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gene expression in LIPUS-irradiated hPDLSCs. The 
mineralized nodules and alkaline phosphatase (ALP) 
activity of hPDLSCs and levels of IκBα, p-IκBα, and 
p65 subunits of NF-κB were determined. hPDLSC 
viability was increased as LIPUS intensity increased. 
Immunomodulatory factors were elevated in LIPUS-
irradiated hPDLSCs, and inflammatory factors were 
reduced in PBMCs. Osteogenesis-related genes, 
mineralized nodules, and ALP activity were pro-
moted in LIPUS-irradiated hPDLSCs. The cyto-
plasm of hPDLSCs showed increased IκBα and p65 
and decreased p-IκBα at increased LIPUS intensity. 
After LPS and LIPUS treatment, the inhibitory effect 
of LIPUS irradiation on the NF-κB pathway was par-
tially reversed, and the immunoregulation and osteo-
genic differentiation of hPDLSCs were decreased. 
LIPUS irradiation enhanced immunomodulation and 
osteogenic differentiation abilities of hPDLSCs by 
inhibiting the NF-κB pathway, and the effect is dose-
dependent. This study may offer novel insights rel-
evant to periodontal tissue engineering.

Abstract Human periodontal ligament stem cells 
(hPDLSCs) are vital in cellular regeneration and tis-
sue repair due to their multilineage differentiation 
potential. Low intensity pulsed ultrasound (LIPUS) 
has been applied for treating bone and cartilage 
defects. This study explored the role of LIPUS in the 
immunomodulation and osteogenesis of hPDLSCs. 
hPDLSCs were cultured in vitro, and the effect of dif-
ferent intensities of LIPUS (30, 60, and 90 mW/cm2) 
on hPDLSC viability was measured. hPDLSCs irradi-
ated by LIPUS and stimulated by lipopolysaccharide 
(LPS) and LIPUS (90 mW/cm2) were co-cultured 
with peripheral blood mononuclear cells (PBMCs). 
Levels of immunomodulatory factors in hPDLSCs 
and inflammatory factors in PBMCs were estimated, 
along with determination of osteogenesis-related 

Haiyan Lin and Qing Wang have contributed equally to 
this work.

H. Lin · Q. Wang · Q. Ren · W. He (*) · H. Xiao (*) 
Department of Orthodontics, Stomatological Hospital, 
Southern Medical University, No. 366 South Jiangnan 
Road, Haizhu District, Guangzhou 510280, Guangdong, 
People’s Republic of China
e-mail: wulinhe2010@qq.com

H. Xiao 
e-mail: Xiaoui0627@163.com

H. Lin · C. Quan 
Department of Orthodontics, Nanning Angel 
Stomatological Hospital, No. 20-1, Xinmin Road, 
Nanning 530029, Guangxi, People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10561-022-10010-y&domain=pdf


 Cell Tissue Bank

1 3
Vol:. (1234567890)

Graphical Abstract 

contribute to physiological healing of the cementum-
periodontal ligament complex and alveolar bone (Son 
et  al. 2019). The osteogenic differentiation capacity 
endows hPDLSCs with immense potential in the pro-
motion of functional restoration of periodontal tissues 
(Kato et  al. 2011). In addition, a previous study has 
pointed out that host response to bacteria may lead 
to periodontal tissue changes, with the host immune 
responses influencing the progress of periodontitis 
(Bartold and Van Dyke 2013). Hence, mesenchymal 
stem cell (MSC)-based immunomodulation may play 
a vital role in dental tissue regeneration (Andrukhov 
et al. 2019). Intriguingly, hPDLSCs share several prop-
erties of MSCs, including immunomodulation, and 
are believed to be promising stem cells for periodon-
tal regeneration therapy (Fawzy El-Sayed et  al. 2019; 
Tomokiyo et al. 2019; Trubiani et al. 2019). The immu-
nomodulatory ability of transplanted MSCs helps cre-
ate a microenvironment that facilitates the activation of 
tissue repair mechanisms (Wang et al. 2014). Therefore, 
elucidating the potential mechanism of osteogenesis 
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Introduction

Periodontitis is characterized by irreversible and pro-
gressive degradation of periodontal tissues, resulting in 
loss of tooth and alveolar bone (Slots 2017). Conven-
tional treatments merely slow down the disease pro-
gression but are unable to restore the loss of alveolar 
bone; therefore, alveolar bone regeneration remains the 
ultimate therapeutic goal in the field of dentistry (Wen 
et al. 2019). The periodontal ligament (PDL) is a soft 
connective tissue between the cementum and inner 
wall of the alveolar bone, which is crucial for sustain-
ing and supporting its function (Trubiani et  al. 2019). 
Human PDL stem cells (hPDLSCs) are characterized 
by self-renewal and multi-differentiation capacities and 
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and immunomodulation of hPDLSCs has practical sig-
nificance for periodontal regeneration therapy.

Low intensity pulsed ultrasound (LIPUS) is trans-
mitted with low intensity, and its output is in the form 
of a pulse wave, which maintains sound energy trans-
mission to target tissues with minimal energy loss and 
thermal side effects (Jiang et  al. 2019). LIPUS can 
induce osteoblast differentiation and stimulate extra-
cellular matrix production and calcium deposition, 
therefore facilitating cytokine secretion, improving 
microcirculation, and promoting tissue regeneration 
(Wang et  al. 2018b). For example, LIPUS promotes 
the proliferation of human amnion‐derived MSCs and 
may emerge as a breakthrough in the application of 
stem cells in tissue engineering (Ling et  al. 2017). 
LIPUS retards the progression of bisphosphonate-
related osteonecrosis in rats by inducing a systemic 
regeneration response and accelerating local healing 
(Hidaka et al. 2019). Importantly, LIPUS has gradu-
ally been applied to periodontal regeneration and 
dental therapies as an innovative and noninvasive 
approach (Rego et  al. 2012). LIPUS has been dem-
onstrated to expedite periodontal wound healing and 
bone repair by enhancing the regeneration process 
of cementum and mandible (Ikai et al. 2008). LIPUS 
promotes hPDLSC migration, which may represent 
one of the mechanisms for LIPUS-mediated peri-
odontal regeneration (Wang et al. 2018a). NF-κB has 
been demonstrated to participate in the osteogenesis 
of hPDLSCs (Chen et al. 2020; Mao et al. 2016; Xu 
et  al. 2019a). Inhibition of the NF-κB pathway con-
tributes to periodontal tissue repair in a rat model 
of periodontitis (Li et  al. 2020b). The critical role 
of LIPUS in the formation of hPDLSC membrane 
has been unveiled (Kusuyama et  al. 2019; Kusuy-
ama et  al. 2017; Li et  al. 2021; Wang et  al. 2018a), 
whether LIPUS can affect the osteogenic differen-
tiation of hPDLSCs by regulating the NF-κB signal-
ing pathway remains unknown. Therefore, this study 
focuses on the effect of LIPUS on the NF-κB sign-
aling pathway, which includes some innovative con-
tents. In this backdrop, we conducted a preliminary 
study on the role of LIPUS stimulation in osteogen-
esis and immunomodulation of hPDLSCs, which is 
expected to offer a novel direction for periodontal tis-
sue engineering and its clinical application.

Materials and methods

Culture and identification of hPDLSCs

hPDLSCs were purchased from Shanghai Enzyme-
linked Biotechnology Co., Ltd. (Shanghai, China) 
and cultured in Dulbecco’s modified Eagle’s medium 
containing 10% fetal bovine serum (FBS) at 37  °C 
with 5%  CO2. hPDLSCs at passage 3 were labeled 
with antibodies specific to CD34, CD45, CD44, 
CD90, CD105, and CD29, which were then detected 
on a flow cytometer (BD Biosciences, San Jose, CA, 
USA). hPDLSCs were induced by using osteogenic 
induction medium (Alpha modified Eagle’s mini-
mal essential medium containing 10  mol/L sodium 
β-glycerophosphate, 50 g/mL ascorbic acid, 10 mol/L 
dexamethasone, and 10% FBS) and adipogenic induc-
tion medium (containing 10% FBS, 1  μmol/L dexa-
methasone, 0.5 mmol/L IBMX, 10 mg/L insulin, and 
100 mmol/L indomethacin) for 7 and 14 days, respec-
tively. Afterwards, cells in the osteogenic and adipo-
genic induction groups were stained with Alizarin red 
and Oil Red O, respectively. Cells were observed and 
imaged using an optical microscope.

LIPUS irradiation of hPDLSCs

Peripheral blood mononuclear cells (PBMCs) of 
healthy human were purchased from Shanghai 
MTBio Technology Co., Ltd. (SER-PBMC-F, Shang-
hai, China). Cells were resuspended in Roswell Park 
Memorial Institute-1640 medium (10% FBS, 100 U/
mL penicillin, and 100  μg/mL streptomycin) (FY-
PLS1368, FUYUBIO, Fuyu Biotechnology Co., Ltd., 
Shanghai, China), seeded into independent Transwell 
chambers in 6-well plates (2  mL cells/well), and 
cultured at 37  °C with 5%  CO2 for 2–3  days. After 
cells were seeded for 24  h, hPDLSCs were stimu-
lated with LIPUS at intensities of 30, 60, and 90 mW/
cm2 in a water bath maintained at 37  °C for 7  days 
(30  min/day). The frequency of applied LIPUS was 
1.5 MHz, pulse duty cycle was 1:4, and pulse repe-
tition rate was 1.0  kHz, as described previously (Li 
et  al. 2020a; Wang et  al. 2018a). hPDLSCs stimu-
lated by LIPUS were co-cultured with PBMCs at a 
ratio of 1:1 in Transwell chambers (3 ×  105 cells/well) 
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(Demircan et al. 2011), and PBMCs were seeded on 
top of hPDLSCs. Some hPDLSCs were treated with 
the NF-κB pathway activator, lipopolysaccharide 
(LPS) (1  μg/mL; Hengdu Biotech Co., Ltd, Shang-
hai, China), during LIPUS stimulation (90 mW/cm2). 
LIPUS stimulation was conducted for 7 days (15 min/
day). Cells were collected on the 8th day for further 
experiments (Duan et al. 2019; Wang et al. 2020).

Grouping was as follows: (1) control group: 
hPDLSCs without any treatment were co-cultured 
with PBMCs; (2) blank group,  LIPUSa (30 mW/
cm2) group,  LIPUSa (60 mW/cm2) group,  LIPUSa (90 
mW/cm2): hPDLSCs were stimulated with LIPUS at 
0 mW/cm2, 30 mW/cm2, 60 mW/cm2 and 90 mW/
cm2, respectively; (3) LIPUS (30 mW/cm2) group: 
hPDLSCs irradiated with LIPUS at 30 mW/cm2were 
co-cultured with PBMCs; (4) LIPUS (60 mW/cm2) 
group: hPDLSCs irradiated with LIPUS at 60 mW/
cm2were co-cultured with PBMCs; (5) LIPUS (90 
mW/cm2) group: hPDLSCs irradiated with LIPUS at 
90 mW/cm2were co-cultured with PBMCs; (6) LPS 
group: hPDLSCs treated with LPS (1 μg/mL) but not 
irradiated by LIPUS were co-cultured with PBMCs; 
(7) LPS + LIPUS (90 mW/cm2) group: hPDLSCs 
irradiated with LIPUS at 90 mW/cm2 and treated 
with LPS (1 μg/mL) were co-cultured with PBMCs.

Cell counting kit-8 (CCK-8) assay

hPDLSCs were seeded into 96-well plates  (103 cells/
well) and cultured at 37  °C for 24  h. Then, cells in 
each well were supplemented with 10 mL of CCK-8 
solution and cultured at 37 °C for 1 h. The absorbance 
value of cells at 450 nm on the 1st, 3rd, 5th, 7th, and 
9th days was evaluated using a Synergy™ 2 Multi-
Mode Microplate Reader (BioTek Instruments Inc., 
Winooski, VT, USA).

Reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted from cells and tissues using 
TRIzol reagent (Invitrogen Inc., Carlsbad, CA, USA) 
and reverse transcribed into cDNA using the SYBR® 
Premix Ex Taq™ II (Takara, Dalian, China). qPCR 
was performed on an ABI 7900HT Fast Real-Time 
PCR system (Applied Biosystems, Foster City, CA, 

USA). The reaction conditions were as follows: 96 °C 
for 30  s and 40 cycles at 96  °C for 30  s, 57  °C for 
30  s, 72  °C for 30  s, and 72  °C for 10 min. Primer 
sequences are listed in Table  1. The relative gene 
expression was examined by the 2-ΔΔCt method, with 
β-actin as the internal reference.

Enzyme-linked immunosorbent assay (ELISA)

The levels of multiple immunomodulatory cytokines 
such as transforming growth factor-β (TGF-β), 
indoleamine 2, 3-dioxygenase (IDO), and interleukin 
(IL)-10 and that of inflammatory cytokines such as 
tumor necrosis factor-α (TNF-α), interferon-γ (IFN-
γ), and IL-lα were estimated using ELISA kits (eBio-
science, San Diego, CA, USA). The optical density 

Table 1  Primer sequence for RT-qPCR

TGF-β, transforming growth factor-β; IDO,  indoleamine 
2, 3-dioxygenase; TNF-α, tumor necrosis factor-α; IFN-γ, 
interferon-γ; Runx2, Runt-related transcription factor 2; OPN, 
osteopontin; OSX, osterix; OCN, osteocalcin

Gene Sequence

TGF-β (F) 5′-GAT CTC TGT GTC ATT GGG CG-3′
TGF-β (R) 5′-TAG TGT TCC CCA CTG GTC CC-3′
IDO (F) 5′-GGC CAG CTT CGA GAA AGA GT-3′
IDO (R) 5′-ATG ACC TTT GCC CCA CAC AT-3′
IL-10 (F) 5′-GAC TTT AAG GGT TAC CTG GGTTG-3′
IL-10 (R) 5′-TCA CAT GCG CCT TGA TGT CTG-3′
TNF-α (F) 5′-CGA AGT GGT GGT CTT GTT G-3′
TNF-α (R) 5′-CTA CTT TGG GAT CAT TGC C-3′
IFN-γ (F) 5′-TCG GTA ACT GAC TTG AAT GTCCA-3′
IFN-γ (R) 5′-TCG CTT CCC TGT TTT AGC TGC-3′
IL-lα (F) 5′-TGG TAG TAG CAA CCA ACG GGA-3′
IL-lα (R) 5′-ACT TTG ATT GAG GGC GTC ATTC-3′
OCN (F) 5′-CCA CCC GGG AGC AGTGT-3′
OCN (R) 5′-GAG CTG CTG TGA CAT CCA TAC TTG -3′
OPN (F) 5′-TTG CTT TTG CCT CCT AGC A-3′
OPN (R) 5′-GTG AAA ACT TCG GTT GCT GG-3′
OSX (F) 5’-GGA CCA TTC CCA CGT CTT CAC-3’
OSX (R) 5’-CCT TGT AGC CAG GCC CAT TG-3’
Runx2 (F) 5′-CCC GTG GCC TTC AAG GT-3′
Runx2 (R) 5′-CGT TAC CCG CCA TGA CAG TA-3′
β-actin (F) 5′-TGG CAC CCA GCA CAA TGA A-3′
β-actin (R) 5′-CTA AGT CAT AGT CCG CCT AGA AGC 

A-3′
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was measured at 450 nm and plotted with the corre-
sponding standard curve to determine the appropriate 
protein concentration.

Preparation of cytoplasmic extracts

The cytoplasmic and nuclear extracts were pre-
pared using a Nuclear and Cytoplasmic Extraction 
Kit (Thermo Scientific, Pierce, Rockford, IL, USA). 
Briefly, cells were collected and resuspended in pre-
cooled cytoplasmic extraction reagent I, and cytoplas-
mic extraction reagent II was added to the mixture 
and centrifuged at 16,700 × g for 20 min. The upper 
solution was transferred into a sterile tube and used as 
a cytoplasmic extract.

Western blot analysis

Total protein was extracted in a radioimmunoprecipi-
tation assay buffer (Solarbio, Beijing, China) contain-
ing 1% phenylmethylsulfonyl fluoride (Solarbio) for 
30  min and then centrifuged at 12,000 × g at 4  °C 
for 20  min. The supernatant was collected, and the 
protein concentration was estimated using a Bicin-
choninic Acid Protein Assay Kit (Beyotime, Shang-
hai, China). Next, the protein was separated with 
10% SDS–polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene difluoride membranes 
(Invitrogen). These membranes were incubated with 
primary antibodies against IκBα (#4814, Cell Signal-
ing Technology, Beverly, MA, USA), p-IκBα (#2859, 
Cell Signaling Technology), p65 (#8242, Cell Signal-
ing Technology), p-p65 (ab76302, Abcam Inc., Cam-
bridge, MA, USA), osteocalcin (OCN) (ab133612, 
Abcam), osteopontin (OPN) (ab214050, Abcam), 
osterix (OSX) (ab227820, Abcam), and RUNX2 
(ab236639, Abcam) at 4  °C overnight. Afterwards, 
the membranes were washed with tris-buffered 
saline-tween (TBST) buffer three times (10 min/step). 
The membranes were then treated with a horseradish 
peroxidase-conjugated goat anti-rabbit immunoglob-
ulin G (IgG) secondary antibody (1/5000, ComWin 
Biotech, Beijing, China) for 1  h, followed by three 
washes with TBST (10  min/time). The membranes 
were developed and visualized using an enhanced 
chemiluminescence reagent. Protein blotting was 
analyzed, with GAPDH as the internal reference 
(ab181602, 1/10000, Abcam).

Immunofluorescence

For localization of the p65 subunit of NF-κB, cells 
were fixed with 4% paraformaldehyde and treated 
with 0.1% Triton X-100. NF-κB p65 antibody and 
FITC-labeled secondary antibody (Santa Cruz, CA, 
USA) were used to stain the cells. For observation 
of the nucleus, cells were treated with 4ʹ, 6-diami-
dino-2-phenylindole for 30  min and then washed 
with phosphate-buffered saline (PBS). The slides 
were fixed with fixative and then examined under an 
Eclipse Ti fluorescent microscope (Nikon, Tokyo, 
Japan) (Han, et al. 2020).

Alizarin red staining

hPDLSCs were washed with PBS three times and 
fixed in 10% neutral formalin for 30  min. After 
removal of the fixative solution, cells were washed 
thrice with PBS and incubated with alizarin red 
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) 
for 5 min. Then, the staining solution was removed, 
and cells were again washed thrice with PBS. Oste-
ogenic nodules were observed and imaged using 
an inverted microscope (Olympus Optical Co. Ltd, 
Tokyo, Japan). The absorbance value at 450 nm was 
evaluated using a microplate reader.

Estimation of alkaline phosphatase (ALP) activity

Cells from a one-well plate were randomly selected 
from each group for checking ALP activity. The cul-
ture medium was collected and stored at −80  °C. 
Cells were isolated using trypsin and incubated in 
0.2% Triton X-100 at 4 °C for 24 h, followed by ultra-
sonic treatment. ALP activity was determined using 
an ALP detection kit (Beyotime). Absorbance was 
measured at 520  nm for evaluation of the relative 
activity.

Statistical analysis

Data analysis was performed using SPSS 21.0 soft-
ware (IBM Corp., Armonk, NY, USA) and GraphPad 
Prism 8.0.1 (GraphPad Software Inc., San Diego, 
CA, USA). The Kolmogorov–Smirnov test was used 
to check whether the data followed a normal distri-
bution. Data are expressed as the mean ± standard 
deviation. The t-test was adopted for analysis of 
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comparisons between two groups. One-way analysis 
of variance (ANOVA) was employed for compari-
sons among multiple groups, and Tukey’s multiple 

comparison test was used for the post-hoc test. P 
value was obtained from the bilateral tests. A value of 
p < 0.05 was considered to denote a statistically sig-
nificant difference.

Fig. 1  LIPUS treatment increased hPDLSC viability. A 
expression of surface markers of hPDLSCs were detected 
using flow cytometry; B hPDLSCs were stained with aliza-
rin red; C hPDLSCs were stained with oil red O; D viability 
of hPDLSCs measured on the 1st, 3rd, 5th, 7th, and 9th day 
after LIPUS irradiation using the CCK-8 assay; E viability of 

hPDLSCs irradiated by different intensities of LIPUS (30, 60, 
and 90 mW/cm2) on the 9th day measured using the CCK-8 
assay. Cellular experiments were repeated three times. Data are 
presented as the mean ± standard deviation and were analyzed 
using one-way ANOVA, followed by Tukey’s multiple com-
parison test, **p < 0.01 vs. control group
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Results

LIPUS increased hPDLSC viability

hPDLSCs were found to be positive for MSC surface 
positive markers (CD90, CD105, CD29, and CD44) 
and negative for the negative markers of hematopoi-
etic stem cells (CD34 and CD45), suggesting the 
stem cell characteristics of hPDLSCs (Fig. 1A). After 
osteogenic and adipogenic induction, the presence 
of alizarin red-positive calcium deposition (Fig. 1B) 
and oil red O-positive lipid droplets (Fig. 1C), respec-
tively, confirmed the adipogenic ability of hPDLSCs. 
To explore the effect of LIPUS irradiation at differ-
ent intensities on hPDLSCs, we first evaluated the 
effect of different intensities of LIPUS irradiation on 
the viability of hPDLSCs, and found that the viabil-
ity of LIPUS-irradiated hPDLSCs was significantly 
enhanced compared with that of unirradiated cells; 
the viability of hPDLSCs was promoted at increased 
intensities of LIPUS irradiation (Fig.  1D, E,  p 

< 0.01). In brief, LIPUS could work as a safe irradia-
tion method to enhance the viability of hPDLSCs in a 
dose-dependent manner.

LIPUS promoted immunomodulation of hPDLSCs

The effect of different LIPUS intensities (0, 30, 60, 
and 90 mW/cm2) on the mRNA expression and pro-
tein levels of immunomodulatory factors (TGF-β, 
IDO, and IL-10) in hPDLSCs and inflammatory fac-
tors (TNF-α, IFN-γ, and IL-lα) in the supernatant 
of PBMCs was measured. RT-qPCR results showed 
gradual increases in the mRNA level of immu-
nomodulatory factors (TGF-β, IDO, and IL-10) in 
hPDLSCs after LIPUS irradiation, while the mRNA 
level of inflammatory factors (TNF-α, IFN-γ, and 
IL-lα) in PBMCs decreased gradually, and the effect 
was dose-dependent (Fig.  2A/B, p < 0.01). Results 
obtained from ELISA similarly demonstrated that 
the levels of immunomodulatory factors (TGF-β, 
IDO, and IL-10) in hPDLSCs increased, while that 

Fig. 2  LIPUS promoted immunoregulation of hPDLSCs. A 
mRNA expression of immunoregulatory factors (TGF-β, IDO, 
and IL-10) in hPDLSCs detected using RT-qPCR; B mRNA 
expression of inflammatory factors (TNF-α, IFN-γ, and IL-lα) 
in PBMCs measured using RT-qPCR; C, D proteins level of 
immunoregulatory factors (TGF-β, IDO, and IL-10) in the 

supernatant of hPDLSCs and inflammatory cytokines (TNF-A, 
IFN-y, IL-1α) in the supernatant of PBMCs was detected using 
ELISA; Cell experiments were repeated three times. Data are 
presented as mean ± standard deviation and were analyzed 
using one-way ANOVA, followed by Tukey’s multiple com-
parison test, ** p < 0.01, * p < 0.05
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of inflammatory factors (TNF-α, IFN-γ, and IL-lα) 
in PBMCs decreased (p < 0.05) and the change was 
most obvious when the irradiation intensity was 90 
mW/cm2 (Fig. 2C, D, p < 0.01). These results suggest 
that LIPUS can promote the immunomodulation of 
hPDLSCs in a dose-dependent manner.

LIPUS facilitated osteogenic differentiation of 
hPDLSCs

Subsequently, the hPDLSCs were irradiated with 
different intensities (0, 30, 60, and 90 mW/cm2) of 
LIPUS. qRT-PCR displayed that the levels of Runx2, 
OPN, OSX, and OCN were apparently elevated after 
LIPUS irradiation. With an increase in irradiation 
intensity, the levels of these genes in hPDLSCs were 

Fig. 3  LIPUS facilitated osteogenic differentiation of 
hPDLSCs. A mRNA expression of osteogenic differentiation-
related genes (Runx2, OPN, OSX, and OCN) detected using 
RT-qPCR; B number of mineralized nodules in hPDLSCs 
measured using alizarin red staining; C ALP activity of 

hPDLSCs measured using ALP staining. Cell experiments 
were repeated three times. Data are presented as mean ± stand-
ard deviation and were analyzed using one-way ANOVA, fol-
lowed by Tukey’s multiple comparison test, **p < 0.01, * 
p < 0.05



Cell Tissue Bank 

1 3
Vol.: (0123456789)

notably increased (Fig. 3A, p < 0.05). Compared with 
the control cells, LIPUS-irradiated hPDLSCs showed 
larger and darker mineralized nodules in the matrix, 
as well as enhanced ALP activity in a dose-depend-
ent manner (Fig.  3B, C, p < 0.05 for all). Taken 
together, LIPUS promoted osteogenic differentiation 
of hPDLSCs.

LIPUS enhanced immunomodulation and osteogenic 
differentiation of hPDLSCs by inhibiting the NF-κB 
pathway

A previous study has revealed that activation of the 
NF-κB pathway could inhibit hPDLSC osteogen-
esis (Xu et  al. 2019a). Meanwhile, activation of the 
NF-κB pathway has been reported to inhibit osteo-
genic differentiation of hPDLSC (Xu et  al. 2019b; 
Zhang et al. 2021). WB demonstrated that the ratios 
of p-IκBα/IκBα and p-p65/p65 in hPDLSCs were 
significantly decreased after LIPUS irradiation, 
along with decreased entry of p65 into the nuclei, 
and the effect was dose-dependent. Then, we treated 
LIPUS-irradiated (90 mW/cm2) hPDLSCs and non-
irradiated hPDLSCs with the NF-κB activator LPS 
and co-cultured them with PBMCs, respectively. WB 
uncovered that compared with the control group, the 
ratios of p-IκBα/IκBα and p-p65/p65 were increased 
in the LPS group, along with enhanced entry of p65 
into the nuclei. The ratio of p-IκBα/IκBα and p-p65/
p65, and the level of p65 entry into the nuclei in the 
LPS + LIPUS (90  m  W/cm2) group were lower than 
those in the LPS group, and higher than those in the 
LIPUS (90  m  W/cm2) group (Fig.  4A, B, p < 0.01). 
Next, the immunomodulation factors and osteogenic 
differentiation ability of hPDLSCs were examined. 
The results manifested that compared with the con-
trol group, the levels of immunomodulatory factors 
(TGF-β, IDO, and IL-10), osteogenic genes (Runx-
2, OPN, OSX, and OCN), the degree of mineralized 
nodules and ALP activity of hPDLSCs in the LPS 
group were lowered, whereas the levels of inflam-
matory factors (TNF-a, IFN-y, and IL-1α) in PBMCs 
were increased. Compared with the LIPUS (90 m W/
cm2) group, the LPS + LIPUS (90  m  W/cm2) group 
had lower levels of immunomodulatory factors, oste-
ogenic genes, mineralized nodules degree and ALP 
activity in hPDLSCs, and higher inflammatory factors 
in PBMCs; Compared with the LPS group, the levels 
of immunomodulatory factors, osteogenic genes, the 

degree of mineralized nodules and the activity of ALP 
were raised in the LPS + LIPUS (90 m W/cm2) group, 
while the levels of inflammatory factors in PBMCs 
were decreased (Fig. 4C–H, p < 0.01 for all). There-
fore, LIPUS was observed to suppress the NF-κB 
pathway, thus enhancing the immunomodulation and 
osteogenic differentiation ability of hPDLSCs.

Discussion

hPDLSCs represent ideal candidates for periodontal 
tissue regeneration due to their strong proliferation 
and differentiation potentials (Wu et  al. 2017; Xue 
et al. 2018). The effect of LIPUS on tissue regenera-
tion has attracted extensive attention, and a consider-
able number of studies have evaluated the potential 
application of LIPUS in tissue engineering (Tanaka 
et al. 2015). Against this backdrop, the present study 
investigated the potential role of LIPUS in periodon-
tal tissue regeneration and revealed the positive influ-
ence of LIPUS on immunomodulation and osteogen-
esis of hPDLSCs, and the effect was dose-dependent.

Previous literature determines 120 mW/cm2 as 
high intensity pulsed ultrasound, and the range of 
LIPUS is less than 100 mW/cm2 (Saito et al. 2004). 
Most studies have clarified the effects of LIPUS on 
hPDLSCs (Li et al. 2020a; Li et al. 2021). LIPUS can 
stimulate the viability and differentiation of hemat-
opoietic stem/progenitor cells in peripheral blood 
leukocytes (Xu et  al. 2012). LIPUS promotes the 
osteogenic differentiation of periosteal cells in  vitro 
(Maung et al. 2021). LIPUS is also known to rescue 
the viability of  H2O2-treated cells, thereby contrib-
uting to alveolar bone homeostasis in experimental 
periodontitis (Ying et  al. 2020). We focused on the 
effect of LIPUS on hPDLSCs, and designed the gra-
dient LIPUS starting from 90 mW/cm2 according to 
the literature (Hu et  al. 2014). We showed here that 
the viability of hPDLSCs was elevated significantly 
after LIPUS treatment.

The immunomodulatory function of somatic stem 
cells has been highlighted in different dental tissues, 
including PDL (Ding et al. 2010; Su et al. 2011). The 
host immune response has been identified to stimu-
late the progression of periodontitis (Shi et al. 2020). 
Activated immune cells mainly generate inflamma-
tory cytokines, and immune cells and somatic cells 
control each other reciprocally; this interaction is 
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acknowledged to be critical for tissue homeostasis 
and repair (Tomokiyo et  al. 2019). Beccaria et  al. 
have suggested that opening of the blood–brain bar-
rier on LIPUS treatment contributes to immune mod-
ulation and could lead to direct immunotherapy of 

brain tumors (Beccaria et al. 2020). To the best of our 
knowledge, the role of LIPUS in the immunomodu-
lation of stem cells is rarely studied. In the current 
study, the effects of different intensities of LIPUS on 
the levels of immunomodulatory factors in hPDLSCs 
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and inflammatory factors in PBMCs were measured. 
With enhancement in LIPUS intensity, the levels of 
immunomodulatory factors in hPDLSCs increased 
gradually and were the highest when the intensity 
of LIPUS was 90 mW/cm2. However, the levels of 
inflammatory factors in PBMCs decreased gradu-
ally with increasing LIPUS intensity and reached 
the lowest level when the intensity of LIPUS was 90 
mW/cm2. Consistent with our observations, Li et al. 
showed that LIPUS activates autophagy in hPDLSCs 
and contributes to the anti-inflammatory mechanism 
(Li et al. 2020c). Additionally, stimulating autophagy 
could partially restore the osteogenic potential of 
hPDLSCs, possibly conferring a reference for peri-
odontal tissue regeneration (Kuang et al. 2020). Ele-
vated expression of inflammatory factors hinders the 
osteogenesis of hPDLSCs, and LIPUS could reduce 
LPS-induced inflammation in hPDLSCs (Li et  al. 
2020a). LIPUS enhances BMP9-induced osteogenesis 
and represses inflammatory responses of hPDLSCs 
(Kusuyama et al. 2017).

The regeneration and repair of periodontal tis-
sues mainly depend on the osteogenic differentiation 
ability of hPDLSCs (Li et al. 2018). LIPUS stimula-
tion has been demonstrated to enhance the osteogen-
esis of hPDLSCs (Hu et  al. 2014; Kusuyama et  al. 
2019; Li et  al. 2020a). Runx2 is a major marker of 
osteoblast differentiation and chondrocyte maturation 
(Komori 2018). OSX is another osteoblast-specific 

transcription factor expressed in tooth germ mesen-
chymal cells (Chen et  al. 2009). OCN is implicated 
in the progression of bone formation and minerali-
zation (Neve et al. 2013), and OPN is regarded as a 
specific marker of osteoblast matrix formation and 
maturation, with the increase in OPN expression cor-
related to osteoblast maturity (Singh et al. 2018). Liu 
et al. have revealed that enhancement of osteogenesis-
related genes (Runx2, OSX, OPN, and OCN) can be 
observed in LIPUS-irradiated hPDLSCs (Liu et  al. 
2020), which is consistent with the results of our pre-
sent study. LIPUS stimulates osteogenic differentia-
tion of periosteum-derived cells and further enhances 
BMP-2 and OSX expression in an osteogenic 
medium, leading to mineral apposition (Maung et al. 
2021). Moreover, the ability to generate calcium nod-
ules and mineralized matrix is a vital factor for osteo-
genesis of hPDLSCs (Vitale-Brovarone et  al. 2007). 
ALP activity is an early marker of osteogenesis and is 
involved in the mineralization process (Jiang and Hua 
2016). We found that LIPUS-irradiated hPDLSCs 
showed large mineralized nodules in the matrix and 
enhanced ALP activity. Briefly, LIPUS facilitated 
osteogenesis of hPDLSCs.

LIPUS can directly regulate the transient expres-
sion of key osteogenic genes or interact with signal-
ing pathways to promote the formation of mineral-
ized matrix (Chen et  al. 2019). Emerging evidence 
has indicated that inhibition of the NF-κB path-
way contributes to periodontal tissue repair in a rat 
model of periodontitis (Li et  al. 2020b). Intrigu-
ingly, LIPUS represses activation of the NF-κB path-
way in response to inflammatory stimulation (Sato 
et  al. 2015). Therefore, we conducted relevant stud-
ies on the NF-κB pathway. The results manifested 
that with enhancement in the LIPUS intensity, the 
cytoplasm of hPDLSCs showed increased IκBα and 
p65 and decreased p-IκBα levels, indicating that 
LIPUS inhibited the NF-κB pathway. Generally, the 
NF-κB pathway is activated to modulate the down-
stream target gene transcription through phospho-
rylation of IκBα and translocation of p65 from the 
cytoplasm to the nucleus (Manna 2012). Therefore, 
LIPUS-irradiated hPDLSCs were treated with LPS 
(which functions as a NF-κB activator). Our results 
showed that the levels of immunomodulatory factors 
in hPDLSCs were decreased and that of inflamma-
tory factors in PBMCs were increased with increasing 
radiation intensity. LPS also reduced the expression 

Fig. 4  LIPUS promoted immunoregulation and osteogenic 
differentiation of hPDLSCs by inhibiting the NF-κB signal-
ing pathway. A: protein levels of IκBα, p-IκBα, p65, and p-p65 
examined using western blotting; B entry of p65 into nuclei 
detected using immunofluorescence; C proteins level of immu-
noregulatory factors (TGF-β, IDO, and IL-10) in hPDLSCs 
and inflammatory cytokines (TNF-α, IFN-γ, IL-1α) in PBMCs 
was detected using ELISA; D mRNA levels of immunoregula-
tory factors (TGF-β, IDO, and IL-10) in hPDLSCs and inflam-
matory factors (TNF-α, IFN-γ, and IL-lα) in PBMCs in co-cul-
ture system were measured using RT-qPCR; E mRNA levels 
of osteogenic differentiation-related genes (Runx2, OPN, OSX, 
and OCN) in hPDLSCs in co-culture system were detected 
using RT-qPCR; F protein levels of osteogenic differentiation-
related genes (Runx2, OPN, OSX, and OCN) in hPDLSCs in 
co-culture system were detected using WB. G number of min-
eralized nodules in hPDLSCs in co-culture system counted 
using alizarin red staining; H ALP activity of hPDLSCs in 
co-culture system was measured using ALP staining. Cellu-
lar experiments were repeated three times. Data are presented 
as mean ± standard deviation and were analyzed using one-
way ANOVA, followed by Tukey’s multiple comparison test, 
**p < 0.01, * p < 0.05
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of osteogenesis-related genes, number of mineral-
ized nodules, and ALP activity of LIPUS-irradiated 
hPDLSCs. The NF-κB pathway is a crucial inflam-
mation-related pathway, which is implicated in the 
inflammatory secretion and osteogenesis of hPDLSCs 
(Liu et al. 2020).

Conclusion

LIPUS promoted immunomodulation and osteogen-
esis of hPDLSCs by suppressing the NF-κB path-
way. Emerging lines of evidence have unveiled the 
critical role of LIPUS in the formation of hPDLSC 
membrane, although existing studies do not confirm 
whether LIPUS could affect the osteogenic differen-
tiation of hPDLSCs by regulation of the NF-κB sign-
aling pathway. Therefore, this study was focused on 
the effect of LIPUS on the NF-κB signaling pathway 
and provided some novel insights into the underlying 
mechanism. In particular, observation from this study 
highlights the therapeutic implications of LIPUS in 
periodontal tissue repair. This study also has some 
limitations. We detected the cell viability at different 
time points using CCK-8 assay, and the subsequent 
experiments were conducted after LIPUS stimula-
tion for 7 days. However, due to the COVID-19 and 
the limitation of experimental conditions, we failed 
to show the data of two or three time points in time-
course under LIPUS stimulation in RT-qPCR and 
Western blot analysis. In the future, we will carry out 
the relevant research in the appropriate experimental 
conditions. Further research is necessary to clarify 
the mechanism by which LIPUS facilitates immu-
nomodulation and osteogenesis of hPDLSCs via the 
NF-κB pathway. Additionally, the role of LIPUS in 
other osteogenesis-related pathways (such as the Wnt 
and JNK pathways) remains elusive and needs further 
exploration along similar lines.
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