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ABSTRACT
Background: Low-intensity pulsed ultrasound (LIPUS) is a special type of
low-intensity ultrasound. In periodontal disease, LIPUS is applied as an adjuvant and
non-invasive treatment. It has been reported that LIPUS significantly shifts the
macrophage phenotype fromM1 to M2, but the specific mechanism behind this shift
is still unknown.
Methods: RAW264.7 cells were induced to M1/M2 polarization with
lipopolysaccharide (LPS)/interleukin-4 (IL4). LIPUS was performed for 25 min two
times, 24 h apart, at an intensity of 45 mW/cm2 to stimulate RAW264.7 cells. PolyA
mRNA sequencing was conducted of both the LPS-induced RAW264.7 cells and the
LPS-induced RAW264.7 cells with LIPUS treatment. The expression of Wnt2b in
RAW264.7 cells was downregulated by siRNA. The macrophage surface markers and
downstream inflammatory cytokines were detected using flow cytometry. The
relative expression of proteins in the Wnt2b/AXIN/β-catenin pathway was assessed
using reverse transcription real-time polymerase chain reaction (RT-qPCR) and
Western blot.
Results: LIPUS reversed the M1 polarization of RAW264.7 cells, with decreased
expression of CD80 and CD86. In addition, LIPUS enhanced the M2 polarization of
RAW264.7 cells, with upregulated expression of CD163 and CD206. The polyA
mRNA sequencing results indicated that the Wnt signaling pathway participated in
the M1 polarization of LIPUS-treated RAW264.7. The results of the RT-qPCR
showed a higher expression of Wnt2b in LIPUS-treated and M1- or M2-polarized
RAW264.7 cells. Knocking downWnt2b was shown to reverse the inhibitory effect of
LIPUS on M1 polarization and increase the expression of CD80 and CD86. Wnt2b
knockdown also regulated downstream AXIN, β-catenin, and inflammatory factors
such as tumor necrosis factor alpha (TNFa) and interleukin-6 (IL6).
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Conclusions: LIPUS plays an anti-inflammatory role by inhibiting LPS-induced M1
polarization of RAW264.7 cells in a Wnt2b/AXIN/β-catenin-dependent way. LIPUS
may play a therapeutic role in periodontal diseases by inhibiting inflammation
through the regulation of macrophage differentiation.

Subjects Cell Biology, Dentistry
Keywords Low-intensity pulsed ultrasound, Anti-inflammatory, M1 polarization, WNT2b,
Periodontal disease

INTRODUCTION
Periodontal disease is a chronic inflammatory gum disease that increases in prevalence
with age, afflicting about 10% of the adult population (Bertolini & Clark, 2024;
Hajishengallis, 2022). In severe cases, periodontal disease can result in tooth loss.
Periodontal disease is associated with cytokine dysregulation, including increased
pro-inflammatory cytokines and decreased anti-inflammatory cytokines (Pamuk &
Kantarci, 2022). Macrophages respond early to tissue injury in periodontal disease, and an
increased ratio of pro-inflammatory phenotypes over anti-inflammatory phenotypes of
macrophages in the tissue has been associated with disease severity (Zhou et al., 2019).
Physical therapy plays an important role in the treatment of periodontal disease.

Low-intensity pulsed ultrasound (LIPUS) is a special type of low-intensity ultrasound.
LIPUS outputs pulsed waves with an intensity of less than 1W/cm2 and a frequency of 1 to
3 MHz (Palanisamy et al., 2022). LIPUS is different from the ultrasounds applied in
diagnostic imaging, which have intensities ranging from 0.05–0.5 W/cm2, and ultrasounds
in surgery, which have high intensities around 0.2–100 W/cm2 but can go up to
10,000 W/cm2 (Jiang et al., 2019). For therapeutic applications, LIPUS provides
non-invasive physical stimulation while transmitting acoustic energy to the injured tissue
in low-intensity and pulsed output mode (Jiang et al., 2019; Li et al., 2023).

LIPUS has been used for decades as therapy for various diseases, including bone healing,
soft-tissue regeneration, inflammation inhibition, neuromodulation, and dental treatment
(Jiang et al., 2019; Seasons et al., 2024; Wu et al., 2024). LIPUS stimulation on bone
marrow-derived mesenchymal stem cells (BMSCs) has been shown to significantly
increase the secretion of extracellular vesicles (EVs). Moreover, EVs generated from
LIPUS-treated BMSCs possess much stronger anti-inflammatory functionality than EVs
generated without LIPUS stimulation (Li et al., 2023). In periodontal disease, LIPUS is
generally applied as an adjuvant and non-invasive treatment. Previous studies have shown
that LIPUS promotes the formation and migration of periodontal ligament stem cell sheets
and ectopic periodontal tissue regeneration (Li et al., 2021a;Wang et al., 2018a, 2022). The
cell-derived factor-1 (SDF1)/C‑X‑C motif chemokine receptor 4 (CXCR4) signaling
pathway is involved in the LIPUS-promoted periodontal ligament stem cell migration
(Wang et al., 2018a). LIPUS can also alleviate endoplasmic reticulum stress and
inflammation while increasing the bone formation capacity of periodontal ligament stem
cells derived from patients with periodontitis (Li et al., 2020a). Autophagy is activated by

Yin et al. (2024), PeerJ, DOI 10.7717/peerj.18448 2/21

http://dx.doi.org/10.7717/peerj.18448
https://peerj.com/


LIPUS in periodontal ligament cells (Li et al., 2020b). The present study explored the
specific mechanisms of LIPUS treatment in periodontal disease.

The Wnt/β-catenin pathway plays critical roles in embryonic development and adult
tissue homeostasis. The Wnt pathway depends on the nuclear translocation of β-catenin
and the activation of target genes via T cell factor 1 (TCF)/lymphoid enhancer factor (LEF)
transcription factors. Once activated, Wnt/β-catenin facilitates the expression of genes
involved in cell proliferation, survival, differentiation, and migration (Liu et al., 2022).
Wnt/β‑catenin is also involved in periodontitis (Bao et al., 2021). In a mouse model, the
inhibition of the Wnt/β-catenin signaling pathway by IWR-1 (a small molecule inhibitor
for Wnt signaling) promoted the spread of periapical lesions, resulting in suppressed
expression levels of Runx2 and Col1a1, which are markers of osteoblast differentiation
(Naruse et al., 2021). Activation of the Wnt/β-catenin signaling pathway reduced the
periapical lesion volume and accelerated the spread of Runx2 and Col1a1 (Naruse et al.,
2021). A separate study found that the crosstalk between Wnt3a/β-catenin and NF-κB
signaling contributes to apical periodontitis (Guan et al., 2021), but there are no reports of
Wnt2b’s possible role in periodontitis.

Wnt signaling could modulate macrophage polarization, the key regulator in
inflammation and healing (Abaricia et al., 2020; Wu et al., 2023). A previous study found
Wnt signaling enhanced the response of macrophages to interleukin-4 (IL4), which
promoted the resolution of atherosclerosis (Weinstock et al., 2021). The activation of Wnt/
β-catenin signaling facilitates M2 macrophage polarization (Jiang et al., 2021; Tian et al.,
2020). Another study found the expressions of Wnt2b and Wnt5a were highly associated
with tumor‑associated M2 macrophages in non‑small cell lung cancer (Sumitomo et al.,
2022). Modulating macrophage polarization may be a beneficial target in the treatment of
periodontitis.

The present study hypothesizes that LIPUS could regulate the Wnt signaling to
modulate the polarization of macrophages. A recently published study reported that
LIPUS (60 mW/cm2) significantly shifted the macrophage phenotype from M1 to M2,
which promoted the regeneration of skeletal muscle with higher expression of Frizzled 5
(FZD5) and β-catenin (Qin et al., 2023). Therefore, LIPUS may regulate Wnt2b, another
important protein in Wnt signaling. This study focuses on the role and mechanism of
LIPUS in inhibiting lipopolysaccharide (LPS)-induced M1 polarization of RAW264.7 cells.
This study aims to discover the specific mechanism of LIPUS in the polarization of
macrophages and the treatment of periodontal disease.

MATERIALS AND METHODS
M1/M2 polarization of RAW264.7 cells
RAW264.7 cells (CL-0190; Procell, Wuhan, China) were cultured with DMEM
(SH30243.01; Hyclone, Logan, UT, USA) containing 10% FBS (10270-106; Gibco,
Carlsbad, CA, USA), and inoculated with 1.5 × 106 cells/mL. For the cell culture, all
operating steps were performed as outlined in the Cell Culture Basics Handbook (Thermo
Fisher Scientific, Waltham, MA, USA). M1 polarization of RAW264.7 cells was induced by
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100 ng/mL Lipopolysaccharides (LPS, HY-D1056; MCE, Monmouth Junction, NJ, USA)
for 48 h. M2 polarization of RAW264.7 cells was induced by 10 ng/mL IL4 (CK15; NoVo
protein, Shanghai, China) for 48 h.

Treatment of cells with low-intensity pulsed ultrasound
The macrophages were treated with a low-intensity pulsed ultrasound therapy instrument
(OSTEOTRON IV; ITO, Tokyo, Japan) at an intensity of 45 mW/cm2. Each group of cells
was treated twice for 25 min each, with a 24-h interval between treatments (Liang et al.,
2020; Majnooni et al., 2022; Wang et al., 2018b).

PolyA mRNA sequencing
The polyA mRNA sequencing of LPS-induced RAW264.7 cells and LPS-induced
RAW264.7 cells treated with LIPUS was conducted at Ribobio Co. Ltd (Guangzhou,
China). Total RNA was isolated from RAW264.7 cells using the Magzol Reagent (Magen,
Guangdong, China). The mRNA was enriched by oligodT using NEBNext� Poly(A)
mRNA Magnetic Isolation Module (NEB, Ipswich, MA, USA) and then the mRNA was
fragmented to approximately 200 bp. The cDNA was synthesized using the NEBNext�
UltraTM RNA Library Prep Kit for Illumina. The libraries were sequenced by Illumina
(Illumina, San Diego, CA, USA) with 150 bp paired ends at Ribobio Co., Ltd. (Ribobio,
Guangzhou, China). Differential expression was assessed by DEseq/DESeq2/edgeR/DEGseq
using read counts as input. Differentially expressed genes were considered those with fold
change >2 and adjusted P-value < 0.05. The heat map analysis and KEGG ontology
enrichment analysis were based on the differentially expressed genes. For the KEGG
enrichment analysis, P-value < 0.05 was considered as significant enrichment of the gene
sets.

SiRNA of Wnt2b
The expression of Wnt2b in RAW264.7 cells was downregulated by siRNA (Ribobio,
Guangzhou, China). The siRNA sequences were as follows: siRNA1 sense, GGACUGA
UCUUGUCUACUUTT; siRNA1 antisense, AAGUAGACAAGAUCAGUCCTT; siRNA2
sense, GUAGUGACAACAUCCAUUATT; siRNA2 antisense, UAAUGGAUGUUGUCA
CUACTT; siRNA3 sense, CGAGUGAUCUGUGACAACATT; and siRNA3 antisense,
UGUUGUCACAGAUCACUCGTT. RAW264.7 cells were seeded in a 10 cm cell culture
dish at a density of 1.5 × 106 cells/mL. Then, 120 µL 1 × riboFECTTM CP buffer (Ribobio,
Guangzhou, China), 10 µL siRNA (20 µM), and 12 µL riboFECTTM CP reagent (Ribobio,
Guangzhou, China) were mixed at room temperature for 15 min. The mixture was then
added to the RAW264.7 cells in 2 mL DMEM with 10% FBS for a final concentration of
100 nM siRNA. Then, the RAW264.7 cells were cultured at 5% CO2 and 37 �C for 48 h.
Cell culture supernatant was collected for detecting the inflammatory cytokines by flow
cytometry. Cells were harvested for detecting macrophage surface markers by flow
cytometry and proteins of the Wnt signaling pathway by western blot.
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Detecting the relative expression of macrophage surface markers and
proteins in the Wnt2b/AXIN/β-catenin pathway by reverse transcription
real-time polymerase chain reaction and Western blot
The relative expression of macrophage surface markers and proteins in the Wnt2b/AXIN/
β-catenin pathway was detected by reverse transcription real-time polymerase chain
reaction (RT-qPCR). RNA was isolated using the TRIZOL (15596026; Invitrogen,
Waltham, MA, USA) reagent, according to the manufacturer’s instructions. The
concentration and quality of isolated RNA were detected using a NanoDrop Lite (Thermo,
Waltham, MA, USA). The RNA was reverse-transcribed into cDNA using a PrimeScriptTM

Master Mix-Perfect Real-Time kit (TKR-RR036A; Takara, Kusatsu, Shiga, Japan). A
Premix qPCR quantitative kit TB Green� Premix Ex TaqTM II-Tli RNaseH Plus (TKR-
RR820B A × 2, Takara, Shiga, Japan) was used to detect the transcription levels of Wnt2b,
with β-actin as the reference gene. The primer sequences used in this study are shown in
Table 1.

Western blot was used to detect the relative expression of Wnt2b, AXIN, and β-catenin,
with GAPDH as the reference protein. Western blot was performed using the methods
outlined in our previous study (Yin et al., 2020) and the procedures outlined in Western
blotting protocols (BioRad, Hercules, CA, USA). Primary antibodies used in the study
included Wnt2b (66656-1-Ig; Proteintech, CA, Rosemont, IL, USA), AXIN (20540-1-AP;
Proteintech, Rosemont, Illinois, China), β-catenin (51067-2-AP; Proteintech, Rosemont,
IL, USA), and GAPDH (10494-1-AP; Proteintech, Rosemont, IL, USA).

Detecting the macrophage surface markers with flow cytometry
The surface markers of M1/M2 polarization were detected by flow cytometry. For M1
polarization, CD80 and CD86 were detected using the fluorescently labeled PE Anti-CD80
antibody (104707; Biolegend, San Diego, CA, USA) and Pacific Blue Anti-CD86 antibody

Table 1 Primers for qPCR.

Items Sequences (5′–3′)

β-actin Forward GCAGGAGTACGATGAGTCCG

β-actin Reverse ACGCAGCTCAGTAACAGTCC

Wnt 2b Forward ACTGGGGTGGCTGTAGTGAC

Wnt 2b Reverse ACCACAGCGGTTGTTGTGTA

CD80 Forward GGAGATGCTCACGTGTCAGA

CD80 Reverse CAACGATGACGACGACTGTT

CD86 Forward TCAGTGATCGCCAACTTCAG

CD86 Reverse TTAGGTTTCGGGTGACCTTG

CD163 Forward TGGTGTGCAGGGAATTACAA

CD163 Reverse CGCCACTGAGCATAGTGAAA

CD206 Forward CAAGGAAGGTTGGCATTTGT

CD206 Reverse CCTTTCAGTCCTTTGCAAGC
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(105021; Biolegend, San Diego, CA, USA). For M2 polarization, CD206 and CD163 were
detected using the fluorescently labeled APC Anti-CD206 antibody (141707; Biolegend,
San Diego, CA, USA) and PE Anti-CD163 antibody (111803; Biolegend, San Diego, CA,
USA). Methods for flow cytometry detection followed the standard operation of the BD
Canto II (BD, Franklin Lakes, NJ, USA).

Detecting the inflammatory cytokines of the cell culture supernatant
with flow cytometry
The inflammatory cytokines of the cell culture supernatant were detected by flow
cytometry using the BDTM Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17 CBA Kit
(560485; BD, Franklin Lakes, NJ, USA), according to the manufacturer’s instructions. The
concentration of interleukin-2 (IL2), IL4, interleukin-6 (IL6), interleukin-10 (IL10), tumor
necrosis factor alpha (TNFa), intracellular interferon gamma (INFγ), and interleukin-17A
(IL17A) was detected.

Statistical analysis
Statistical analysis in this study was performed using GraphPad Prism 8.0.1 (GraphPad
Software, San Diego, CA, USA). One-way ANOVA analysis of variance was performed
using repeated measurements. If the variance was homogeneous, the Dunnett method was
used to compare the difference between the experimental group and the control group. If
the variances were not homogeneous, Dunnett’s T3 method was used to compare the
differences between the groups. The results are shown as the mean ± SD. P < 0.05 was
considered as statistically significant.

RESULTS
Low-intensity pulsed ultrasound inhibited the M1 polarization of
RAW264.7 cells with downregulation of CD80 and CD86
To study the role of LIPUS on M1 polarization, the RAW264.7 cells were induced to M1
polarization using LPS. The expression of CD80 and CD86, which are biomarkers of M1
polarization, was detected using flow cytometry and RT-qPCR. The results of flow
cytometry showed that the expression of CD80 (Fig. 1A) and CD86 (Fig. 1B) was enhanced
in RAW264.7 cells induced by LPS, which indicated M1 polarization. While LIPUS
reversed the upregulation effect of LPS on the expression of CD80 (LPS = 1,512 ± 36.57; LPS
+ LIPUS = 1,049 ± 4.51; Fig. 1A) and CD86 (LPS = 544.01 ± 100.60; LPS + LIPUS = 373.70
± 8.15; Fig. 1B). The relative expression of CD80 and CD86 detected using RT-qPCR were
consistent with those of flow cytometry (Fig. 1C). These results show that LIPUS inhibited
M1 polarization.

Low-intensity pulsed ultrasound promoted the M2 polarization of
RAW264.7 cells with upregulation of CD163 and CD206
To study the roles of LIPUS on M2 polarization, the RAW264.7 cells were induced to M2
polarization using IL4. The expression of CD163 and CD206, which are biomarkers of M1
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Figure 1 Low-intensity pulsed ultrasound inhibited the M1 polarization of RAW264.7 cells. (A) Expression of CD80 was detected by flow
cytometry. (B) Expression of CD86 was detected by flow cytometry. (C) Relative expression of CD80 and CD86 referring to β-actin detected by RT-
qPCR. RAW indicates RAW264.7 cells used as control. RAW + LPS indicates RAW264.7 cells treated with 100 ng/mL LPS to induce macrophage-like
M1 polarization. RAW + LPS + LIPUS indicates RAW264.7 cells treated with 100 ng/mL LPS and low-intensity pulsed ultrasound. RAW + LIPUS
indicates RAW264.7 cells treated with low-intensity pulsed ultrasound. *P < 0.05, ****P < 0.0001. Full-size DOI: 10.7717/peerj.18448/fig-1
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Figure 2 Low-intensity pulsed ultrasound promoted the M2 polarization of RAW264.7 cells. (A) Expression of CD163 was detected by flow
cytometry. (B) Expression of CD206 was detected by flow cytometry. (C) Relative expression of CD163 and CD206 referring to β-actin detected by
RT-qPCR. RAW indicates RAW264.7 cells used as control. RAW+IL4 indicates RAW264.7 cells treated with 20 ng/mL IL4 to induce macrophage-like
M2 polarization. RAW+IL4+LIPUS indicates RAW264.7 cells treated with 20 ng/mL LIPUS and low-intensity pulsed ultrasound. RAW+LIPUS
indicates RAW264.7 cells treated with low-intensity pulsed ultrasound. *P < 0.05, ****P < 0.0001. Full-size DOI: 10.7717/peerj.18448/fig-2
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polarization, were detected using flow cytometry and RT-qPCR. The expression of CD163
(Fig. 2A) and CD206 (Fig. 2B) was enhanced in RAW264.7 cells by IL4 induction, while
LIPUS promoted the expression of CD163 (IL4 = 218.30 ± 8.74; IL4 + LIPUS = 238.30 ±
3.22; Fig. 2A) and CD206 (IL4 = 524.70 ± 95.69; IL4 + LIPUS = 847.00 ± 140.80; Fig. 2B).
The relative expression of CD163 and CD206 detected using RT-qPCR were consistent
with those of flow cytometry (Fig. 2C). These results indicated that LIPUS promoted M2
polarization.

Wnt signaling pathway participated in the inhibition of M1 polarization
of RAW264.7 cells by low-intensity pulsed ultrasound
To discover the target gene of RAW264.7 cells, polyA mRNA was sequenced of both
RAW264.7 cells induced by LPS and LPS-induced RAW264.7 cells treated with LIPUS.
The sequencing results showed that there were 335 upregulated and 288 downregulated
genes (Figs. 3A, 3B). The principal component analysis (PCA) indicated that the six
samples were split into two groups: LPS and LPS + LIPUS (Fig. 3C). Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses indicated that
the Wnt signaling pathway and HIPPO signaling pathway participated in the inhibition of
M1 polarization of RAW264.7 cells by low-intensity pulsed ultrasound (Figs. 3D, 3E).
Wnt2b was significantly upregulated in the LPS-induced RAW264.7 cells with LIPUS
treatment compared with the LPS-induced RAW264.7 cells.

Low-intensity pulsed ultrasound promoted the relative expression of
Wnt2b
To verify the results of polyA mRNA sequencing, RT-qPCR was used to detect the relative
expression of Wnt2b, one of the key proteins in the Wnt signaling pathway (Fig. 4). LIPUS
promoted the relative expression of Wnt2b in the M1-polarized RAW264.7 cells
(LPS = 0.21 ± 0.02; LPS + LIPUS = 0.86 ± 0.10) and in the M2-polarized RAW264.7 cells
(IL4 = 7.73 ± 0.19; IL4 + LIPUS = 8.40 ± 0.31). These results were in line with the results of
the polyA mRNA sequencing.

Knocking down Wnt2b could reverse the inhibitory effect of low-
intensity pulsed ultrasound on the M1 polarization of RAW264.7 cells
To study the function of Wnt2b in the M1 polarization of RAW264.7 cells with LIPUS
treatment, the expression of Wnt2b was knocked down by siRNA. The expression of CD80
(LPS + LIPUS + Wnt2bsiNC = 163.70 ± 1.53; LPS + LIPUS + Wnt2bsi1 = 225.70 ± 5.69;
LPS + LIPUS + Wnt2bsi2 = 214.30 ± 2.08; LPS + LIPUS + Wnt2bsi3 = 226.30 ± 3.22,
Fig. 5A) and CD86 (LPS + LIPUS + Wnt2bsiNC = 203.30 ± 4.93; LPS + LIPUS +
Wnt2bsi1 = 365.30 ± 20.03; LPS + LIPUS + Wnt2bsi12 = 384.00 ± 14.00; LPS + LIPUS +
Wnt2bsi3 = 363.00 ± 8.00, Fig. 5B) could be reversed in the LPS-induced RAW264.7 cells
with the treatment of Wnt2b siRNAs and LIPUS. Knocking down Wnt2b increased the
expression of CD80 and CD86, which indicated that the inhibitory effect of LIPUS on the
M1 polarization of RAW264.7 cells is dependent on Wnt2b.
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Figure 3 PolyA mRNA sequencing results of LPS-induced RAW264.7 cells and LPS-induced RAW264.7 cells treated with low-intensity pulsed
ultrasound. (A) Heatmap and (B) Volcano plot of the sequencing results show that there were 335 upregulated and 288 downregulated genes. (C)
Principal component analysis (PCA) indicated that the six samples were split into two groups: LPS and LIPUS-LPS. (D) GO and (E) KEGG pathway
analyses indicated that theWnt signaling pathway and HIPPO signaling pathway participated in the inhibition of M1 polarization of RAW264.7 cells
by low-intensity pulsed ultrasound. LPS indicates RAW264.7 cells treated with 100 ng/mL LPS. LIPUS-LPS indicates RAW264.7 cells treated with
100 ng/mL LPS and low-intensity pulsed ultrasound. Full-size DOI: 10.7717/peerj.18448/fig-3
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The inhibitory effect of low-intensity pulsed ultrasound on the M1
polarization of RAW264.7 cells is dependent on the Wnt2b/AXIN/β-
catenin pathway
Since Wnt2b was regulated by LIPUS and played roles in the inhibition of M1 polarization
by LIPUS, the study next explored how LIPUS regulated the downstream proteins of
Wnt2b, including AXIN and β-catenin. The expression of Wnt2b was knocked down by
siRNA. The downregulation of Wnt2b (Fig. 6A) resulted in decreased expression of β-
catenin (Fig. 6B) and increased expression of AXIN (Fig. 6C). These results indicated that
the inhibition of M1 polarization of RAW264.7 cells by LIPUS is dependent on theWnt2b/
AXIN/β-catenin pathway.

Downregulation ofWnt2b reversed the inhibitory effect of low-intensity
pulsed ultrasound on the expression of inflammatory factors IL6 and
TNFα in M1 polarization of RAW264.7 cells
To study the variation of inflammatory factors in LIPUS-treated and M1-polarized
RAW264.7 cells, the cell culture supernatant was collected. Inflammatory factors IL2, IL4,
IL6, IL10, TNFa, IFNγ, and IL17A were detected by flow cytometry (Fig. 7A). The results
showed that LIPUS inhibited the expression of IL6 and TNFa during LPS induction of
RAW264.7 cells, while the downregulation of Wnt2b increased the expression of IL6 and
TNFa. There was no significant change in the expression of IL2, IL4, IL10, IFNγ, and

Figure 4 Low-intensity pulsed ultrasound promoted the relative expression of Wnt2b. The relative
expression of Wnt2b, one of the key proteins in the Wnt signaling pathway, was detected by RT-qPCR in
RAW264.7 cells, during treatment with (A) LIPUS and LPS or (B) LIPUS and IL4. RAW indicates
RAW264.7 cells used as control. RAW-LPS indicates RAW264.7 cells treated with 100 ng/mL LPS to
induce macrophage-like M1 polarization. RAW+LPS+LIPUS indicates RAW264.7 cells treated with
100 ng/mL LPS and low-intensity pulsed ultrasound. RAW+LIPUS indicates RAW264.7 cells treated
with low-intensity pulsed ultrasound. RAW+IL4 indicates RAW264.7 cells treated with 20 ng/mL IL4 to
induce macrophage-like M2 polarization. RAW+IL4+LIPUS indicates RAW264.7 cells treated with
20 ng/mL IL4 and low-intensity pulsed ultrasound. *P < 0.05, **P < 0.005, ****P < 0.0001.

Full-size DOI: 10.7717/peerj.18448/fig-4
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Figure 5 Knocking down Wnt2b could reduce the inhibitory effect of low-intensity pulsed
ultrasound on M1 polarization of RAW264.7 cells. (A) CD80 and (B) CD86 were detected by flow
cytometry during M1 polarization of RAW264.7 cells. RAW+Wnt2bsiNC indicates RAW264.7 cells
transfected with negative control of Wnt2b siRNA, used as control. RAW+LPS+Wnt2bsiNC indicates
RAW264.7 cells transfected with negative control of Wnt2b siRNA and treated with 100 ng/mL LPS to
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IL17A (Fig. 7B), suggesting that LIPUS inhibits the expression of IL6 and TNFa in a
Wnt2b-dependent way.

DISCUSSION
LIPUS has been used for decades as an adjuvant treatment for periodontitis. The biological
mechanisms of LIPUS have been explored in multiple clinical models. One previous study
found that LIPUS promoted osteogenesis of human periodontal ligament cells (hPDLCs)
and inhibited the periodontal inflammatory response by regulating the expression of TLR5
(Li et al., 2024). Another study found that the combination of LIPUS and carboxymethyl
cellulose significantly promoted cellular proliferation and osteoblast differentiation (Tang
et al., 2022). The enhancement of bone-tendon interface healing by LIPUS has been shown
to be mediated by promoting the M2 polarization of macrophages (Li et al., 2021b; Qin
et al., 2023; Zhang et al., 2019). LIPUS significantly shifts macrophage phenotypes from
M1 to M2, but the specific mechanism of LIPUS in inflammation and polarization of
macrophages is not yet known. The results of the present study suggest that LIPUS inhibits
the M1 polarization and promotes the M2 polarization of RAW264.7 cells. Wnt2b was
found to be upregulated in the LIPUS-treated and LPS-induced RAW264.7 cells in polyA
mRNA sequencing. The results also showed that LIPUS inhibits the M1 polarization of
RAW264.7 cells in a Wnt2b/AXIN/β-catenin-dependent way. Downregulation of Wnt2b
reversed the inhibitory effect of LIPUS on the expression of inflammatory factors IL6 and
TNFa in the M1 polarization of RAW264.7 cells.

The Wnt pathway has been shown to participate in the treatment of skeletal disorders
by helping repair bone tissue (Han, Yang & Hwang, 2022; Marini et al., 2023; Xu et al.,
2022). The Wnt/β-catenin signaling pathway has been shown to be involved in
LIPUS-mediated osteogenesis (Hua et al., 2022). Another study found that activating Wnt
signaling could increase total macrophages and pro-inflammatory macrophages (Avery
et al., 2022). However, the mechanism of how LIPUS regulates macrophages through the
Wnt signaling pathway has not been clear.

Wnt2b is an important protein in the Wnt family, which is characterized by a Wnt-core
domain. The proteins of the Wnt family perform functions in a variety of developmental
processes including regulating cell growth and differentiation. The present study found
that LIPUS promoted the relative expression of Wnt2b and that knocking down Wnt2b
could reverse the inhibitory effects of LIPUS on M1 polarization of RAW264.7 cells, which
depended on AXIN/β-catenin. The activation of the Wnt/β-catenin signaling pathway by
LIPUS has been reported in previously published studies, one of which found that Wnt1
and β-Catenin significantly increased after ultrasound irradiation on the hepatic

Figure 5 (continued)
induce macrophage-like M1 polarization. RAW+LPS+LIPUS+Wnt2bsiNC indicates RAW264.7 cells
transfected with negative control of Wnt2b siRNA and treated with 100 ng/mL LPS and low-intensity
pulsed ultrasound. RAW+LPS+LIPUS+Wnt2bsi1/2/3 indicates RAW264.7 cells transfected with Wnt2b
siRNA and treated with low-intensity pulsed ultrasound. ***P < 0.0005, ****P < 0.0001.

Full-size DOI: 10.7717/peerj.18448/fig-5
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Figure 6 Low-intensity pulsed ultrasound inhibited the M1 polarization of RAW264.7 cells in a
Wnt2b/AXIN/β-catenin-dependent way. Relative expression of (A) Wnt2b, (B) AXIN, and (C)
β-catenin detected byWestern blot. RAW-Wnt2bsiNC indicates RAW264.7 cells transfected with negative
control of Wnt2b siRNA, used as control. RAW+LPS+Wnt2bsiNC indicates RAW264.7 cells transfected
with negative control of Wnt2b siRNA and treated with 100 ng/mL LPS to induce macrophage-like M1
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Figure 6 (continued)
polarization. RAW+LPS+LIPUS+Wnt2bsiNC indicates RAW264.7 cells transfected with negative control
ofWnt2b siRNA and treated with 100 ng/mL LPS and low-intensity pulsed ultrasound. RAW+LPS+LIPUS
+Wnt2bsi1/2/3 indicates RAW264.7 cells transfected with Wnt2b siRNA and treated with 100 ng/mL LPS
and low-intensity pulsed ultrasound. ****P < 0.0001. Full-size DOI: 10.7717/peerj.18448/fig-6

Figure 7 Downregulation of Wnt2b reduced the effect of low-intensity pulsed ultrasound on
inhibiting the expression of inflammatory factors IL6 and TNFa in M1 polarization of RAW264.7
cells. (A) The expression of IL2, IL4, IL6, IL10, TNFa, IFNγ, and IL17A were detected by flow cyto-
metry. (B) The expression of IL6 and TNFa was increased by the downregulation of Wnt2b during
LIPUS and LPS treatment. RAW+Wnt2bsiNC indicates RAW264.7 cells transfected with negative
control of Wnt2b siRNA, used as control. RAW+LPS+Wnt2bsiNC indicates RAW264.7 cells transfected
with negative control of Wnt2b siRNA and treated with 100 ng/mL LPS to induce macrophage-like M1
polarization. RAW+LPS+LIPUS+Wnt2bsiNC indicates RAW264.7 cells transfected with negative con-
trol of Wnt2b siRNA and treated with 100 ng/mL LPS and low-intensity pulsed ultrasound. RAW+LPS
+LIPUS+Wnt2bsi1/2/3 indicates RAW264.7 cells transfected with Wnt2b siRNA and treated with
100 ng/mL LPS and low-intensity pulsed ultrasound. *P < 0.05, ****P < 0.0001.

Full-size DOI: 10.7717/peerj.18448/fig-7
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differentiation of human bone marrow mesenchymal stem cells (Li et al., 2018). Whereas,
in other studies, LIPUS has been reported to inhibit the Hh/Wnt pathway, which reversed
the stem cell-related characteristics of cancer stem cells in one study (Song et al., 2022).
Studies on the effect of LIPUS on the macrophage have found theWnt pathway is activated
by enhancing β-catenin nuclear translocation and upregulating frizzled class receptor 5
(FZD5) expression, resulting in M2-shifted macrophage polarization (Li et al., 2021b; Qin
et al., 2023). In the present study, LIPUS inhibited the M1 polarization of RAW264.7 cells
in a Wnt2b/AXIN/β-catenin-dependent way. These results provide a new perspective on
the mechanism of LIPUS on macrophage M1 polarization.

The transmission of Wnt signaling plays important roles in tooth development and
related oral diseases including periodontitis, cleft palate, jaw disease, dental pulp disease,
and abnormal tooth development (Zhang et al., 2022). The Wnt signaling pathway is
regulated by β-catenin. The ligands of the complex of frizzled (FZD) and low-density
lipoprotein receptor-related proteins 5 and 6 (LRP5/6) receptors include Wnt1, Wnt2,
Wnt3a, Wnt3b, Wnt8, and Wnt10b (Zhang et al., 2022). When the Wnt ligands bind to
their receptors, the β-catenin complex is activated. β-catenin is transported to the nucleus
and binds with TCF/LEF, leading to the expression of downstream target proteins, such as
C-myc and CyclinD1 (Hayat, Manzoor & Hussain, 2022; Zhang et al., 2022). In the
cytoplasm, β-catenin is phosphorylated by the complex of Axin, APC, and GSK-3β,
resulting in the ubiquitination of β-catenin by the protease system (Rim, Clevers & Nusse,
2022; Zhang et al., 2022). Therefore, the regulation of the Wnt2b/AXIN/β-catenin pathway
on macrophage polarization by LIPUS may play an important role in the treatment of
periodontal disease.

This study found that LIPUS plays an anti-inflammatory role by inhibiting the
LPS-induced M1 polarization of RAW264.7 cells in a Wnt2b/AXIN/β-catenin
pathway-dependent way. However, there are limitations to this study. First, only in vitro
experiments were carried out in this study. In vivo, studies using animal models of mice or
rats should be performed to confirm the specific functions and mechanisms of LIPUS in
the clinical treatment of periodontal diseases through the Wnt2b/AXIN/β-catenin
pathway. Second, in-depth studies should be performed to explore how LIPUS affects the
expression of Wnt2b/AXIN/β-catenin. Third, future in-depth studies should explore the
effects and mechanism of LIPUS on the M2 polarization of RAW264.7 cells.

CONCLUSIONS
LIPUS inhibited the expression of inflammatory cytokines and inhibited the LPS-induced
M1 polarization of RAW264.7 cells in a Wnt2b/AXIN/β-catenin dependent way. LIPUS
may play a role in inhibiting inflammation in periodontal diseases by regulating
macrophage differentiation.
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