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ABSTRACT

The repair of critical-sized bone defects remains a significant clinical challenge. Low-intensity pulsed ultrasound (LIPUS), in
combination with porous titanium alloy (PTi) scaffolds, has emerged as a promising therapeutic strategy. However, its molec-
ular mechanism remains unclear. This study aimed to investigate the role of bone morphogenetic protein 4 (BMP4) and mi-
croRNA-1187 (miR-1187) in LIPUS-mediated osteogenesis in PTi scaffolds. In vitro, the expression of BMP4 and miR-1187 in
MC3T3-E1 cells following LIPUS stimulation was assessed using quantitative real-time PCR (RT-qPCR), western blotting,
ELISA, alkaline phosphatase (ALP) activity assay, and staining techniques. A luciferase reporter assay confirmed BMP4 as a di-
rect target of miR-1187. Functional studies demonstrated that BMP4 overexpression and miR-1187 inhibition promoted osteoblast
differentiation, whereas BMP4 knockdown and miR-1187 overexpression suppressed osteogenesis. In vivo, a BMP4 knockdown
rat model was established by si-BMP4 injection into mandibular defects and evaluated new bone formation using micro-CT
and histological analyses. LIPUS stimulation significantly upregulated BMP4 expression, promoted new bone formation in PTi
scaffolds, and partially rescued the inhibitory effects of BMP4 silencing. These findings establish BMP4 as a key regulator in
LIPUS-enhanced osteogenesis via miR-1187 suppression. This mechanistic insight supports the combined use of LIPUS and PTi
scaffolds for bone defect repair and highlights BMP4 as a potential therapeutic target to further enhance bone regeneration in
LIPUS-stimulated scaffold therapies.

| Introduction effective artificial bone substitutes. Porous titanium alloys

The healing of critical-sized bone defects presents a persistent
clinical challenge. Autografts and allografts, the traditional
approaches for bone repair, have limitations for treating
critical-sized bone defects, including limited donor sources, po-
tential donor site complications, and risks of immune rejection.
Consequently, significant research has focused on developing

(PTi), produced via 3D printing, offer excellent biocompatibil-
ity, robust corrosion resistance, high mechanical strength, low
Young's modulus, and a well-organized porous structure, mak-
ing them highly suitable for surgical bone substitutes [1, 2].
However, the biological inertness of titanium alloys limits their
osteogenic effectiveness [3]. Thus, researchers have investigated
various approaches, including surface modifications [4-6] and
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biophysical interventions [7, 8] to enhance the bioactivity of ti-
tanium alloys. Among these, noninvasive biophysical interven-
tions have shown promise for promoting osteogenesis [7, 8].

Low-intensity pulsed ultrasound (LIPUS) is a noninvasive
mechanical wave therapy shown to accelerate the healing of
fractures and bone defects [9]. LIPUS stimulation effectively
promoted human osteosarcoma cell proliferation and osteogenic
differentiation in porous Ti6Al4V alloy [10] and bone marrow
mesenchymal stem cells (BMSCs) adhesion and differentiation
on titanium surfaces [11]. The US Food and Drug Administration
has approved LIPUS for treating nonunion fractures and accel-
erating fracture healing [7, 8]. Numerous studies confirm that
LIPUS promotes bone healing [9, 10], making its combination
with bone scaffolds a promising new strategy for treating critical-
sized bone defects [11, 12]. Our previous work demonstrated that
LIPUS promotes the migration and osteogenic differentiation of
osteoblasts within PTi scaffolds, as well as bone tissue growth
and bone maturation within scaffolds [13, 14]. However, LIPUS
stimulation alone does not guarantee uniform bone growth
throughout the porous material. In particular, bone forma-
tion in the middle regions of the scaffolds remains insufficient.
Therefore, to advance the clinical translation of LIPUS-PTi for
critical-sized bone defect repair, it is essential to further investi-
gate the underlying biological mechanisms.

MicroRNAs (miRNAs) have recently been identified as regu-
latory mechanisms influencing the expression of mRNAs and
proteins. Through base-pairing with partially or fully comple-
mentary sequences on target mRNAs, miRNAs play crucial
roles in the differentiation of osteoblasts [15]. Here, we inves-
tigated changes in miRNAs associated with the combined ap-
plication of LIPUS [16, 17] and PTi. Our miRNA profiling data
of LIPUS-irradiated MC3T3-E1 cells on PTi identified 30 sig-
nificantly downregulated miRNAs. Among these, miR-1187
showed more than a tenfold downregulation. Limited studies
have explored miR-1187's regulatory involvement in hepatocyte
apoptosis [18], early diabetic nephropathy [19], traumatic arthri-
tis [20], and osteogenesis [15], suggesting it may also play a role
in bone formation.

Studies have shown that miRNAs can regulate bone morphoge-
netic proteins (BMPs), critical growth factors for bone and car-
tilage formation and maturation. First identified by Professor
Urist for their ability to induce ectopic bone formation, BMPs
are now recognized as pivotal in skeletal development [21]. Our
bioinformatics analysis identified BMP4 as a potential target
gene of miR-1187. As a prominent member of the BMP family
with high osteogenic activity, BMP4 plays key roles in stem cell
maintenance and differentiation [22-24]. While BMPs have
been shown to promote osteogenic differentiation [25, 26], their
specific involvement in LIPUS-induced osteogenesis, particu-
larly within porous implant materials, remains underexplored.
This study investigated whether BMP4 plays a role in LIPUS-
mediated osteogenesis within PTi scaffolds.

Thus, the aim of this study was to determine whether LIPUS
regulates PTi osteogenesis by modulating the miR-1187/BMP4
axis, providing a theoretical foundation for potential therapeutic
applications of LIPUS-stimulated PTi scaffolds combined with
BMP4-targeted therapy for bone defect repair.

2 | Materials and Methods
2.1 | MC3T3-E1 Cell Culture

MC3T3-E1 cells were cultured in alpha-minimum essential me-
dium (a-MEM, HyClone, USA) supplemented with 10% fetal bo-
vine serum (FBS, TianHang Biotech, Zhejiang, China) at 37°C
with 5% CO,. The complete medium was replaced every two
days, and cells were subcultured upon reaching 85% confluency
via trypsinization.

The porous scaffolds (10 mm diameter, 3 mm height, 400-500
um pore size, 65%-70% porosity) were vacuumed and prewet-
ted for 4 h before cell seeding. A total of 1 x10* MC3T3-E1
cells in 20 pL suspension were seeded onto each scaffold and
incubated for 2 h to allow initial attachment. Subsequently,
2 mL of complete medium was added to each well, and the
seeded scaffolds were incubated for an additional 24 h to
ensure firm adhesion. The scaffolds were then randomly as-
signed to either the LIPUS irradiation group or the sham irra-
diation control group.

2.2 | LIPUS Stimulation

LIPUS stimulation was performed in a water bath using a
Sonicator 740 (Mettler Electronics Corp., CA, USA), following
previously established protocols [1]. LIPUS stimulation param-
eters were set as follows: frequency, 1 MHz; intensity, 40 mW/
cm?; pulse duration, 1 ms; exposure time, 20 min per day. The
sham irradiation control group underwent identical procedures
without ultrasound activation.

2.3 | Experimental Animals

Forty-eight male Sprague Dawley (SD) rats (290-320 g,
8-10weeks old) were obtained from Huafukang Co., LTD
(Beijing, China) and housed in a specific pathogen-free (SPF)
laboratory under laminar airflow conditions at the Animal
Experiment Center of China Medical University. The rats
underwent mandibular segmental defect surgery with scaf-
fold implantation and were randomly assigned to one of four
groups: control + PBS group, LIPUS + PBS group, control +
si-BMP4 group. Each group was further subdivided into two
time points (4 and 8 weeks post-operation), with six rats per
time point. All experiments adhered to the guiding princi-
ples of the Guide for the Care and Use of Laboratory Animals
[27], and were approved by the Animal Ethics Committee
of China Medical University (authorization ethics number:
CMU2021259).

2.4 | Surgical Procedure

Following a one-week acclimatization period, rats underwent
surgery under anesthesia induced via intraperitoneal injec-
tion of 3% sodium pentobarbital (0.15-0.2 mL/100 g; Wokali,
Shanghai, China). The mandibular region was shaved, disin-
fected with iodophor, and injected subcutaneously with 0.5 mL
of 1% lidocaine for local anesthesia. A rectangular mandibular
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defect (6 x4 x2mm) was created using a dental handpiece fit-
ted with a sterile burr (MZ-06, Wincore Power Tools, China),
as previously described [28]. During drilling, sterile saline was
used for irrigation to prevent thermal damage. The porous tita-
nium scaffold (Pti) was press-fitted into the defect site, and the
incision was carefully sutured in layers. Postoperatively, benzyl-
penicillin sodium (80000 IU; TTANWUDR, Tianjin, China) was
administered for three days to prevent infection.

Three days post-surgery, the rats were subjected to LIPUS ir-
radiation or local drug injection under isoflurane anesthesia.
For the Control+si-BMP4 and LIPUS+si-BMP4 groups, 100 uL
of si-BMP4 (5 nmol) was injected into the Pti scaffold, while an
equivalent volume of PBS was injected for the Control+PBS and
LIPUS+PBS.

2.5 | Fluorochrome Labeling and Euthanasia

To assess active bone formation, calcein green (10 mg/kg) and
xylenol orange (90 mg/kg) were administered intraperitoneally
at 10 and 3 days before euthanasia, respectively. At 4 and 8 weeks
post-intervention, rats were euthanized using isoflurane fol-
lowed by CO, overdose. Mandibles were harvested, dissected to
remove soft tissues, and stored in either liquid nitrogen or 4%
paraformaldehyde for subsequent analysis.

2.6 | Transfection Assay
The experiment was repeated 3 times.

BMP4 siRNA (si-BMP4), negative control siRNA (si-NC), miR-
1187 mimics, miR-1187 inhibitor, and corresponding negative
controls were synthesized by GenePharma (Suzhou, China).
Overexpression plasmids (pcDNA3.1-BMP4) and control vec-
tors (pcDNA3.1) were obtained from Syngen (Beijing, China).
Transfections were performed using Lipofectamine 3000
(Invitrogen, USA) in Opti-MEM I Reduced Serum Medium
(Invitrogen, USA), following the manufacturer's protocol.
Final concentrations for transfection were as follows: si-BMP4,
miR-1187 mimics, and si-NC: 50 nM; miR-1187 inhibitor and
inhibitor NC: 100 nM; pcDNA3.1-BMP4 and pcDNA3.1: 1 ug.
Experiments were performed in triplicate.

2.7 | RNA Extraction and RT-qPCR

Total RNA was extracted from cultured cells and bone tis-
sues using RNAiso Plus Reagent (Takara, Japan) and the
EASYspin Plus Bone Tissue Rapid Extraction Kit (Aidlab,
China), respectively. cDNA synthesis for mnRNA and miRNA
was performed using the PrimeScript RT reagent Kit (Takara,
Japan) and Mir-X miRNA First-Strand Synthesis Kit (Takara,
Japan). Quantitative real-time PCR (RT-qPCR) was conducted
using a 7500 Real-Time PCR system (ABI, USA) with TB
Green Premix Ex Taq II (Takara, Japan). Gene expression was
normalized to GAPDH (mRNA) or U6 (miRNA) using the 2~
AACt method. Experiments were performed in triplicate. All
the primers were synthesized by Sangon Biotech (Shanghai,
China).

2.8 | Western Blot Analysis

MC3TE-E1 cells were lysed with RIPA mixed buffer con-
taining 98.9% RIPA (50 mM Tris) (pH 7.4), 150mM NacCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, along with
various inhibitors including sodium orthovanadate, sodium
fluoride, EDTA, and leupeptin, 1% protease inhibitor cock-
tail, and 0.1% Benzonase Nuclease. Total protein concen-
trations were determined by BCA assay (Beyotime, China).
Equal amounts of protein (30 ug) were subjected to 10%
SDS-PAGE and transferred to PVDF membranes (Millipore,
USA). Membranes were blocked with 5% non-fat milk for 1.5
h and incubated overnight at 4°C with primary antibodies.
Following washes, membranes were incubated with HRP-
conjugated secondary antibodies, and signals were detected
using an enhanced chemiluminescence kit (Tanon, China).
Densitometric analysis was performed using ImageJ soft-
ware. The following antibodies were used for this study: ALP,
1:1000, Abcam (ab108337); COL-1, 1:1000, Abcam (ab34710);
BMP4, 1:1000, Abcam (ab39973); RUNX2, 1:250, Santa Cruz
(sc390351); GAPDH, 1:6000, Proteintech (60004-1-1g), anti-
rabbit IgG (1:10000), Proteintech (SA00001-1) and anti-mouse
IgG (1:10000), Proteintech (SA00001-1). Experiments were
conducted in triplicate.

2.9 | ELISA Assay

Supernatants were collected 72 h post-transfection with miR-
1187 mimics, miR-1187 inhibitor, or after LIPUS irradiation.
BMP4 protein levels in the supernatant were quantified using a
mouse BMP-4 ELISA kit (EK0316, Boster, China) following the
manufacturer's protocol. Briefly, 100 pL of standard diluent and
samples were added to each well of the ELISA plate and incu-
bated at 37°C for 90 min. Subsequently, 100 pL of biotinylated
anti-mouse BMP4 antibody working solution was added, fol-
lowed by incubation at 37°C for 60 min.

After three washes, 100 puL of avidin-peroxidase complex
working solution was added and incubated at 37°C for 30 min.
The plate was washed five times before adding 90 uL of TMB
substrate and incubating at 37°C for 15-20 min in the dark.
The reaction was stopped by adding 100 nL of stop solution,
and absorbance was measured at 450 nm. BMP4 content in the
samples was calculated based on the standard curve generated
using the reference standard. Experiments were conducted in
triplicate.

2.10 | ALP Activity Assay

ALP activity was measured by following previously published
protocols [13, 14]. Briefly, after 7days of co-culturing, the cells
were lysed using 0.3% Triton-100; then they were centrifuged at
12000 rpm for 5 min. The supernatant was collected for ALP ac-
tivity measurement using the ALP Activity Assay Kit (A059-2-2,
JianCheng, China), with absorbance read at 560 nm. The total
protein concentration in the supernatant was determined using a
BCA assay (Beyotime, China). ALP activity was calculated using
the following formula: ALP (U/gprot) = [(absorbance of the mea-
suring tube — absorbance of the blank control)/(absorbance of the
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standard tube—absorbance of the blank control) X amount of phe-
nol in the standard tube (0.02 mg)]/amount of total protein in each
sample (g). Experiments were conducted in triplicate.

2.11 | ALP Staining

After 10days of co-culturing, the cells were washed three times
with PBS and fixed in 4% paraformaldehyde for 20 min at room
temperature. The fixed cellswere then stained using the Alkaline
Phosphatase Substrate Kit (C3206, Beyotime, China) according
to the manufacturer's protocol. The images of stained specimens
were taken. Experiments were conducted in triplicate.

2.12 | Mineralization Assay

After 10days of co-culturing, the cells were washed three times
with PBS and fixed in 4% paraformaldehyde for 20 min at room
temperature. The fixed cells were stained using the Alizarin Red
S Staining Kit for Osteogenesis (C0148S, Beyotime, China) ac-
cording to the manufacturer's protocol. The images of stained
specimens were captured.

For quantitative analysis of Alizarin Red S staining, 1 mL of
10% cetylpyridinium chloride was added to each well and incu-
bated with shaking for 30 min. The dissolved mineralized matrix
was transferred to a 96-well plate (150 pL per well), and absor-
bance was measured at 560 nm. Experiments were conducted
in triplicate.

213 | Luciferase Reporter Assay

The 3’UTR region of BMP4, containing either wild-type (WT)
or mutant (MUT) miRNA binding sites, was synthesized and
cloned into the pmirGLO vector (GenePharma, China). Cells
were seeded into 96-well plates and co-transfected with 400
ng of pmirGLO-BMP4 3'UTR (WT), pmirGLO-BMP4 3'UTR
(MUT), or an empty pmirGLO vector, along with 50 nM miR-
1187 mimics or mimics NC, using Lipofectamine 3000. Cells
were harvested 48 h post-transfection, and luciferase activity
was measured using the Dual-Luciferase Reporter Assay System
(Promega, USA) following the manufacturer's protocol. Each
experiment was repeated three times.

2.14 | Micro-CT Evaluation

After fixation in paraformaldehyde for one-week, three-
dimensional quantitative images of the harvested mandibles
were obtained using a micro-computed tomography (Micro-CT)
system (SkyScan1276, Bruker, Germany). Scans were performed
along the scaffold’s long axis with a resolution of 10 um, a source
voltage of 70 kV, and a current of 200 uA. Three-dimensional
images were reconstructed and analyzed using image analy-
sis software (DataViewer, CTAn, CTvox, Bruker, Germany).
The region of interest (ROI) was defined as a rectangular area
matching the defect dimensions. Gray-scale values above 180
were classified as scaffold material, while values between 70

and 180 were identified as new bone tissue. The percentage of
bone ingrowth within the scaffold was calculated using the pore
occupancy fraction (POF): POF = Vbone/(V + Viesidual pore)
% 100% [13].

bone

2.15 | Preparation of Non-Decalcified Sections

After u-CT scanning, the specimens were processed to make
non-decalcified sections as described in previous studies [13, 14].
Briefly, specimens were rinsed under running water for 24 h
to remove residual paraformaldehyde, dehydrated in a graded
ethanol series (70%, 80%, 90%, 95%, and 100%), and embedded
in methyl methacrylate. Sections (60 pm thick) were cut using
a Leica-SP 1600 diamond-saw microtome (Wetzlar, Germany).
Two middle sections per sample were selected and numbered to
ensure comparability.

2.16 | Fluorescence Microscopy Analysis

Calcein-xylenol orange double-labeled sections were directly
observed under a fluorescence microscope (Olympus BX 51 +
DP71, Japan). Calcein was excited at 450-480 nm, while xylenol
orange was excited at 510-560 nm. The different fluorescence
signals indicated bone apposition at different time points. The
mineral apposition rate (MAR) was measured as the distance
between the two fluorescence bands using Image-Pro Plus 6.0
software and calculated using the equation [13, 14]: MAR = dis-
tances of double fluorescence labeling/time.

2.17 | Toluidine Blue (TB) Staining

Sections were stained with TB working solution (G3668,
Solarbio, China) at room temperature following the manufac-
turer's protocol. Stained sections were observed under a light
microscope (Olympus BX 51 + DP71, Japan). Bone area (A, ..)
and total pore area (4,4, pm) were quantitatively analyzed
using Image-Pro Plus 6.0 software, and the percentage of newly
formed bone was calculated as follows: percentage of de novo
bone=A, /A _+A [13].

bone’” “bone residual pore

2.18 | Von Kossa Staining

Von Kossa staining was performed according to the manufactur-
er's protocol (G3282, Solarbio, China), followed by counterstain-
ing with Van Gieson solution (Solarbio, China). Bone tissue was
stained red, while mineralized deposits appeared dark brown.
Histological evaluation was performed using light microscopy,
and mineralized deposits were quantitatively analyzed using
Image-Pro Plus 6.0 software by calculating the integrated opti-
cal density (I0D) of the black-brown deposits.

2.19 | Statistical Analysis

Statistical analysis was performed using SPSS Statistics
23.0 (IBM, USA). Data normality was confirmed using the
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Shapiro-Wilk test. Results are presented as mean + standard
deviation (SD). Statistical comparisons were analyzed using
Student's -test (two groups), one-way or two-way ANOVA, fol-
lowed by Tukey's post hoc test (multiple groups). Differences
with p <0.05 were considered statistically significant.

3 | Results

3.1 | LIPUS Positively Regulates Osteogenic
Differentiation in MC3T3-E1

After 7days of co-culture with scaffolds, MC3T3-E1 cells were
analyzed using RT-qPCR and western blot to assess intracellu-
lar mRNA and protein expression levels. The mRNA expression
level of Col-1, Alp, Runx2, and Ocn as well as the protein expres-
sion level of COL-1, ALP, and RUNX2 were detected. As shown
in Figure 1A,B, compared with the control group, LIPUS irradi-
ation promoted the gene expression levels of Col-1, Alp, Runx2,
and Ocn as well as the protein expression levels of COL-1, ALP,
and RUNX2, indicating that LIPUS positively regulated osteo-
genic differentiation in MC3T3-E1, which was in consist with
our previous study [13, 14].

3.2 | Identification of Differential Expression
miRNAs During LIPUS-Induced Osteogenic
Differentiation

To investigate miRNA expression changes during LIPUS-
induced osteogenic differentiation, we performed miRNA
high-throughput sequencing on osteoblasts cultured on scaf-
folds with or without LIPUS irradiation. The miRNA profiling
data revealed that LIPUS significantly downregulated 30 miR-
NAs, with miR-1187 exhibiting a more than tenfold decrease
(Figure 2A). However, no significantly upregulated miRNAs
were observed. These findings were further validated by RT-
gPCR, which confirmed the downregulation of several miRNAs
under LIPUS irradiation, with miR-1187 displaying the most

B

obvious reduction (Figure 2B), consistent with the sequencing
results.

3.3 | MiR-1187 Negatively Regulates Osteogenic
Differentiation in MC3T3-E1

To assess the role of miR-1187 in osteogenic differentiation,
MC3T3-E1 cells were transfected with 50 nM of miR-1187 mim-
ics or mimics NC, or 100 nM of miR-1187 inhibitor or inhibitor
NC, according to the experimental groups. RT-qPCR confirmed
that miR-1187 expression was significantly upregulated in cells
transfected with miR-1187 mimics (Figure 2C). Furthermore,
miR-1187 overexpression suppressed the expression of os-
teogenic marker genes, including Col-1, Alp, Runx2, and Ocn
(Figure 2D). Western blot analysis further demonstrated that
miR-1187 mimics downregulated the protein expression lev-
els of COL-1, ALP, and RUNX2 (Figure 2E), while this inhibi-
tory effect was reversed in miR-1187 inhibitor-transfected cells
(Figure 2F). ALP activity assays revealed a significant reduction
in ALP levels in miR-1187 mimics-transfected cells compared to
the NC group, whereas this effect was attenuated by miR-1187
inhibition (Figure 2H). Consistently, ALP staining at day 10 post-
transfection showed similar results (Figure 2G). Additionally,
the impact of miR-1187 on mineralized nodule formation was
evaluated via Alizarin Red S staining. miR-1187 overexpres-
sion reduced mineralized nodule formation after 21days of
culture, whereas miR-1187 inhibition promoted mineralization
(Figure 2I). The semiquantitative analysis of mineralization fur-
ther demonstrated that the OD value was highest in the miR-
1187 inhibitor group, followed by the control group, with the
lowest value observed in the miR-1187 mimics group. Moreover,
compared with the LIPUS group, miR-30c-1-3p mimics with
LIPUS irradiation decreased the gene and protein expression
levels of osteogenic markers(Figure 2J-L). These findings in-
dicate that miR-1187 negatively regulates osteogenic differen-
tiation in MC3T3-E1 cells by downregulating osteogenic gene
and protein expression, inhibiting ALP activity, and suppressing
mineralized matrix formation under LIPUS irradiation.
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FIGURE 2 | LIPUS significantly downregulated the expression of miR-1187 and miR-1187 negatively regulates osteogenic differentiation in
MC3T3-El. (A) miRNA array expression profiling. LIPUS significantly down-regulate the expression of 30 miRNAs. L: LIPUS, K: Control. (B) miR-
1187 expression was significantly downregulated after daily LIPUS irradiation of 7 days. (C) qRT-PCR analysis confirmed the transfection efficiency
of miR-1187 mimics. (D) qRT-PCR analysis. mRNA expression of osteoblast marker genes including Col-1, Alp, Runx2, and Ocn were significantly
downregulated in miR-1187 mimics-transfected group. (E) Western blot analysis for osteogenesis-related proteins COL-1, ALP, RUNX2 at 72 h after
transfection with miR-1187 mimics. (F) Western blot analysis for osteogenesis-related proteins COL-1, ALP, RUNX2 at 72 h after transfection with
miR-1187 inhibitor. (G) ALP staining on day 10 in miR-1187 mimics and inhibitor-transfected MC3T3-Elcells (scale bar =500 um). (H) ALP activity
detection on day 7 in miR-1187 mimics and inhibitor-transfected MC3T3-Elcells. (I) Alizarin red S staining and quantitative analysis of Alizarin
Red S accumulation on day 21 in miR-1187 mimics and inhibitor-transfected MC3T3-Elcells (scale bar =200 um/100 um), the black arrow indicate
the magnified area, the magnified pictures were marked within the square frame in the image. All values represent means + SD (n=3). Effects of
miR-1187 mimics on the expression of osteogenic markers under LIPUS irradiation: qRT-PCR analysis(J), western blot (K1) and quantitative analysis
(K2), ALP activity(L). *p <0.05, **p <0.01, ***p <0.001.
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3.4 | MiR-1187 Directly Targets BMP4 prediction tools miRWalk and RNAhybrid were employed to

identify potential miR-1187 target genes. Among the many po-
To elucidate the molecular mechanism by which miR-1187  tential genes, BMP-4, a member of the TGF- superfamily which
regulates osteogenic differentiation in MC3T3-E1 cells, target ~ has a major role in osteogenesis, brought our attention. The
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predicted binding sequence between miR-1187 and the 3'UTR of
BMP4 is shown in Figure 3A. To validate this interaction, lucif-
erase reporter constructs containing either the wild-type BMP4
3'UTR (BMP4-WT) or a mutated binding site (BMP4-MUT)
were generated. The luciferase reporter assay revealed a signifi-
cant decrease in luciferase activity in the BMP4-WT group upon
miR-1187 overexpression, while no significant change was ob-
served in the BMP4-MUT group (Figure 3B). These results indi-
cate that miR-1187 specifically binds to the predicted site within
the BMP4 3'UTR.

To further investigate the regulatory relationship between miR-
1187 and BMP4, MC3T3-E1 cells were transfected with miR-1187
mimics or inhibitors. RT-qPCR demonstrated that miR-1187
overexpression significantly reduced bmp4 mRNA levels com-
pared to the control group (Figure 3C). Consistently, ELISA and
Western blot analyses showed decreased BMP4 protein expres-
sion following miR-1187 mimic transfection, whereas this inhib-
itory effect was reversed in miR-1187 inhibitor-transfected cells
(Figure 3D,E).

These findings collectively demonstrate that miR-1187 nega-
tively regulates BMP4 expression at both mRNA and protein
levels by directly targeting its 3'UTR.

3.5 | BMP4 Positively Regulates Osteogenic
Differentiation in MC3T3-E1

To investigate the role of BMP4 in regulating osteogenic dif-
ferentiation of MC3T3-E1 cells, a bmp4 knockdown model was
established by transfecting cells with three different siRNAs.
RT-qPCR analysis demonstrated that all three si-BMP4 se-
quences significantly reduced bmp4 mRNA expression, with si-
BMP4_785 exhibiting the most effective silencing (Figure 4A).
Consequently, si-BMP4_785 was selected for subsequent ex-
periments. The efficiency of BMP4 overexpression was simi-
larly validated via RT-qPCR (Figure 4B). Both RT-qPCR and
Western blot analyses revealed that BMP4 knockdown sig-
nificantly downregulated, while BMP4 overexpression mark-
edly upregulated, the gene and protein expression levels of
key osteogenic differentiation markers (Figure 4C-F). The
osteogenic phenotype was further assessed through ALP ac-
tivity, ALP staining, and Alizarin Red S staining. As shown
in Figure 4G-I, BMP4 knockdown reduced ALP activity
and staining, whereas BMP4 overexpression enhanced both.
Moreover, matrix mineralization, as confirmed by Alizarin
Red S staining and quantitative analysis, exhibited a similar
trend. Collectively, these results indicate that BMP4 plays a
positive regulatory role in promoting osteogenic differentia-
tion in MC3T3-E1 cells.

3.6 | LIPUS Promotes MC3T3-E1 Differentiation by
Inhibiting miR-1187 Targeted Upregulation of BMP4

The expression of BMP4 in MC3T3-E1 cells cultured on Pti scaf-
folds, with or without LIPUS irradiation, was analyzed. The
results showed that LIPUS significantly upregulated BMP4 ex-
pression at both the mRNA and protein levels (Figure 5A-C).
Furthermore, the expression of osteogenesis-related markers

was markedly downregulated in the si-BMP4 group compared to
the control, and the expression of osteogenesis-related markers
was markedly downregulated in the si-BMP4 group with LIPUS
irradiation compared to the LIPUS group. However, in the si-
BMP4 + LIPUS group, these markers were notably increased
relative to the si-BMP4 group (Figure 5D,E). In addition, the
si-BMP4 group with LIPUS irradiation decreased ALP activ-
ity compared to the LIPUS group; LIPUS treatment mitigated
the reduction in ALP activity induced by si-BMP4 transfection
(Figure 5F). These findings indicate that LIPUS irradiation can
rescue the suppression of osteogenic differentiation caused by
BMP4 silencing, suggesting that LIPUS regulates BMP4 expres-
sion to enhance osteogenesis in MC3T3-E1 cells.

To explore the regulatory mechanism by which LIPUS in-
teracts with miR-1187, overexpression models of miR-1187
and BMP4 were established in MC3T3-E1 cells. Consistent
with previous results, transfection with miR-1187 mimics
significantly downregulated BMP4 and osteogenesis-related
markers at both the mRNA (Figure 5G) and protein levels
(Figure 5I), as well as reduced ALP activity (Figure 5H),
compared to the control group. In contrast, co-transfection
with miR-1187 mimics and a BMP4 overexpression plasmid
restored the expression of osteogenesis-related markers and
ALP activity relative to the miR-1187 mimic group. Similarly,
the LIPUS+miR-1187 mimics group exhibited elevated levels
of these indicators compared to the miR-1187 mimics group
(Figure 5G-I).

3.7 | RT-qPCR of De Novo Bone

To investigate the function of BMP4 in vivo, we performed an
experiment in four groups of male SD rats. The study plan was
shown in Figure 4A. Real-time PCR analysis of the de novo bone
showed that the Bmp4 mRNA level was significantly lower in the
si-BMP4 group compared with the control group at both 4 weeks
and 8 weeks, while LIPUS irradiation significantly promoted the
Bmp4 mRNA level (Figure 6B1), indicating that the in vivo model
of BMP4 knockdown was successfully constructed and LIPUS ir-
radiation could upregulate the Bmp4 mRNA level in vivo.

As shown in Figure 6B1,B2, mRNA expression levels of Col-1,
Runx2, Alp, and Ocn were significantly elevated in the LIPUS-
treated group but decreased in the si-BMP4-treated group at
various time points compared to the control. In addition, the
expression levels of these osteogenic gene markers were sig-
nificantly lower in the si-BMP4 + LIPUS group compared to
the LIPUS-irradiated group, but they were significantly higher
when compared to the si-BMP4-treated group. These results
indicate that BMP4 knockdown suppresses, whereas LIPUS ir-
radiation enhances, the expression of osteogenic gene markers.
Moreover, LIPUS treatment partially alleviated the inhibitory
effects of si-BMP4 on gene expression.

3.8 | Micro-CT Images and Fluorescence Double
Labeling

Three-dimensional reconstruction of scaffolds and de novo bone
was performed by CTvox software. The 3D images showed that
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de novo bone volume increased with time in all four groups; the
volume of de novo bone was higher in the LIPUS group than
in the control group, but lower in the si-BMP4 group than in
the control group (Figure 6C1). Quantitative analysis of the mi-
cro-CT data further demonstrated that the POF significantly de-
creased in the si-BMP4-treated group, whereas it increased with
LIPUS irradiation. Importantly, the POF value in the si-BMP4
+ LIPUS group was elevated compared to the si-BMP4 group
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but remained lower than the LIPUS group (Figure 6C2), indi-
cating that LIPUS mitigated the bone loss associated with BMP4
knockdown.

Representative fluorescence double-labeling images of newly
formed bone are shown in Figure 6D2. Calcein and xylenol or-
ange were used to label mineralized bone formed over 10days
and 3days before euthanasia, respectively. Across all groups,
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FIGURE4 | BMP4 positively regulates osteogenic differentiation in MC3T3-E1 cells. (A) Level of BMP4 decreased after transfected with different
siRNA-BMP4, si-BMP4-785 was identified to have the highest transfection efficiency. (B) BMP4 transcript levels was determined by RT-PCR after
transfected with overexpression plasmids of BMP4. (C) qRT-PCR analysis. Level of Col-1, Alp, Runx2, and Ocn mRNA expression was significantly
downregulated in BMP4 silencing. (D) qRT-PCR analysis. Level of Col-1, Alp, Runx2, and Ocn mRNA expression was significantly upregulated in
BMP4 overexpression. (E) Western blotting. Expression of BMP4 protein and osteogenesis-related proteins COL-1, ALP, RUNX2 as well as statistical
analysis after transfecting si-BMP4. (F) Western blotting. Expression of BMP4 protein and osteogenesis-related proteins COL-1, ALP, RUNX2 as well
as statistical analysis after transfecting pPCDNA3.1-BMP4. (G) ALP activity detection on day 7 in si-BMP4 and pCDNA3.1-BMP4 transfected MC3T3-
Elcells. (H) ALP staining on day 10 in si-BMP4 and pCDNA3.1-BMP4 transfected MC3T3-Elcells (scale bar =500 um). (I) Alizarin red S staining and
quantitative analysis of Alizarin Red S accumulation on day 21 in si-BMP4 and pCDNA3.1-BMP4 transfected MC3T3-Elcells (scale bar =200 um/100
um), the black arrow indicate the magnified area, the magnified pictures were marked within the square frame in the image. All values represent
means + SD (n=3). *p <0.05, **p <0.01, ***p <0.001.
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related mRNA was analyzed by qRT-PCR after si-BMP4 or si-bmp4 + LIPUS treatment. (E) Expression of osteogenesis-related protein was analyzed
by western blot after si-BMP4 or si-BMP4 + LIPUS treatment. (F) ALP activity detection on day 7 in si-BMP4 and si-BMP4 + LIPUS-treated MC3T3-E1
cells. (G) Bmp4 and osteogenesis-related genes Col-1, Alp, Runx2, and Ocn expression in MC3T3-E1 cells on Pti as indicated treatment by qRT-PCR.
(H) ALP activity in MC3T3-E1 cells on Pti on day 7 as indicated treatment. (I) Expression of BMP4 and osteogenesis-related proteins including
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LIPUS groups at both time points. Conversely, the LIPUS group
exhibited higher MAR values than the control and si-BMP4 +
LIPUS groups (Figure 6D1). These findings confirm that LIPUS

the mineral apposition rate (MAR) values declined over time
from week 4 to week 8. However, the MAR of the si-BMP4 group
was significantly lower than both the control and si-BMP4 +
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FIGURE 6 | LIPUS regulates bone formation in vivo. (A) Study plan of the vitro study. (B) qRT-PCR analysis of mRNA expression of Bmp4 as
well as other osteogenesis-related gene in the de novo bone of different groups. B1: MRNA expression of Bmp4; B2, B3: Osteogenesis-related gene
including Col-1, Alp, Runx2, and Ocn at 4weeks and 8 weeks respectively. (C) Micro-CT analysis. C1: 3D reconstruction of the bone defect area at
week 4 and 8. More bone ingrowth is observed as time increases in each group. The white part is the scaffold and the red part is the bone tissue. C2:
The POF values for the Pti at 4 and 8 weeks. The POF values differ significantly between the LIPUS and control group, between the si-BMP4 and
control group, as well as between the si-BMP4 and si-BMP4 + LIPUS group. (D) D1: The representative merged images of fluorescent double labeling
of calcein(green color) and xylenol orange(orange color). The red square indicate the magnified area, the magnified pictures were marked within
the white square frame in the image. (scale bar=200 um/100 um). D2: The MAR of the four groups at 4 and 8 weeks. All values represent means =+
SD (n=3). *p <0.05, **p <0.01, ***p <0.001.

irradiation enhances the mineralization rate of newly formed
bone within porous scaffolds, particularly during the early
stages of bone regeneration. In contrast, BMP4 knockdown im-
pairs mineralization, though this effect can be partially reversed
by LIPUS treatment.

3.9 | Histological Observation of the De Nova Bone
TB staining was performed to assess de novo bone formation,

while Von Kossa staining was used to detect calcium salt
deposition. As shown in Figure 7A, bone ingrowth increased

over time. Initially, new bone was deposited adjacent to the
host bone, gradually migrating to the center of the scaffold.
In all groups, the visible pore area decreased, and the area of
newly formed bone increased with time, with more de novo
bone observed near the scaffold center. High-magnification
images (200x) revealed that, at 4 weeks, cells in the new bone
were disorganized, whereas, at 8 weeks, the bone tissue ap-
peared more mature with cells arranged in a regular, lamellar
pattern. Additionally, compared with the 4-week group, os-
teons—characteristic of mature bone—and more blood ves-
sels were evident in the non-decalcified sections at 8 weeks.
Figure 7B presents the quantitative analysis of bone formation
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FIGURE7 | Histological staining of new bone tissue in vivo. (A) The representative histological images of non-decalcified sections obtained using
TB staining. The black region is the Pti scaffold, the blue region is the bone tissue, the black arrows indicate the junction between the host bone and
the de novo bone, the red arrows indicate neovascularization, the green arrows indicate the Haversian system. (scale bar =200 um/50 pm). (B) The

percentages of the de novo bone formation in Pti calculated based on TB staining. (C) The representative histological images of non-decalcified sec-

tions obtained using von Kossa staining. The black region is the Pti scaffold, the red region is the bone tissue, the black arrows indicate the junction

between the host bone and the de novo bone, while the green arrows indicate mineralized nodules (scale bar =200 um/50 um). (D) The integrated

opitical density of the calcium salt deposition island of different groups at 4 and 8 week. All values represent means + SD (n=3). *p <0.05, **p <0.01,

51 <0.001.

area percentage at different time points. Compared with the
control group, the si-BMP4-treated group exhibited a signif-
icant reduction in bone formation area percentage at both 4
and 8weeks, whereas the LIPUS-irradiated group showed a
significant increase at both time points.

Representative Von Kossa staining images are shown
in Figure 7C at both low and high magnifications. Low-
magnification images indicated progressive scaffold space
occupancy by newly formed bone across all groups. High-
magnification views revealed fewer black-brown calcium salt
deposits at 4 weeks, while more abundant and densely distrib-
uted deposits were observed at 8 weeks. The IOD values of
calcium deposits (Figure 7D) demonstrated that bone matu-
rity significantly increased over time in all groups. Notably,
si-BMP4 treatment decreased calcium salt deposition, while
LIPUS irradiation enhanced calcium deposition, promoting
bone mineralization.

4 | Discussion

The noninvasive use of LIPUS offers clear advantages in clin-
ical applications for bone defect repair. It has been confirmed
that LIPUS enhances fracture healing at the tissue level in pa-
tients with a delayed union of the osteotomized fibula through
an effect on the presence of RUNX2 immunopositive osteo-
genic cells [29]. Many studies have shown that LIPUS with
a three-dimensional culture environment upregulates osteo-
blastic response [30, 31]. Our previous studies confirmed that
LIPUS enhances differentiation of preosteoblast cell lines and
new bone ingrowth within PTi scaffolds [13, 14]. However,
the biological mechanisms by which LIPUS promotes osteo-
genesis in a three-dimensional material remain incompletely
understood.

The role of miRNAs in stem cell or osteoblast differentiation
is well documented, with numerous miRNAs implicated as es-
sential regulators of osteogenesis [32]. Additionally, mechani-
cal stimulation has been shown to modulate specific miRNAs
[33]. To examine whether miRNAs contribute to the molecular
regulation of LIPUS-promoted osteogenesis in 3D scaffolds,
we analyzed miRNA profiling data and observed a significant
downregulation of miR-1187 in LIPUS-stimulated MC3T3-E1
cells cultured on PTi. RT-PCR further validated this find-
ing; functional assays using miR-1187 mimics and inhibitors
demonstrated that miR-1187 acts as a negative regulator of os-
teogenesis. Specifically, miR-1187 inhibited the expression of
osteogenesis-related factors such as Col-1, Runx2, Alp, and Ocn.
Furthermore, miR-1187 decreased ALP activity and mineral

nodule formation, while miR-1187 inhibition had the opposite
effects. These results align with previous studies, confirming
the negative regulatory role of miR-1187 in osteogenesis [15].

BMPs, particularly BMP-2, BMP-4, BMP-7, and BMP-9, are po-
tent stimulators of osteogenic differentiation. Previous studies
using 2D models of LIPUS stimulation suggest that LIPUS en-
hances osteogenic differentiation, possibly through BMP path-
way activation. Daily LIPUS treatment significantly increased
BMP-2, -4, and -7 and their receptors, and also phosphoryla-
tion of Smad1 expression of rat clonal cell line ROS 17/2.8 [25].
Nonetheless, BMP protein expression varies across different
LIPUS stimulation models [26, 34]. Additionally, miRNAs mod-
ulated by BMP signaling are known to regulate BMP family
members. For instance, miR-542-3p targets BMP-7 signaling
and inhibits bone formation [16], miR-451a targets BMP-6 sig-
naling [35], and miR-153 suppresses osteogenic differentiation
by targeting BMPR-II [36]. In this study, BMP4 was identified
as a candidate target gene through bioinformatic analysis. We
subsequently investigated BMP4's role in LIPUS-promoted os-
teogenesis in PTi scaffolds and confirmed a regulatory rela-
tionship between miR-1187 and BMP4. Our dates showed that
LIPUS stimulation significantly increased BMP4 expression in
MC3T3-E1 cells on PTi. In vitro, BMP4 knockdown inhibited
osteogenic differentiation, as evidenced by reduced expression
of osteogenesis-related markers, decreased ALP activity, and
lower mineral nodule formation. Conversely, BMP4 overex-
pression promoted osteogenic marker expression and enhanced
ALP activity. These findings indicate that BMP4 positively reg-
ulates osteogenic differentiation in MC3T3-E1 cells. Moreover,
LIPUS could mitigate the inhibitory effects of BMP4 silencing
on osteogenesis.

To further clarify the relationship between miR-1187 and
BMP4, we employed a dual-luciferase reporter assay, which con-
firmed that miR-1187 specifically binds to the 3" untranslated
region (UTR) of BMP4. We also observed that miR-1187 mim-
ics decreased both BMP4 transcription and protein expression,
whereas miR-1187 inhibition increased BMP4 protein levels. Co-
transfection experiments showed that miR-1187 overexpression
suppressed osteogenic markers and reduced ALP activity, while
BMP4 overexpression reversed this suppression. Additionally,
LIPUS counteracted the inhibitory effects of miR-1187 on osteo-
genesis. These results reveal that miR-1187 functions as a nega-
tive regulator of osteogenesis by repressing BMP4, while LIPUS
promotes osteogenesis in PTi by upregulating BMP4 and down-
regulating miR-1187.

Bone tissue comprises various cellular components, collagen
fibers, amorphous matrix organic material, and inorganic
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FIGURE 8 | The schematic of LIPUS promotes osteogenesis of porous titanium alloys through inhibiting miR-1187 and upregulating BMP4.

calcium salts. Manaka S, et al. reported that LIPUS increased
the accumulation of inorganic phosphate and calcium in the
extracellular matrix while upregulating the expression of bone
ECM proteins [37]. Calcium salts are deposited on organic
material, causing calcification and the formation of hard-
ened bone, so the mineralization level in new bone reflects
its maturity [38]. We constructed a BMP4 knockdown animal
model via si-BMP4 injection and assessed the volume and ma-
turity of new bone ingrowth using Micro-CT and histologi-
cal analyses. LIPUS stimulation significantly increased bone
volume, maturity, BMP4 expression, and osteogenic markers.
Additionally, LIPUS-promoted bone formation by increasing
femoral wet weight and trabecular bone mass in ovariecto-
mized rats [39]. Volari¢ D, et al. created a critical-size bone
defect (CSBD) model in rat calvaria to compare the effect of
LIPUS and the autologous bone on bone healing. The results
confirmed that LIPUS could represent a viable alternative to
autologous bone grafts for repairing bone defects undergo-
ing intramembranous ossification [40]. Favaro-Pipi E, et al.
found LIPUS improved bone repair in rats and upregulated
BMP4 and RUNX2 expression, particularly in the late stages
of recovery [41]. In this model, si-BMP4 injection reduced
osteogenic markers and interfered with new bone ingrowth
and maturity. BMP4 appears to be a viable approach for the
treatment of bone defects and nonunions. BMP4 injection into
the medullary cavity of the right femur significantly enhanced
osteogenic responses [42]. Furthermore, recombinant human
BMP4 (rhBMP-4) was shown to promote new bone formation
in rapidly expanding sutures by stimulating ALP activity and
upregulating core-binding factor alpha 1 (Cbfal) and ALP
expression [43]. In this study, BMP4 knockdown in vivo at-
tenuated the pro-osteogenic effects of LIPUS, yet LIPUS stim-
ulation partially rescued osteogenesis despite BMP4 silencing,
consistent with in vitro findings. These results suggest that
BMP4 is crucial for bone formation in PTi, and that LIPUS
promotes osteogenesis in part by upregulating BMP4.

Our findings indicate that LIPUS accelerates osteogenesis in PTi
by upregulating BMP4 and downregulating miR-1187, establishing
BMP4 as a positive regulator of osteogenesis. This study provides
a new molecular insight into the mechanism by which LIPUS
enhances PTi-induced bone formation, supporting its potential
application in CSBD repair. Moreover, BMP4 emerges as a prom-
ising therapeutic target for improving the efficacy of LIPUS-PTi
co-treatment strategies. However, several limitations of this study
should be acknowledged. First, our research primarily focuses on
in vitro experiments, and the in vivo validation of these molecular
mechanisms remains to be fully explored. Future studies should
incorporate animal models to further confirm the osteogenic ef-
fects of LIPUS and BMP4 regulation in a physiological environ-
ment. Second, while we identified BMP4 as a key regulator, other
potential signaling pathways and molecular interactions contrib-
uting to LIPUS-induced osteogenesis require further elucidation.
Additionally, the optimal parameters of LIPUS stimulation, in-
cluding intensity, duration, and frequency, need to be systemati-
cally investigated to maximize its therapeutic potential. Finally,
challenges related to drug delivery, sustained release, and precise
control of BMP4 expression must be addressed to translate these
findings into clinical applications effectively.

5 | Conclusions

LIPUS promotes osteogenic differentiation of PTi by inhibiting
miR-1187 targeted upregulation of BMP4 (Figure 8). This study
highlights BMP4 as a key mediator in LIPUS-induced osteogen-
esis, providing a strong rationale for its therapeutic potential in
bone tissue engineering. These findings support the application
of LIPUS combined with PTi for treating critical-size bone de-
fects. However, further studies are required to optimize LIPUS
parameters, investigate alternative regulatory pathways, and
develop efficient drug delivery systems to enhance the clinical
applicability of this approach.
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