNA expression levels detected by qRT-PCR). C 
Protein expression of NPR3 in PDLSCs in response to transfection with 
LV-NC or LV-NPR3 for 24 h or 72 h (protein expression levels detected by 
Western blot analysis). D Representative confocal images of natriuretic 
peptide receptor 3 (NPR3) in PDLSCs in response to transfection with 
LV-NC or LV-NPR3 (scale bar = 100 µm, ×200 magnification). GFP, green 
fluorescent protein. LV-NC, LV5 lentiviral vector. LV-NPR3, NPR3-overex‑
pression lentivirus. Experiments for P4 cells from three different donors 
were repeated independently for at least 3 times and data are presented 
as the means ± SD (n = 3). p value was based on t test. *p < 0.05, **p < 0.01, 
and ***p < 0.001 represent significant differences between the indicated 
columns, while NS represents no significant difference.

Acknowledgements
We acknowledge that the cell-based research of this study was performed 
at State Key Laboratory of Military Stomatology, National Clinical Research 
Center for Oral Diseases and Shaanxi Engineering Research Center for Dental 
Materials and Advanced Manufacture, FMMU.

Author contributions
Y-LZ, FL and Z-BL contributed to the conception and design of the study. Y-LZ, 
XL, X-TH and R-XW did the job of acquisition, analysis, interpretation of data 
and manuscript writing. S-HG, H-HS, YA and F-MC contributed to the study 
conception and design, financial support and manuscript writing. All authors 
read and approved the final manuscript.

Funding
This study is supported by the National Natural Science Foundation of China 
(81991503 and 82170926), Natural Science Foundation of Shaanxi Province 
(2021JM-243) and Research Fund for Young Star of Science and Technology in 
Shaanxi Province (2021KJXX-24).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
The experimental protocol of this study was approved by the Ethics Commit‑
tee of the Stomatological Hospital of FMMU (201203), and informed consent 
was signed by all the subjects who donated their extracted teeth for cell 
isolation.

Consent for publication
Consent to participate/consent for publication is not applicable to this study.

Competing interests
The authors declare that they have no competing interests.

Author details
1 State Key Laboratory of Military Stomatology and National Clinical Research 
Center for Oral Diseases and Shaanxi Engineering Research Center for Dental 
Materials and Advanced Manufacture, Department of Periodontology, School 
of Stomatology, Fourth Military Medical University, Xi’an 710032, People’s 
Republic of China. 2 Department of Stomatology Northwest Women’s and Chil‑
dren’s Hospital, Xi’an, Shaanxi, People’s Republic of China. 3 Department 
of Periodontology, School and Hospital of Stomatology, Cheeloo College 
of Medicine, Shandong University and Shandong Key Laboratory of Oral Tis‑
sue Regeneration and Shandong Engineering Laboratory for Dental Materials 
and Oral Tissue Regeneration, Jinan, Shandong, China. 

Received: 3 January 2022   Accepted: 23 May 2022

References
	1.	 Kinane DF. Causation and pathogenesis of periodontal disease. Periodon‑

tol. 2000;2001(25):8–20.
	2.	 Sanz M, Del Castillo AM, Jepsen S, Gonzalez-Juanatey JR, D’Aiuto F, 

Bouchard P, et al. Periodontitis and cardiovascular diseases. Consensus 
report. Glob Heart. 2020;15(1):1.

	3.	 Katz PP, Wirthlin MR Jr, Szpunar SM, Selby JV, Sepe SJ, Showstack JA. 
Epidemiology and prevention of periodontal disease in individuals with 
diabetes. Diabetes Care. 1991;14(5):375–85.

	4.	 Lalla E, Papapanou PN. Diabetes mellitus and periodontitis: a tale of two 
common interrelated diseases. Nat Rev Endocrinol. 2011;7(12):738–48.

	5.	 Safkan-Seppala B, Ainamo J. Periodontal conditions in insulin-dependent 
diabetes mellitus. J Clin Periodontol. 1992;19(1):24–9.

	6.	 Li Y, Lu Z, Zhang X, Yu H, Kirkwood KL, Lopes-Virella MF, et al. Metabolic 
syndrome exacerbates inflammation and bone loss in periodontitis. J 
Dent Res. 2015;94(2):362–70.

	7.	 Retamal I, Hernandez R, Velarde V, Oyarzun A, Martinez C, Julieta Gonzalez 
M, et al. Diabetes alters the involvement of myofibroblasts during peri‑
odontal wound healing. Oral Dis. 2020;26(5):1062–71.

	8.	 Javed F, Al-Daghri NM, Wang HL, Wang CY, Al-Hezaimi K. Short-term 
effects of non-surgical periodontal treatment on the gingival crevicular 
fluid cytokine profiles in sites with induced periodontal defects: a study 
on dogs with and without streptozotocin-induced diabetes. J Periodon‑
tol. 2014;85(11):1589–95.

	9.	 Ko KI, Sculean A, Graves DT. Diabetic wound healing in soft and hard oral 
tissues. Transl Res. 2021;236:72–86.

	10.	 Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and 
disease. Nat Rev Immunol. 2008;8(9):726–36.

	11.	 Benoit E, O’Donnell TF, Patel AN. Safety and efficacy of autologous cell 
therapy in critical limb ischemia: a systematic review. Cell Transplant. 
2013;22(3):545–62.

	12.	 Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, et al. Inves‑
tigation of multipotent postnatal stem cells from human periodontal 
ligament. Lancet. 2004;364(9429):149–55.

	13.	 Menicanin D, Mrozik KM, Wada N, Marino V, Shi S, Bartold PM, et al. 
Periodontal-ligament-derived stem cells exhibit the capacity for long-
term survival, self-renewal, and regeneration of multiple tissue types 
in vivo. Stem Cells Dev. 2014;23(9):1001–11.

	14.	 Yang ZH, Zhang XJ, Dang NN, Ma ZF, Xu L, Wu JJ, et al. Apical tooth germ 
cell-conditioned medium enhances the differentiation of periodontal 
ligament stem cells into cementum/periodontal ligament-like tissues. J 
Periodontal Res. 2009;44(2):199–210.

	15.	 Chen FM, Sun HH, Lu H, Yu Q. Stem cell-delivery therapeutics for peri‑
odontal tissue regeneration. Biomaterials. 2012;33(27):6320–44.

	16.	 Kong Y, Cheng L, Ma L, Li H, Cheng B, Zhao Y. Norepinephrine protects 
against apoptosis of mesenchymal stem cells induced by high glucose. J 
Cell Physiol. 2019;234(11):20801–15.

	17.	 Kato H, Taguchi Y, Tominaga K, Kimura D, Yamawaki I, Noguchi M, et al. 
High glucose concentrations suppress the proliferation of human peri‑
odontal ligament stem cells and their differentiation into osteoblasts. J 
Periodontol. 2016;87(4):e44-51.

	18.	 Jiang R, Wang M, Shen X, Huang S, Han J, Li L, et al. SUMO1 modification 
of IGF-1R combining with SNAI2 inhibited osteogenic differentiation of 
PDLSCs stimulated by high glucose. Stem Cell Res Ther. 2021;12(1):543.



Page 19 of 20Zhang et al. Stem Cell Research & Therapy          (2022) 13:305 	

	19.	 Foretz M, Guigas B, Viollet B. Understanding the glucoregulatory mecha‑
nisms of metformin in type 2 diabetes mellitus. Nat Rev Endocrinol. 
2019;15(10):569–89.

	20.	 Deschenes-Simard X, Parisotto M, Rowell MC, Le Calve B, Igelmann S, 
Moineau-Vallee K, et al. Circumventing senescence is associated with 
stem cell properties and metformin sensitivity. Aging Cell. 2019;18(2): 
e12889.

	21.	 de Oliveira S, Houseright RA, Graves AL, Golenberg N, Korte BG, 
Miskolci V, et al. Metformin modulates innate immune-mediated 
inflammation and early progression of NAFLD-associated hepatocel‑
lular carcinoma in zebrafish. J Hepatol. 2019;70(4):710–21.

	22.	 Jang SG, Lee J, Hong SM, Kwok SK, Cho ML, Park SH. Metformin 
enhances the immunomodulatory potential of adipose-derived 
mesenchymal stem cells through STAT1 in an animal model of lupus. 
Rheumatology. 2020;59(6):1426–38.

	23.	 Smieszek A, Kornicka K, Szlapka-Kosarzewska J, Androvic P, Valihrach 
L, Langerova L, et al. Metformin increases proliferative activity and 
viability of multipotent stromal stem cells isolated from adipose 
tissue derived from horses with equine metabolic syndrome. Cells. 
2019;8(2):80.

	24.	 Park MJ, Moon SJ, Baek JA, Lee EJ, Jung KA, Kim EK, et al. Metformin 
augments anti-inflammatory and chondroprotective properties of 
mesenchymal stem cells in experimental osteoarthritis. J Immunol. 
2019;203(1):127–36.

	25.	 Marycz K, Tomaszewski KA, Kornicka K, Henry BM, Wronski S, Tarasiuk J, 
et al. Metformin decreases reactive oxygen species, enhances osteo‑
genic properties of adipose-derived multipotent mesenchymal stem 
cells in vitro, and increases bone density in vivo. Oxid Med Cell Longev. 
2016;2016:9785890.

	26.	 Zhang M, Yang B, Peng S, Xiao J. Metformin rescues the impaired oste‑
ogenesis differentiation ability of rat adipose-derived stem cells in high 
glucose by activating autophagy. Stem Cells Dev. 2021;30(20):1017–27.

	27.	 Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause 
D, et al. Minimal criteria for defining multipotent mesenchymal stromal 
cells. The International Society for Cellular Therapy position statement. 
Cytotherapy. 2006;8(4):315–7.

	28.	 Viswanathan S, Shi Y, Galipeau J, Krampera M, Leblanc K, Martin I, et al. 
Mesenchymal stem versus stromal cells: International Society for Cell & 
Gene Therapy (ISCT(R)) Mesenchymal Stromal Cell committee position 
statement on nomenclature. Cytotherapy. 2019;21(10):1019–24.

	29.	 Tan YZ, Xu XY, Dai JM, Yin Y, He XT, Zhang YL, et al. Melatonin induces 
the rejuvenation of long-term ex vivo expanded periodontal ligament 
stem cells by modulating the autophagic process. Stem Cell Res Ther. 
2021;12(1):254.

	30.	 Wu SC, Hsiao HF, Ho ML, Hung YL, Chang JK, Wang GJ, et al. Suppres‑
sion of discoidin domain receptor 1 expression enhances the chon‑
drogenesis of adipose-derived stem cells. Am J Physiol Cell Physiol. 
2015;308(9):C685–96.

	31.	 Albiero M, Poncina N, Tjwa M, Ciciliot S, Menegazzo L, Ceolotto G, et al. 
Diabetes causes bone marrow autonomic neuropathy and impairs 
stem cell mobilization via dysregulated p66Shc and Sirt1. Diabetes. 
2014;63(4):1353–65.

	32.	 Mahmoud M, Abu-Shahba N, Azmy O, El-Badri N. Impact of diabetes 
mellitus on human mesenchymal stromal cell biology and functional‑
ity: implications for autologous transplantation. Stem Cell Rev Rep. 
2019;15(2):194–217.

	33.	 Sun Y, Zhu Y, Liu X, Chai Y, Xu J. Morroniside attenuates high glucose-
induced BMSC dysfunction by regulating the Glo1/AGE/RAGE axis. Cell 
Prolif. 2020;53(8): e12866.

	34.	 Cheng NC, Hsieh TY, Lai HS, Young TH. High glucose-induced reactive 
oxygen species generation promotes stemness in human adipose-
derived stem cells. Cytotherapy. 2016;18(3):371–83.

	35.	 Lee HJ, Jung YH, Choi GE, Kim JS, Chae CW, Lim JR, et al. Urolithin 
A suppresses high glucose-induced neuronal amyloidogenesis by 
modulating TGM2-dependent ER-mitochondria contacts and calcium 
homeostasis. Cell Death Differ. 2021;28(1):184–202.

	36.	 Oh JY, Choi GE, Lee HJ, Jung YH, Chae CW, Kim JS, et al. 17beta-Estra‑
diol protects mesenchymal stem cells against high glucose-induced 
mitochondrial oxidants production via Nrf2/Sirt3/MnSOD signaling. 
Free Radic Biol Med. 2019;130:328–42.

	37.	 Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from 
mechanisms of action to therapies. Cell Metab. 2014;20(6):953–66.

	38.	 Neumann B, Baror R, Zhao C, Segel M, Dietmann S, Rawji KS, et al. 
Metformin restores CNS remyelination capacity by rejuvenating aged 
stem cells. Cell Stem Cell. 2019;25(4):473-85.e8.

	39.	 Ruddy RM, Adams KV, Morshead CM. Age- and sex-dependent effects 
of metformin on neural precursor cells and cognitive recovery in a 
model of neonatal stroke. Sci Adv. 2019;5(9):eaax1912.

	40.	 Kim H, Yu MR, Lee H, Kwon SH, Jeon JS, Han DC, et al. Metformin 
inhibits chronic kidney disease-induced DNA damage and senescence 
of mesenchymal stem cells. Aging Cell. 2021;20(2): e13317.

	41.	 Li T, Yin Y, Mu N, Wang Y, Liu M, Chen M, et al. Metformin-enhanced car‑
diac AMP-activated protein kinase/Atrogin-1 pathways inhibit charged 
multivesicular body protein 2B accumulation in ischemia-reperfusion 
injury. Front Cell Dev Biol. 2020;8: 621509.

	42.	 Zhang R, Liang Q, Kang W, Ge S. Metformin facilitates the proliferation, 
migration, and osteogenic differentiation of periodontal ligament stem 
cells in vitro. Cell Biol Int. 2019. https://​doi.​org/​10.​1002/​cbin.​11202.

	43.	 Zhou DM, Ran F, Ni HZ, Sun LL, Xiao L, Li XQ, et al. Metformin inhibits 
high glucose-induced smooth muscle cell proliferation and migration. 
Aging (Albany NY). 2020;12(6):5352–61.

	44.	 He L, Wondisford FE. Metformin action: concentrations matter. Cell 
Metab. 2015;21(2):159–62.

	45.	 Pankaj D, Sahu I, Kurian IG, Pradeep AR. Comparative evaluation of 
subgingivally delivered 1.2% rosuvastatin and 1% metformin gel in 
treatment of intrabony defects in chronic periodontitis: a randomized 
controlled clinical trial. J Periodontol. 2018;89(11):1318–25.

	46.	 Pradeep AR, Rao NS, Naik SB, Kumari M. Efficacy of varying concentra‑
tions of subgingivally delivered metformin in the treatment of chronic 
periodontitis: a randomized controlled clinical trial. J Periodontol. 
2013;84(2):212–20.

	47.	 Gan K, Dong GH, Wang N, Zhu JF. miR-221-3p and miR-222-3p down‑
regulation promoted osteogenic differentiation of bone marrow mes‑
enchyme stem cells through IGF-1/ERK pathway under high glucose 
condition. Diabetes Res Clin Pract. 2020;167: 108121.

	48.	 Komori T. Regulation of bone development and maintenance by 
Runx2. Front Biosci. 2008;13:898–903.

	49.	 Gong R, Ding C, Hu J, Lu Y, Liu F, Mann E, et al. Role for the membrane 
receptor guanylyl cyclase-C in attention deficiency and hyperactive 
behavior. Science. 2011;333(6049):1642–6.

	50.	 Wu W, Shi FB, Liu DX, Ceddia RP, Gaffin R, Wei W, et al. Enhancing natriu‑
retic peptide signaling in adipose tissue, but not in muscle, protects 
against diet-induced obesity and insulin resistance. Sci Signal. 2017. 
https://​doi.​org/​10.​1126/​scisi​gnal.​aam68​70.

	51.	 Haufe S, Kaminski J, Utz W, Haas V, Mahler A, Daniels MA, et al. Differen‑
tial response of the natriuretic peptide system to weight loss and exer‑
cise in overweight or obese patients. J Hypertens. 2015;33(7):1458–64.

	52.	 Watanabe-Takano H, Ochi H, Chiba A, Matsuo A, Kanai Y, Fukuhara S, 
et al. Mechanical load regulates bone growth via periosteal Osteocrin. 
Cell Rep. 2021;36(2): 109380.

	53.	 Kanai Y, Yasoda A, Mori KP, Watanabe-Takano H, Nagai-Okatani C, 
Yamashita Y, et al. Circulating osteocrin stimulates bone growth 
by limiting C-type natriuretic peptide clearance. J Clin Investig. 
2017;127(11):4136–47.

	54.	 Peake N, Su N, Ramachandran M, Achan P, Salter DM, Bader DL, et al. 
Natriuretic peptide receptors regulate cytoprotective effects in a 
human ex vivo 3D/bioreactor model. Arthritis Res Ther. 2013;15(4):R76.

	55.	 Khambata RS, Panayiotou CM, Hobbs AJ. Natriuretic peptide receptor-3 
underpins the disparate regulation of endothelial and vascular smooth 
muscle cell proliferation by C-type natriuretic peptide. Br J Pharmacol. 
2011;164(2b):584–97.

	56.	 Yi C, Liu D, Fong CC, Zhang J, Yang M. Gold nanoparticles promote 
osteogenic differentiation of mesenchymal stem cells through p38 
MAPK pathway. ACS Nano. 2010;4(11):6439–48.

	57.	 Thouverey C, Caverzasio J. The p38alpha MAPK positively regulates 
osteoblast function and postnatal bone acquisition. Cell Mol Life Sci. 
2012;69(18):3115–25.

	58.	 Kukolj T, Trivanovic D, Djordjevic IO, Mojsilovic S, Krstic J, Obradovic 
H, et al. Lipopolysaccharide can modify differentiation and immu‑
nomodulatory potential of periodontal ligament stem cells via ERK1,2 
signaling. J Cell Physiol. 2018;233(1):447–62.

https://doi.org/10.1002/cbin.11202
https://doi.org/10.1126/scisignal.aam6870


Page 20 of 20Zhang et al. Stem Cell Research & Therapy          (2022) 13:305 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	59.	 Yan W, Cao Y, Yang H, Han N, Zhu X, Fan Z, et al. CB1 enhanced the 
osteo/dentinogenic differentiation ability of periodontal ligament 
stem cells via p38 MAPK and JNK in an inflammatory environment. Cell 
Prolif. 2019;52(6): e12691.

	60.	 Wang Y, Zhou Y, Jin L, Pang X, Lu Y, Wang Z, et al. Mineral trioxide 
aggregate enhances the osteogenic capacity of periodontal ligament 
stem cells via NF-kappaB and MAPK signaling pathways. J Cell Physiol. 
2018;233(3):2386–97.

	61.	 Wang Y, Li J, Song W, Yu J. Mineral trioxide aggregate upregulates 
odonto/osteogenic capacity of bone marrow stromal cells from crani‑
ofacial bones via JNK and ERK MAPK signalling pathways. Cell Prolif. 
2014;47(3):241–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Metformin combats high glucose-induced damage to the osteogenic differentiation of human periodontal ligament stem cells via inhibition of the NPR3-mediated MAPK pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Isolation and culture of PDLSCs
	Flow cytometry analysis
	Colony-forming unit (CFU) assay
	Cell Counting Kit-8 (CCK-8) assay
	Osteogenic differentiation assay
	Adipogenic differentiation assay
	Chondrogenic differentiation assay
	Selection of the optimal concentration of metformin
	RNA-seq analysis
	Lentivirus transfection
	Enzyme-linked immunosorbent assay (ELISA)
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Western blot analysis
	Immunofluorescence staining
	Statistical analysis

	Results
	Characterization of human PDLSCs
	High glucose impaired the osteogenic differentiation of PDLSCs
	Metformin enhanced the osteogenic differentiation of PDLSCs under high glucose
	Screening and identification of osteogenesis-related genes mediating the metformin-enhanced osteogenic differentiation under high glucose
	Upregulation of NPR3 compromised the metformin-enhanced osteogenic differentiation of PDLSCs under high glucose
	Metformin-enhanced PDLSC osteogenic differentiation under high glucose via inhibition of the NPR3-mediated MAPK pathway

	Discussion
	Conclusions
	Acknowledgements
	References


