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Abstract. Naringenin (NAR) is a prominent flavanone that 
has been recognized for its capacity to promote the osteogenic 
differentiation of human periodontal ligament stem cells 
(hPDLSCs). The present study aimed to explore how NAR 
promotes the osteogenic differentiation of hPDLSCs and 
to assess its efficacy in repairing alveolar bone defects. For 
this purpose, a protein‑protein interaction network of NAR 
action was established by mRNA sequencing and network 
pharmacological analysis. Gene and protein expression 
levels were evaluated by reverse transcription‑quantitative 
and western blotting. Alizarin red and alkaline phosphatase 
staining were also employed to observe the osteogenic 
capacity of hPDLSCs, and immunofluorescence was used to 
examine the co‑localization of NAR molecular probes and 
AKT in cells. The repair of mandibular defects was assessed 
by micro‑computed tomography (micro‑CT), Masson staining 
and immunofluorescence. Additionally, computer simula‑
tion docking software was utilized to determine the binding 
affinity of NAR to the target protein, AKT. The results 
demonstrated that activation of the nitric oxide (NO)‑cyclic 
guanosine monophosphate (cGMP)‑protein kinase G (PKG) 
signaling pathway could promote the osteogenic differentia‑
tion of hPDLSCs. Inhibition of AKT, endothelial nitric oxide 
synthase and soluble guanylate cyclase individually attenuated 
the ability of NAR to promote the osteogenic differentiation 
of hPDLSCs. Micro‑CT and Masson staining revealed that 
the NAR gavage group exhibited more new bone formation 
at the defect site. Immunofluorescence assays confirmed the 

upregulated expression of Runt‑related transcription factor 2 
and osteopontin in the NAR gavage group. In conclusion, the 
results of the present study suggested that NAR promotes 
the osteogenic differentiation of hPDLSCs by activating the 
NO‑cGMP‑PKG signaling pathway through its binding to 
AKT.

Introduction

Maxillofacial trauma is increasing on a global scale (1), which 
poses challenges in regenerating jaw tissue and fixing alveolar 
bone defects. However, the potential of stem cell technology 
for facilitating tissue regeneration and reconstruction has 
emerged  (2). Notably, periodontal stem cells have been 
identified as ideal seed cells for tissue regeneration, which is 
attributed to their robust proliferation and versatile differentia‑
tion capabilities (3,4). Over the years, extensive efforts have 
been undertaken to unravel the optimal conditions for osteo‑
genic differentiation of human periodontal ligament stem cells 
(hPDLSCs), and previous research has revealed the pivotal 
role of the external microenvironment in influencing stem cell 
differentiation towards specific cell types (5).

Naringenin (NAR) is abundant in citrus, grape and 
tomato  (6), and holds notable research and development 
potential. Specifically, various studies have indicated its 
anti‑inflammatory and antioxidant capacities (7,8) and its role 
in conditions such as tumors, cancer and hyperlipidemia (9). 
However, there is limited research on the impact of NAR 
on bone metabolism. Kaczmarczyk‑Sedlak  et  al  (10) and 
Gera et al (11) observed improved osteoporosis symptoms in 
rats treated with NAR. A previous study also demonstrated 
the ability of NAR to effectively enhance the osteogenic 
differentiation of hPDLSCs (12). Despite these findings, the 
precise mechanism underlying the promotion of osteogenic 
differentiation of hPDLSCs by NAR remains unclear.

In the past, the exploration of new drugs and the detec‑
tion of drug targets involved extensive, time‑consuming and 
costly experiments  (13). However, recent advancements in 
biomolecular technology have offered more possibilities for 
modern medical research. The development of multi‑omics 
technology, morphology and physiology has enabled the expla‑
nation of entire biological systems and their activities (14). 
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Simultaneously, the rapid progress in network pharma‑
cology (15) has made the prediction of drug action targets 
possible. Integrating network pharmacology with multi‑omics 
facilitates a comprehensive understanding of drug effects 
on biological systems in a multi‑dimensional, multi‑level 
mechanistical manner. This approach offers new perspectives 
on unraveling the intricate principles of Traditional Chinese 
Medicine and provides more evidence for its application (16). 
Consequently, the present study aimed to explore the target 
and mechanism of NAR in promoting the osteogenic differ‑
entiation of hPDLSCs using mRNA sequencing, network 
pharmacology and experimental validation.

Materials and methods

Cell culture and differentiation. The present study was 
approved by the Ethics Committee of The Affiliated 
Stomatology Hospital, Southwest Medical University 
(Luzhou, China; approval no.  20221107003). Premolar 
teeth were extracted for orthodontic reasons, and written 
consent was provided by the guardian and patient for the 
use of these teeth in the present research project. In total, 
34 premolars were collected from patients (12‑14  years 
old) from November to December, 2022 at The Affiliated 
Stomatology Hospital, Southwest Medical University. 
PBS containing 5, 2 and 1% streptomycin/penicillin were 
prepared and used for washing roots, while the periodontal 
membrane was delicately removed from the middle 1/3 of 
the roots. The periodontal ligament tissue was seeded in a 
culture flask with 2 ml complete medium, which contained 
89% a MEM medium (Gibco; Thermo Fisher Scientific, Inc.), 
10% fetal bovine serum (Procell Life Science & Technology 
Co., Ltd.) and 1% streptomycin/penicillin (Beyotime 
Biotechnology Co., Ltd.). The flask was placed inverted in 
an incubator at 37˚C (5% CO2). After 2‑3 h, the cell culture 
flask was inverted. Third‑generation cells were collected 
for adipogenic and osteogenic induction. The medium was 
changed to either osteogenic medium [complete medium 
with 50 µg/ml ascorbic acid (Beyotime Biotechnology Co., 
Ltd.), 100 nmol/l dexamethasone (Beijing Solarbio Science 
& Technology Co., Ltd.) and 10 mmol/l β-glycerophosphate 
(Beijing Solarbio Science & Technology Co., Ltd.)] or adipo‑
genic induction medium [complete medium with 100 µmol/l 
indomethacin (Beijing Solarbio Science & Technology Co., 
Ltd.), 0.5  mmol/l 3‑isobutyl‑1‑methyl xanthine (Beijing 
Solarbio Science & Technology Co., Ltd.), 10 µg/ml insulin 
(Beyotime Biotechnology Co., Ltd.) and 1 µmol/l dexameth‑
asone (Beijing Solarbio Science & Technology Co., Ltd.)] 
and refreshed every 3 days. Alizarin red S staining (2%) for 
calcified nodules (37˚C, 1 h) was performed after 28 days, 
while oil red O staining (0.3%) for fat droplet (37˚C, 30 min) 
was conducted after 21 days.

Flow cytometry. Surface markers for the third‑generation 
hPDLSCs were identified by flow cytometry. Cells were 
resuspended in 1‑2 ml PBS and placed into assay tubes. Flow 
cytometry assay‑associated surface marker antibodies (BD 
Biosciences), including CD31 (cat. no. 560984; FITC), CD44 
(cat. no. 561858; PE), CD45 (cat. no. 560976; FITC), CD105 
(cat. no. 560839; PE) and CD90 (cat. no. 555596; PE), were 

pre‑diluted for use at the recommended volume per test. These 
antibodies were added to the cells and incubated at 4˚C for 
30 min in the dark. Subsequently, the cells were washed with 
PBS thrice, resuspended in PBS and subjected to flow cytom‑
etry using a BD FACS Calibur (BD Biosciences). Evaluation 
and analysis of stem cell characteristics were conducted by 
detecting the specific stem cell surface markers CD31, CD44, 
CD45, CD90 and CD105. The results were analyzed by BD 
CellQuest Pro software 5.1 (BD Biosciences).

Cell treatment. Cells treated with NAR (10 µmol/l) were also 
treated with NG‑nitro‑L‑arginine methyl ester (L‑NAME; 
70 µM) to inhibit endothelial nitric oxide synthase (eNOS), 
1H‑[1,2,4]oxadiazolo[4,3‑a]quinoxalin‑1‑one (ODQ; 20 µM) 
to inhibit soluble guanylate cyclase (sGC) and AKT inhibitor 
VIII (58  nM) to inhibit AKT, as recommended by the 
manufacturer (MedChemExpress for all).

Cytotoxicity analysis. The third‑generation hPDLSCs were 
seeded at a density of 5x103 cells per well in 96‑well plates, 
and the impact of 10 µmol/l NAR on the viability of hPDLSCs 
was assessed. After 7 days, the absorbance at 450 nm was 
measured with a plate reader (Thermo Fisher Scientific, Inc.) 
following the instructions provided by the manufacturer of 
Cell Counting Kit‑8 (37˚C, 1 h; APeXBIO Technology LLC).

Detection of protein expression by western blotting. After 
7 days of culture, cells subjected to different treatments 
were washed with PBS and lysed by RIPA lysis buffer (cat. 
no. PC101; Shanghai Epizyme Biotech Co., Ltd.) containing 
protease (cat. no.  GRF101; Shanghai Epizyme Biotech 
Co., Ltd.) and phosphatase inhibitors (cat. no.  GRF102; 
Shanghai Epizyme Biotech Co., Ltd.; 1:100). The BCA 
protein assay kit was used to determine the concentration 
of proteins. After the addition of 5X SDS‑PAGE protein 
loading buffer, the samples underwent a 10‑min incuba‑
tion in a metal water bath at 100˚C. Subsequently, 20 µg 
protein per lane was subjected to 6, 7.5 or 10% SDS‑PAGE, 
then transferred onto PVDF membranes. After blocking 
(room temperature, 10 min) by Protein Free Rapid Sealing 
Solution (cat. no. PS108P; Shanghai Epizyme Biotech Co., 
Ltd.), the membranes were incubated with 1:2,000 diluted 
primary antibodies (ImmunoWay Biotechnology Company) 
against Runt‑related transcription factor 2 (RUNX2; 
cat. no.  YT5356), osteopontin (OPN; cat. no.  YT3467), 
sGC (cat. no.  YN5360), protein kinase G (PKG; cat. 
no. YN1879), transient receptor potential cation channel, 
subfamily  C, member  6 (TRPC6; cat. no.  YN4084), 
AKT (cat. no.  YT0185), phosphorylated (p)‑AKT (cat. 
no.  YP0006), eNOS (cat. no.  YT3174), p‑eNOS (cat. 
no. YP0514) and GAPDH (cat. no. YN5585) for 24 h at 4˚C, 
followed by a 1‑h incubation with the Goat Anti‑Rabbit 
IgG H&L antibody (Beijing Biosynthesis Biotechnology 
Co., Ltd.; cat. no. YP0514; 1:3,000) at room temperature. 
Protein bands were developed by Omni‑ECL™ Femto Light 
Chemiluminescence kit (cat. no. SQ201; Shanghai Epizyme 
Biotech Co., Ltd.) after immersion of the membrane in the 
developing solution. GAPDH served as an internal reference 
to calculate the relative expression of other target proteins 
by ImageJ (version 1.52; National Institutes of Health).
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Reverse transcription‑quantitative PCR (RT‑qPCR). After 
7 days of incubation, total RNA extraction was performed 
with Rapid RNA Extraction kit (Hunan Accurate Bio‑Medical 
Technology Co., Ltd.), and RNA was reverse transcribed using 
Reverse Transcription Premix Kit according to the manufac‑
turer's protocol (Hunan Accurate Bio‑Medical Technology Co., 
Ltd.). The primer sequences for qPCR are listed in Table I. The 
primers (Sangon Biotech Co., Ltd.) SYBR (Hunan Accurate 
Bio‑Medical Technology Co., Ltd.) and cDNA were added in 
octuplet tubes and qPCR was performed following a preset 
program (step 1: 95˚C, 30 sec, 1 cycle; step 2: 95˚C, 5 sec, 
40 cycles; step 3: 60˚C, 30 sec, 40 cycles) (Bio‑Rad Laboratories, 
Inc.). Gene expression was normalized to GAPDH, which 
served as an internal reference. The 2‑ΔΔCq method was used for 
data analysis (17).

Alkaline phosphatase (ALP) staining. After 7 days of incu‑
bation at 37˚C, cells from different treatment groups were 
washed with PBS thrice then fixed with 4% paraformaldehyde 
for 30 min at room temperature. The cells were then incubated 
with freshly prepared ALP staining reagent (Sangon Biotech 
Co., Ltd.) at 37˚C for 30 min. Subsequently, ALP staining was 
observed and recorded by light microscopes and cameras.

Alizarin red staining. Following 28 days of incubation, cells 
from various treatment groups were washed with PBS thrice 
and subsequently fixed with 4% paraformaldehyde for 30 min 
at room temperature. Next, cells underwent 2‑3 washes with 
2‑3 ml double‑distilled water. Finally, 1 ml alizarin red dye 
(Beijing Solarbio Science & Technology Co., Ltd.) was added 
to each well, and the cells were incubated for 30 min at 37˚C 
in an incubator. The wells were then washed thoroughly with 
double‑distilled water, and the mineralized nodules were 
observed and recorded by light microscopes and cameras.

Molecular docking. The three‑dimensional (3D) structure of 
the AKT receptor protein (ID: 1UNQ) was downloaded from 
the Research Collaboratory for Structural Bioinformatics 
Protein Data Bank (PDB) database (https://www.rcsb.org/). 
Additionally, the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/) was queried for NAR (compound CID: 932), 
and the molecular ligand 3D structure was retrieved and 
downloaded. Subsequently, both the AKT protein and NAR 
molecular files were converted to a PDBQT format, which 

involved the elimination of all water molecules and the 
addition of polar hydrogen atoms. Molecular docking was 
then conducted by using Autodock 4.2  (18) and Autodock 
Vina 1.2.2 (19), and these tools were employed to calculate the 
binding energy between AKT and NAR. The visualization of 
the final docking results was performed using Ligplot v.2.2.4 
(EMBL‑EBI) and Pymol 2.4.0 (Schrödinger, Inc.).

Quantitative detection of differentially expressed genes and 
correlation analysis. The high‑throughput sequencing service 
and subsequent bioinformatics analysis were provided by 
Novogene Co. Ltd. (Beijing, China). Briefly, after 7 days of 
culture, total RNA was extracted by TRIzol (Thermo Fisher 
Scientific, Inc.) from the cells of various treatment groups. 
Subsequently, the gene expression of both the control and 
experimental groups was assessed, the differentially expressed 
mRNAs (GEO ID: GSE266150) were identified by Novogene 
Co. Ltd., with the value of |log2FoldChange|>1 and Padj 
<0.01. This was followed by Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis, which characterized 
the functional pathways associated with the differentially 
expressed genes.

Protein‑Protein Interaction (PPI) network. The key genes 
involved in the cGMP‑PKG signaling pathway were identified 
using the KEGG database online tool (https://www.genome.
jp/kegg/). The NAR target gene set was obtained through the 
Encyclopedia of Traditional Chinese (20) database (http://www.
tcmip.cn/ETCM/index.php/Home/Index/index.html). These 
two gene sets were entered into the STRING database 
(https://cn.string‑db.org/) to generate the PPI network. The 
network was analyzed using Cytoscape 3.9.1 (https://cyto‑
scape.org/) and the genes were ranked after calculating the 
score of each gene. The top ten ranked genes were selected to 
construct the core sub‑network.

cGMP ELISA. The cGMP ELISA was conducted using the 
human cyclic guanosine monophosphate ELISA kit (cat. 
no. F2502‑A; Beijing Huabodeyi Biotechnology Co., Ltd.). 
After a 2‑day incubation, the medium from hPDLSCs from 
various treatment groups was collected. The cGMP standard 
solutions were diluted to 0.1, 0.2, 0.4, 0.8 and 1.6  nmol/l 
according to the provided instructions Subsequently, the 
samples and the standard solutions were added to a 96‑well 

Table I. Primer sequences.

Gene	 Forward primer, 5'‑3'	 Reverse primer, 5'‑3'

GAPDH 	 GCACCGTCAAGGCTGAGAAC	 TGGTGAAGACGCCAGTGGA
RUNX2	 CCCAGTATGAGAGTAGGTGTCC	 GGGTAAGACTGGGTCATAGGACC
OPN	 GATGGCCTTGTATGCACCATTC	 GCAGACCTGACATCCAGTACC
sGC	 GACCGATTCAGATGAGGATAGGA	 GGTAAGTGGTTGGGCTGACA
PKG	 AACGAGCTGGGACAAGTACCG	 GATCCTTGGACTGGTGGGCTC
TRPC6	 AAGACATCTTCAAGTTCATGGTC	 TCAGCGTCATCCTCAATTTCC

RUNX2, Runt‑related transcription factor; OPN, osteopontin; sGC, soluble guanylate cyclase; PKG, protein kinase G; TRPC6, transient 
receptor potential cation channel, subfamily C, member 6.
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LI et al:  NAR ENHANCES THE OSTEOGENIC DIFFERENTIATION OF hPDLSCs4

plate and incubated at 37˚C for 30 min. After completion of the 
reaction between the samples or the standard solutions with 
the Enzyme Coating Plates, the samples and the standards 
were discarded. Next, the washing solution was added to the 
96‑well plate five times, then 50 µl enzyme labeling reaction 
solution was added to all wells except the blank wells. The 
reaction was then incubated at 37˚C for an additional 30 min. 
The enzyme labeling reaction solution was then discarded and 
the 96‑well plate was washed with washing solution five times. 
Color rendering solution A and B were added to the 96‑well 
plate successively, then the 96‑well plate was incubated at 37˚C 
for 10 min without light. Subsequently, terminating solution 
was added to terminate the reaction. Finally, the cGMP level 
was quantified according to the optical density (OD) at 405 nm 
by comparison with the standard curves.

NO detection. NO detection was conducted using the Griess 
Reagent kit (cat. no. S0021S; Beyotime Biotechnology Co., 
Ltd.). hPDLSCs were seeded in 6-well plates at a density of 
1.0x106 cells per well, subjected to the various aforementioned 
treatments for 24 h, then the supernatant was collected. The 
NaNO2 standard solutions with concentrations ranging from 0 
to 100 µM were prepared with complete medium. Next, 50 µl 
standards and 50 µl samples were added separately to each 
well of a 96‑well plate. Subsequently, NO detection reagents I 
and II were added (50 µl each; 37˚C, 10 min). After completion 
of the reaction, Finally, the resulting solutions were quantified 
according to the OD at 540 nm using a microplate reader 
(Thermo Fisher Scientific, Inc.).

Animal treatment. A total of 12 Sprague‑Dawley (SD) male 
rats (180‑220 g, 6  weeks old) purchased from Southwest 
Medical University Laboratory Animal Center (Luzhou, 
China), were divided equally into the control and NAR groups. 
Animals were housed in a controlled environment, including 
a temperature of 23±2˚C, a relative humidity of 45±5%, a 12 h 
light‑dark cycle and access to food and water ad libitum. Rats 
were examined daily for body weight, health and behavior. 
Anesthesia was induced with 50 mg/kg sodium pentobarbital 
by intraperitoneal injection. Hair removal was achieved using 
depilatory cream and sequential incisions were made in the left 
cheek tissues. Next, a 1x1x2‑mm defect was abraded under‑
neath the molar teeth of the rats using a high‑speed handpiece. 
After surgery, subcutaneous injection of carprofen (5 mg/kg) 
was used for pain relief. The NAR group received a daily 
gavage of 50 mg/kg NAR (Shanghai Macklin Biochemical Co., 
Ltd.) (21,22), while the control group received an equal volume 
of saline. The following conditions were set as the humane 
endpoints: Initial body weight loss of >20%, inability to eat 
and drink and animals without anesthesia or sedation showing 
depression or low body temperatures <37˚C. No SD rats exhib‑
ited these humane endpoints. After 28 days of continuous 
treatment, the SD rats were euthanized at a 50% vol/min CO2 
displacement rate (according to the AVMA guidelines) (23). 
After determining that the rats were not moving, not breathing 
and had dilated pupils, the CO2 was switched off and the 
animals were observed for a further 2 min to determine that 
they were dead. Next, lower jaw samples were collected and 
then immersed in 4% paraformaldehyde (room temperature, 
24 h). The animal manipulation procedures were approved by 

The Ethics Committee of the Laboratory Animal Center of 
Southwest Medical University (approval no. 20221107‑016).

Masson staining and immunofluorescence. After 2‑month 
decalcification using ethylenediaminetetraacetic acid (cat. 
no. ST069‑500 ml; Beyotime Biotechnology Co., Ltd.), the 
alveolar bone tissues were embedded in paraffin and sectioned 
(4‑µm sections), followed by Masson staining (room tempera‑
ture, 2 h) (Beijing Solarbio Science & Technology Co., Ltd.) 
and light microscopy to observe osteogenesis at the bone 
defects.

For immunofluorescence staining, the tissue sections were 
deparaffinized with xylene (twice for 15 min each). After 
deparaffinization, the sections were rehydrated with different 
concentrations of alcohol (100, 95, 80 and 70%) and purified 
water. The excess water was discarded, and antigen repair 
was conducted by adding an appropriate amount of antigen 
repair solution (cat. no. P0088; Beyotime Biotechnology Co., 
Ltd.) to the tissues, then washing with water after 10 min. 
Next, the sections were blocked using 5% goat serum (Beijing 
Solarbio Science & Technology Co., Ltd.) for 30 min at 37˚C 
and then incubated overnight with anti‑RUNX2 (1:100; cat. 
no. YT5356) and anti‑OPN (1:100; cat. no. YT3467) antibodies 
(ImmunoWay Biotechnology Company) at 4˚C. The next day, 
the sections were incubated with a Multi‑rAb CoraLite® Plus 
594‑Goat Anti‑Rabbit Recombinant Secondary Antibody 
(1:200; cat. no. RGAR004; Proteintech Group, Inc.) at 37˚C for 
1 h. Next, the sections were washed in PBS, treated with DAPI 
(37˚C, 10 min) and sealed with glycerol. The sections were 
then observed and imaged under a fluorescence microscope.

Micro‑computed tomography (micro‑CT). A micro‑CT 
system (SkySCAN 1176 Micro-CT; Bruker Corporation) 
was employed for imaging. The imaging parameters were 
as follows: Pixel size=35 mm, angular rotation step=0.8 and 
voltage/current=50 kV/498 mA. The CT results were recon‑
structed, and the region of the bone corresponding to the 
bone defect was specifically selected for subsequent analysis. 
The regions of interest were analyzed using CT‑Analyser 
(version 1.20.3.0; Bruker Corporation). The total volume of 
the tissue was calculated by the software by setting uniform 
parameters. Then, the bone mineral density (BMD), bone 
volume/tissue volume (BV/TV) ratio and trabecular thickness 
(TbTh) were assessed.

Co‑localization of NAR probes and AKT. NAR probes labeled 
with fluorescein were synthesized through an azide‑alkyne 
cycloaddition reaction. hPDLSCs were treated with NAR 
probes (10 µmol/l) and fluorescence detection was conducted 
after a 2‑day incubation period. The treated cells were fixed 
using 4% paraformaldehyde (37˚C, 30 min), washed with PBS 
and blocked with 10% goat serum for 1 h (room temperature). 
The blocked cells were then incubated with anti‑AKT antibody 
(1:100) at 4˚C overnight. The next day, the samples were incu‑
bated with a Multi‑rAb CoraLite® Plus 594‑Goat Anti‑Rabbit 
Recombinant Secondary antibody (1:200; Proteintech Group, 
Inc.) at 37˚C for 1 h, followed by incubation with DAPI (37˚C, 
10 min). The hPDLSCs were then washed with PBS thrice, 
sealed with glycerol and observed and imaged under a laser 
confocal microscope.
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Statistical analysis. SPSS version 21.0 (IBM Corp.) was used 
to analyze the data. All data are presented as the mean ± stan‑
dard deviation. Statistical significance was evaluated using the 
Student's t‑test (unpaired) for independent samples to compare 
the differences in the data between groups. For ≥3 groups, 
one‑way ANOVA and Dunnett's post hoc test were employed. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Culture and characterization of hPDLSCs. The established 
third‑generation hPDLSCs exhibited robust osteogenic and 
adipogenic differentiation capabilities (Fig. 1C and D). Flow 
cytometry analysis confirmed the identity of hPDLSCs, 
which revealed positive expression of CD44 (99.84%), CD90 
(99.95%) and CD105 (98.95%), and negative expression of 

CD31 (0.46%) and CD45 (0.17%) (Fig. 1E). Compared with the 
control group, hPDLSCs treated with 10 µM NAR for 7 days 
demonstrated enhanced osteogenic potential, as indicated by 
ALP staining, formation of mineralized nodules and elevated 
gene and protein expression of RUNX2 and OPN (Fig. 1F, 
G and I‑K).

Volcano plots, clustered heatmaps, KEGG analysis and 
expression validation of genes. The transcriptome sequencing 
results revealed differential expression of 104 genes between 
the control and NAR groups (Fig. 2A and B). KEGG analysis 
of these differentially expressed genes revealed the involve‑
ment of the cGMP‑PKG signaling pathway (Fig. 2C). The 
ELISA result revealed an elevated cGMP protein expression 
in the NAR group compared with the control group (Fig. 2D). 
During the assessment of pathway factors associated with the 
cGMP‑PKG signaling axis, the NAR group was observed 

Figure 1. Isolation and identification of hPDLSCs, and NAR‑mediated promotion of hPDLSC osteogenic differentiation. (A) The hPDLSCs around tissue 
blocks (magnification, x40). (B) The third‑generation hPDLSCs (magnification, x40). (C) Alizarin red S staining demonstrating osteogenic differentia‑
tion ability of hPDLSCs (magnification, x40). (D) Oil red O staining demonstrating adipogenic differentiation ability of hPDLSCs (magnification, x200). 
(E) Flow cytometry results of cell surface markers. (F) Alkaline phosphatase staining of hPDLSCs after 7 days of 10 µM NAR treatment (magnification, 
x40). (G) hPDLSCs were subjected to alizarin red staining following incubation with NAR for 28 days (magnification, x40). (H) Results of Cell Counting 
Kit 8 assay. (I) Gene and (J) protein expression of RUNX2 and OPN in hPDLSCs after 7 days of 10 µM NAR treatment. (K) Histogram of RUNX2 and OPN 
protein expression. *P<0.05, **P<0.01, ***P<0.001. hPDLSCs, human periodontal ligament stem cells; NAR, naringenin; RUNX2, Runt‑related transcription 
factor; OPN, osteopontin; OD, optical density.
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Figure 2. Volcano plot, clustered heatmap, KEGG analysis and validation of the expression of associated factors. (A) Volcano plot depicting the differential 
gene expression between the NAR and control groups. (B) Heatmap illustrating the gene expression differences between the NAR and control groups. 
(C) Kyoto Encyclopedia of Genes and Genomes analysis of differentially expressed genes between the NAR and control groups. (D) ELISA detection of 
cGMP production. (E) Reverse transcription‑quantitative PCR‑based detection of TRPC6, PKG and sGC expression. (F and G) Protein expression analysis 
of PKG, TRPC6 and sGC. *P<0.05, **P<0.01. NAR, naringenin; cGMP, cyclic guanosine monophosphate; TRPC6, transient receptor potential cation channel, 
subfamily C, member 6; PKG, protein kinase G; sGC, soluble guanylate cyclase.
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to exhibit elevated expression levels of sGC, PKG and 
TRPC6 proteins and genes compared with the control group 
(Fig. 2E‑G).

Impact of the eNOS inhibitor, L‑NAME, on NAR‑induced 
promotion of osteogenic dif ferentiation in hPDLSCs. 
Strong ALP and alizarin red staining was noted in 
the NAR group compared with the control group 
(Fig. 3A and B), indicating that NAR promoted the osteo‑
genic differentiation of hPDLSCs. Additionally, the gene 
and protein expression levels of the osteogenesis‑related 
factors, RUNX2 and OPN, were higher in the NAR group 
than in the control group (Fig. 3D‑F). This elevation was 
accompanied by increased expression of p‑eNOS, NO and 
sGC (Fig. 3C‑E and G). Upon the addition of L‑NAME 
(an eNOS inhibitor), the NAR + L‑NAME group exhibited 
decreased expression of p‑eNOS, NO and sGC compared 
with the NAR group, in addition to a decreased expression 
of the osteogenic factors, RUNX2 and OPN. Furthermore, 

the staining intensity of ALP and alizarin red was lower in 
the NAR + L‑NAME group compared with the NAR group 
(Fig. 3A and B).

Ability of NAR to promote the osteogenic differentiation 
of hPDLSCs is decreased by the addition of ODQ, an sGC 
inhibitor. Further experiments were conducted to explore the 
role of the NO downstream factor, sGC. The results revealed 
an increased expression of sGC, PKG, cGMP and TRPC6 in 
the NAR group compared with the control group (Fig. 4C, E, 
F and H). Upon addition of ODQ (an sGC inhibitor), the NAR + 
ODQ group exhibited decreased expression of the osteogen‑
esis‑related factors, RUNX2 and OPN, at both the gene and 
protein levels (Fig. 4D, F and G). Additionally, the intensity of 
both ALP and alizarin red staining in the NAR + ODQ group 
was lower compared with the NAR group (Fig. 4A and B). 
Furthermore, the expression of sGC, PKG, cGMP and TRPC6 
was reduced in the NAR + ODQ group compared with the 
NAR group (Fig. 4C‑H).

Figure 3. Ability of NAR to promote osteogenesis in human periodontal ligament stem cells is mitigated after L‑NAME (eNOS inhibitor) treatment. 
(A) Alkaline phosphatase staining in different treatment groups. (B) Alizarin red staining in different treatment groups. (C) NO levels in different treatment 
groups. (D) Gene expression levels of RUNX2, OPN and sGC in different treatment groups. (E‑G) Protein expression of RUNX2, OPN, sGC and p‑eNOS in 
various treatment groups. *P<0.05, **P<0.01, ***P<0.001. NAR, naringenin; eNOS, endothelial nitric oxide synthase; RUNX2, Runt‑related transcription factor; 
OPN, osteopontin; sGC, soluble guanylate cyclase; NO, nitric oxide; p‑, phosphorylated; t‑, total; L‑NAME, NG‑nitro‑L‑arginine methyl ester.
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Network pharmacology screening of NAR targeting factors 
and validation. NO‑cGMP‑PKG signaling pathway‑related 
factors and NAR targeting factors were input into the STRING 
database for analysis. A PPI network was generated, and the 
top 10 genes were used to construct the core sub‑network 
by Cytoscape. AKT emerged as the top‑ranking gene in this 
network, which revealed an association between AKT and 
eNOS (also termed NOS3; Fig.  5A). Subsequently, AKT, 
eNOS, NO, sGC, cGMP, PKG and TRPC6 were integrated 
into the cGMP‑PKG signaling pathway, which revealed that 
AKT was situated upstream of this pathway and could directly 
regulate eNOS (Fig. 5B). Fig. 5C illustrates the docking results 
of NAR (structure downloaded from PubChem) with AKT 
molecules (structure downloaded from the PDB), while the 
2D representation is shown in Fig. 5D. In addition, a NAR 
probe labeled with fluorescein was co‑cultured with hPDLSCs 

(Fig. 5E), which revealed co‑localization of the fluorescence 
emission of the NAR probe with that of AKT in the cytoplasm 
(Fig. 5F).

Ability of NAR to promote osteogenesis in hPDLSCs is 
decreased by the addition of AKT inhibitor VIII. The results 
revealed increased expression of p‑AKT and p‑eNOS in the 
NAR group compared with the control group (Fig. 6D and F). 
Upon addition of AKT inhibitor VIII, the NAR + AKT 
inhibitor VIII group exhibited decreased expression of the 
osteogenesis‑related factors, RUNX2 and OPN, at both 
the gene and protein levels compared with the NAR group. 
Additionally, ALP and alizarin red staining exhibited a lower 
intensity, and the expression of p‑AKT and p‑eNOS was 
reduced in the NAR + AKT inhibitor VIII group compared 
with the NAR group (Fig. 6A‑F).

Figure 4. Ability of NAR to promote osteogenesis in human periodontal ligament stem cells is decreased after ODQ (an sGC inhibitor) treatment. (A) Alkaline 
phosphatase staining in different treatment groups. (B) Alizarin red staining in different treatment groups. (C) cGMP expression in different treatment groups. 
(D and E) Gene expression levels of RUNX2, OPN, sGC, PKG and TRPC6 in different treatment groups. (F‑H) Protein levels of RUNX2, OPN, sGC, PKG 
and TRPC6 in different treatment groups. *P<0.05, **P<0.01, ***P<0.001. NAR, naringenin; cGMP, cyclic guanosine monophosphate; sGC, soluble guanylate 
cyclase; RUNX2, Runt‑related transcription factor; OPN, osteopontin; TRPC6, transient receptor potential cation channel, subfamily C, member 6; PKG, 
protein kinase G; ODQ, 1H‑[1,2,4]oxadiazolo[4,3‑a]quinoxalin‑1‑one.
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Figure 5. Network pharmacological screening and validation of NAR targeting factors. (A) Cytoscape analysis of the top 10 genes in the protein‑protein 
interaction network. (B) Localization of crucial genes in the cyclic guanosine monophosphate‑protein kinase G signaling axis. (C) 3D structure of NAR and 
the 3D docking results of NAR and AKT. (D) Two‑dimensional docking results of NAR and AKT. (E) NAR fluorescent probe. (F) Co‑localization of NAR 
and AKT. NAR, naringenin; 3D, three‑dimensional.
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NAR promotes the repair of alveolar bone defects. Due to the 
enhanced osteogenic differentiation observed in hPDLSCs 
under the influence of NAR during in vitro experiments, it was 
hypothesized that NAR may promote alveolar bone regen‑
eration. To investigate this, an alveolar bone defect model was 
established in SD rats, and a daily gavage of 50 mg/kg NAR 
was administered to the treatment group. Micro‑CT analysis 
of bone morphology revealed that, after 28 days of treatment, 
new bone, BMD, BV/TV and TbTh at the bone defects were 
higher in the NAR group compared with the saline‑treated 
(control) group (Fig. 7A‑D). Masson staining also indicated 

increased formation of new bone in the NAR group (Fig. 7E). 
Immunofluorescence further demonstrated higher expression 
of RUNX2 (Fig. 7F) and OPN (Fig. 7G) in the periodontal 
ligament and new bone at the alveolar bone defects in the NAR 
group. These findings suggested that NAR has the potential to 
promote the healing of alveolar bone defects.

Discussion

Numerous studies have employed hPDLSCs in both in vivo and 
in vitro repair and regeneration experiments, demonstrating 

Figure 6. Impact of AKT inhibitor VIII on NAR‑mediated osteogenic promotion in human periodontal ligament stem cells. (A) Alkaline phosphatase 
staining in different treatment groups. (B) Alizarin red staining in different treatment groups. (C) Gene expression of RUNX2 and OPN in different treatment 
groups. (D‑F) Protein levels of RUNX2, OPN, p‑AKT and p‑eNOS in different treatment groups. *P<0.05, **P<0.01, ***P<0.001. NAR, naringenin; RUNX2, 
Runt‑related transcription factor; OPN, osteopontin; eNOS, endothelial nitric oxide synthase; p‑, phosphorylated; t‑, total.



INTERNATIONAL JOURNAL OF MOlecular medicine  54:  67,  2024 11

their effectiveness in promoting osteogenesis (24‑26). However, 
the complexity of material construction has hindered their 
widespread adoption. NAR holds notable development and 
application potential as it is readily available and easily obtain‑
able. In the present study, bioinformatics analysis revealed 
the presence of differentially expressed factors in hPDLSCs 
after NAR treatment, and these factors were associated with 
the NO‑cGMP‑PKG signaling pathway, which is known to be 
involved in bone remodeling processes (27). Previous studies 
have suggested the promotion of osteogenic differentiation by 
estradiol, fluid shear stress and epimedium glycosides through 
the NO‑cGMP‑PKG signaling pathway (28‑30). During the cell 
experiments conducted in the present study, NAR was found to 
enhance osteogenesis in hPDLSCs, which was accompanied 
by increased expression of NO and sGC, factors related to the 
NO‑cGMP‑PKG pathway.

To explore the involvement of the NO‑cGMP‑PKG pathway 
in the promotion of osteogenesis by NAR in hPDLSCs, 
the present study used L‑NAME (an inhibitor of eNOS 
phosphorylation) and observed a decrease in both p‑eNOS 

and NO expression, in addition to a decreased osteogenic 
capacity of hPDLSCs. These results may suggest that NO is a 
crucial factor in the osteogenic promotion mediated by NAR. 
Additionally, as a pivotal signal in bone remodeling  (31), 
NO increases cGMP concentration and promotes osteoblast 
proliferation (32). The downstream factor of NO is sGC, which 
has been reported to further enhance osteoblast proliferation 
and differentiation and to reduce bone trabecular loss (33). 
In the present study, the addition of ODQ (an inhibitor of 
sGC) resulted in a decrease in the osteogenic potential of 
NAR‑promoted hPDLSCs, which was coupled with reduced 
expression of downstream factors such as PKG, cGMP and 
TRPC6. Inhibition of TRPC6 has been shown to hinder the 
osteogenic capacity of periodontal ligament cells, while activa‑
tion of TRPC6 promotes it. Moreover, TRPC6‑knockout mice 
exhibit poorer bone regeneration in cranial defects compared 
with wild‑type mice, which reflects the importance of TRPC6 
in bone defect repair (34).

Beyond osteogenesis, the NO‑cGMP‑PKG pathway plays a 
role in various biological functions such as heart failure with 

Figure 7. Ability of NAR to promote alveolar bone repair. (A‑D) Results of BMD, BV/TV ratio, TbTh and new bone in the control and NAR groups. (E) Masson 
staining illustrating tissue morphology in the control and NAR groups. (F and G) Immunofluorescence of alveolar bone in the control and NAR groups. 
*P<0.05, **P<0.01. NAR, naringenin; RUNX2, Runt‑related transcription factor; OPN, osteopontin; BMD, bone mineral density; BT/TV, bone volume/tissue 
volume; TbTh, trabecular thickness; R, root; PDL, periodontal ligament; NB, new bone.
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preserved ejection fraction, gluconeogenesis and the circadian 
clock (35‑37). NAR has been shown to reduce inflammatory 
pain responses induced by superoxide anion (KO2) in mice 
through the NO‑cGMP‑PKG‑ATP‑sensitive potassium channel 
(KATP) signaling pathway (38). In addition, NAR inhibited the 
pacing activity of mouse small intestinal Cajal mesenchymal 
stromal cells through a NO‑cGMP‑dependent pathway (39). 
These findings suggest that NAR exerts diverse cellular effects 
by modulating the NO‑cGMP‑PKG pathway.

To further investigate the regulatory mechanisms by 
which NAR influences the NO‑cGMP‑PKG pathway, the 
present study used network pharmacology. The results of 
computer‑simulated molecular docking revealed a strong 
binding affinity between NAR and AKT, which was consis‑
tent with previous studies (40‑42). As indicated by pathway 
mapping, AKT was situated upstream of the NO‑cGMP‑PKG 
pathway. Thus, we hypothesized that NAR may activate the 
NO‑cGMP‑PKG pathway by targeting AKT. Phosphorylated 
AKT activates eNOS, which leads to the release of NO and 
subsequent protection against high glucose‑induced apoptosis 
in endothelial cells (43). Similarly, the promotion of osteogenic 
differentiation in bone marrow mesenchymal stem cells by 
epimedium glycoside has been associated with elevated expres‑
sion of p‑AKT, p‑eNOS and NO (30), which is in agreement 
with the increased expression of p‑AKT and p‑eNOS observed 
following NAR treatment of hPDLSCs in the present study. In 
the present study, the addition of an AKT inhibitor resulted in 
decreased expression of p‑AKT and p‑eNOS (which supported 
the aforementioned hypothesis) in NAR‑treated hPDLSCs, 
which was accompanied by a reduction in the ability of NARs 
to promote the osteogenic differentiation of hPDLSCs.

In addition, the present study revealed that NAR bound to 
the R25 site on AKT, which was consistent with the binding 
site of SC79, a specific AKT activator that promotes the cyto‑
solic phosphorylation of AKT (44). SC79 has been shown to 
contribute to the osteogenic differentiation of human bone 

marrow mesenchymal stem cells (45). To explore the intracel‑
lular binding of NAR to AKT, fluorescent NAR probes were 
synthesized and employed in the present study. The observed 
fluorescence co‑localization of NAR with AKT confirmed 
that NAR may stimulate the osteogenic differentiation of 
hPDLSCs by intracellularly binding to AKT and promoting 
its phosphorylation. Previous studies have reported that NAR 
promotes AKT phosphorylation to regulate apoptosis and 
enhances the cellular cholesterol efflux process in prostate 
cancer cells (46,47). Notably, NAR‑promoted AKT phosphor‑
ylation regulates various cellular biological functions such 
as inducing prostate cancer apoptosis, supporting migration 
of cells, improving ovulation and suppressing androgens and 
cystic follicles (46,48,49). In the present study, NAR gavage 
significantly promoted the repair and regeneration of alveolar 
bone defects in a bone defect model. Zhou et al (50) also found 
that NAR significantly reversed bone loss caused by LPS and 
contributed to the healing of cranial bone defects. These find‑
ings underscore the value of NAR in research and development 
for promoting bone regeneration.

However, the present study does have some limita‑
tions. Only mRNAs from transcriptomics were analyzed 
for relevant pathways, while transcriptomics also includes 
non‑coding RNAs. It has previously been demonstrated that 
non‑coding RNAs have a role in biological mechanisms (51). 
In the future, the functions and mechanisms of NAR and other 
Chinese medicine molecules should be further revealed from 
a multi‑omics perspective.

In summary, AKT has emerged as a pivotal target through 
which NAR facilitates osteogenic differentiation, and the 
promotion of osteogenesis in hPDLSCs by NAR is achieved 
by binding to AKT to modulate the NO‑cGMP‑PKG signaling 
pathway (Fig. 8). The present findings constitute novel insights 
into the underlying mechanism by which NAR promotes the 
osteogenic differentiation of hPDLSCs, offering valuable 
knowledge for the future development and application of NAR.

Figure 8. Schematic diagram of the mechanism by which naringenin promotes the osteogenic differentiation of human periodontal ligament stem cells. eNOS, 
endothelial nitric oxide synthase; p, phosphorylated; NO, nitric oxide; sGC, soluble guanylate cyclase; cGMP, cyclic guanosine monophosphate; TRPC6, 
transient receptor potential cation channel, subfamily C, member 6; PKG, protein kinase G.
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