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ABSTRACT
Stem cell-based bone tissue engineering offers a promising approach for treating oral and cranio- 
maxillofacial bone defects. This study investigated the role of Atoh8, a key regulator in various 
cells, in the osteogenic potential of adipose-derived stem cells (ADSCs). ADSCs transfected with 
small interfering RNA (siRNA) targeting Atoh8 were evaluated for proliferation, migration, adhe
sion, and osteogenic capacity. In vivo, 20 SD rats were used to assess bone regeneration using 
Atoh8-knockdown ADSC sheets, with new bone formation quantified via micro-CT and histologi
cal analysis. Atoh8 knockdown in vitro reduced ADSC proliferation and migration but enhanced 
osteogenic differentiation and upregulation of osteogenic-related factors. This approach 
improved bone healing in rat defect models, accelerating repair both in vitro and in vivo. The 
findings underscore the clinical potential of ADSCs in bone tissue engineering and elucidate 
Atoh8’s regulatory role in ADSC osteogenesis, providing a novel therapeutic strategy for enhan
cing bone regeneration through targeted modulation of stem cell differentiation pathways.
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Introduction

Pathological factors such as trauma, inflammation, and 
tumours often cause bone defects of varying degrees, mak
ing bone defects one of the clinically challenging issues to 
resolve. Bone defects and related diseases can impair 
patients’ functionality, leading to varying degrees of dis
ability, and adversely affecting their quality of life and 
mental health [1,2].

Bone tissue engineering has demonstrated significant 
advantages in the treatment of clinical bone defects and 
has garnered widespread attention from scholars both 
domestically and internationally in recent years. With the 
rapid development of bone tissue engineering, adult stem 
cells have been proven to accelerate bone repair and 
improve prognosis [3]. The integration of bone tissue 
engineering, stem cell technology, and modern surgical 

techniques has opened new possibilities for the treatment 
of bone defects [4,5]. Mesenchymal stem cells (MSCs) are 
progenitor cells of various tissue cells, possessing remark
able multidirectional differentiation potential and self- 
renewal capabilities. They can migrate to injured sites and 
differentiate into local components of the injured area 
while secreting chemokines, cytokines, and growth factors 
that aid in tissue regeneration, playing a crucial role in 
regenerative medicine [6,7]. Among them, bone marrow 
mesenchymal stem cells (BMSCs) are the most widely used 
in clinical tissue repair due to their direct derivation from 
bone marrow. However, the content of MSCs in bone 
marrow is extremely low, accounting for less than 0.01% 
of the total number of monocytes [8]. Furthermore, the 
collection of BMSCs is accompanied by issues such as 
patient pain and significant trauma in clinical applications 
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[9]. Surprisingly, human adipose tissue is ubiquitous and 
can be easily and abundantly obtained through minimally 
invasive techniques. Patricia A. Zuk et al. [10] obtained 
human adipose tissue through liposuction, processed it to 
obtain a fibroblast-like stem cell population, and verified its 
multidirectional differentiation potential. Compared to 
BMSCs, adipose-derived stem cells (ADSCs) possess 
unique advantages such as abundant sources, easy access, 
minimal trauma, and strong immunomodulatory capabil
ities. Nevertheless, despite these advantages, the application 
of ADSCs in bone tissue engineering faces challenges. The 
osteogenic potential of ADSCs is generally lower than that 
of BMSCs, which may necessitate overcoming through 
genetic engineering or optimizing culture conditions.

Atoh8 belongs to the bHLH transcription factor 
family and it is a member of the ‘Net’ family within 
the ‘Atonal’ superfamily [11]. Atoh8 has been discov
ered to regulate cell fate and differentiation, particularly 
during development. It is expressed in the developing 
nervous system, where it modulates the differentiation 
of neurons and glial cells, determining the fate of neu
ronal precursor cells and potentially regulating the 
function of mature neurons [12]. Experiments con
ducted on C2C12 mouse myoblasts suggest that 
Atoh8 could play a regulatory role in the transition of 
myoblasts from a proliferative state to differentiation 
[13]. Interestingly, Atoh8 participates in stem cell 
growth and differentiation. Long non-coding RNA 
CIR inhibits the expression of Atoh8 through EZH2- 
mediated epigenetic modifications, thereby suppressing 
chondrogenic differentiation of human umbilical cord 
mesenchymal stem cells. The knockdown of CIR or the 
overexpression of Atoh8 promotes chondrogenic differ
entiation [14]. Another study in mice also indicates that 
Atoh8 is a critical regulator of neuronal differentiation 
during retinal development, and its absence inhibits the 
differentiation of retinal stem cells [15]. Additionally, 
some scholars have found that Atoh8 plays a pivotal 
role in tumour progression and stem cell transforma
tion by regulating metabolism and cell fate decisions 
under stress conditions [16]. These studies highlight the 
important regulatory effects of Atoh8 in stem cell dif
ferentiation. However, it is still unknown whether 
Atoh8 affects the osteogenic differentiation of stem 
cells. Yahiro Y, et al. have found that Atoh8-KO pri
mary osteoblasts and ST-2 cells with Atoh8 knockdown 
via transfection of Atoh8 small interfering RNA 
(siRNA) enhanced the osteogenic differentiation in 
in vitro experiments, with the increased expression of 
such osteogenic-specific genes as RUNX2 and ALP 
[17]. Based on these findings, we hypothesized that 
Atoh8 could negatively regulate the osteogenic 

differentiation of ADSCs. To verify this hypothesis, 
we conducted both in vitro and in vivo experiments 
to explore the regulatory effects of Atoh8 in ADSCs 
osteogenesis.

Material and methods

Extraction, cultivation, and differentiation 
induction of ADSCs

All animal procedures were conducted in accordance 
with the guidelines of the Chinese Council on Animal 
Protection and Use. All experiments in this study were 
approved by the Animal Protection and Ethics 
Committee of Air Force Medical University(Appl. No. 
kq-2024–033). The SD rats used were purchased from 
the Animal Experiment Center of Air Force Medical 
University and housed in an environmentally con
trolled room (20–25°C) with a 12-hour light/dark 
cycle, having free access to food and water.

ADSCs were isolated and cultured using the col
lagenase digestion and adherence method. Two-week 
-old male SPF-grade SD rats were euthanized by 
cervical dislocation and then immersed in alcohol 
for 5 minutes for disinfection. Under a sterile hood, 
adipose tissue from the bilateral inguinal regions of 
the rats was excised and placed in a 10 cm sterile 
culture dish. The tissue was washed three times with 
PBS to remove fascia and blood vessels. The adipose 
tissue was minced as finely as possible, and an equal 
volume of preheated 0.1% type I collagenase was 
added. The mixture was then shaken and digested 
at 37°C for 1 hour on a constant temperature shaker 
until the tissue became chylous. Digestion was ter
minated by adding an equal volume of α-MEM med
ium containing 10% foetal bovine serum (Gibco, 
USA) and 1% penicillin/streptomycin (HyClone, 
USA). The mixture was repeatedly pipetted to dis
perse the digested adipose tissue as much as possible. 
Undigested adipose tissue was filtered out using 
a 70 μm sieve. The filtered liquid was centrifuged at 
1000 rpm for 5 minutes, and the upper fat layer and 
supernatant were discarded. The precipitated cells 
were washed once with PBS (1000 rpm, 5 minutes) 
and resuspended in α-MEM medium containing 10% 
foetal bovine serum and 1% penicillin/streptomycin. 
The cells were then seeded into cell culture flasks 
and placed in a cell incubator for cultivation. It is 
crucial to avoid moving the culture flasks to prevent 
disrupting cell adherence. The medium was first 
changed after at least 2–3 days, and thereafter every 
2–3 days until the cells reached 80%-90% confluence 
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for passage. To identify the extracted cells, flow 
cytometry was used to detect the cell surface markers 
CD29, CD34, CD44, and CD45.

The osteogenic differentiation of ADSCs was 
induced with a medium containing 10% FBS, 1% 
PS, dexamethasone (10^-8 mol/L), ascorbic acid 
(50 μg/ml), and β-glycerophosphate (10^-2 mol/L) in 
α-MEM. The components were prepared as follows: 
Dexamethasone (3.925 mg in 1 ml EtOH) was diluted 
to 10^-4 mol/L and stored at −20°C, adding 10 μl/ 
100 ml medium. Ascorbic acid (500 mg in 10 ml 
medium) was filtered, aliquoted, and stored at 
−20°C, adding 100 μl/100 ml medium. β- 
Glycerophosphate (4.32 g in 10 ml medium) was 
similarly prepared, stored, and added at 0.5 ml/100  
ml medium. All solutions were kept in the dark. 
ADSCs were induced for osteogenic differentiation 
using the designated osteogenic induction medium. 
After 7 days of induction, Alkaline phosphatase 
(ALP) staining and ALP activity quantification were 
performed to evaluate early osteogenic capacity. 
After 21 days of induction, Alizarin Red S (ARS) 
staining was conducted to assess late-stage osteogenic 
differentiation.

Cell transfection

To knock down the Atoh8 gene, we opted to use siRNA 
from GenePharma. The sequences were 
GCCUGUAACUACAUCCUGUTT ACAGGAUGUA 
GUUACAGGCTT (si-atoh8–1242), CUCGUCAAUUU 
CACACGUATT UACGUGUGAAAUUGACGAGTT (si- 
atoh8–995), and CUUUCCGAUUGGACUUGGATT 
UCCAAGUCCAAUCGGAAAGTT (si-atoh8–541). 
ADSCs were cultured in an incubator maintained at 2% 
O2, 5% CO2, and 37°C. Once the ADSCs reached 60%-70% 
confluence in appropriate well plates, Lipofectamine 3000 
(Invitrogen, Waltham, MA, USA) was used to transfect 
atoh8 siRNA (si-atoh8) or non-targeting siRNA as 
a negative control (si-nc), following the manufacturer’s 
protocol. After 24 hours of transfection, cells were washed 
with PBS, and the medium was replaced with complete 
medium for subsequent experiments. Total RNA was 
extracted 24 hours post-transfection for qRT-PCR analysis 
of atoh8 to determine the transfection efficiency in ADSCs 
across groups.

Cell sheet formation

In this experiment, an osteogenic induction medium 
was used to induce ADSCs cultured in six-well plates to 
form cell sheets. The osteogenic induction medium was 
prepared by adding ascorbic acid (50 μg/ml) to α-MEM 

medium containing 10% foetal bovine serum and 1% 
penicillin-streptomycin, and stored in the dark.

Establishment and intervention of bone defect 
models

Two types of bone defect models were established, each 
with two groups: (1) si-nc group: SD rats with bone 
defects were implanted with ADSC sheets transfected 
with non-targeting siRNA. (2) si-atoh8–1242 group: SD 
rats with bone defects were implanted with ADSC 
sheets transfected with si-Atoh8–1242.

The critical-sized calvarial bone defect model in SD 
rats is a common method for studying bone regenera
tion and repair. It is generally accepted that bone 
defects ≥5 mm in diameter do not completely heal 
within the lifespan of rats, thus qualifying as critical- 
sized bone defects. Some researchers suggest that 
≥8 mm defects may be a more stringent criterion. 
Considering the calvarial size of 4-week-old rats and 
the limited 4-week intervention period in this study, we 
opted for the classical method to create a 5 mm circular 
critical-sized calvarial bone defect [18,19]. Four-week- 
old male SD rats (n = 7 per group), weighing approxi
mately 100–150 grams, were anesthetized with isoflur
ane. Rats were placed in an anaesthesia chamber with 
an initial concentration of 4–5%, and once uncon
scious, the concentration was reduced to 1–2% to 
maintain anaesthesia throughout the surgery. 
Isoflurane was continuously supplied through an anaes
thesia mask to ensure the rats remained anesthetized. 
After anaesthesia, rats were fixed on the surgical table, 
and the head region was shaved and disinfected. Sterile 
techniques were used to ensure the cleanliness of the 
surgical area and instruments. A longitudinal incision 
was made along the midline of the rat’s skull to expose 
the cranium. A circular defect with a diameter of 5 mm 
was created in the centre of the rat’s skull using 
a surgical trephine, taking care not to damage the 
dura mater. The defect was created to fully penetrate 
the skull but not injure the underlying brain tissue. Cell 
sheets were implanted into the defects according to the 
groups. After surgery, the skin was sutured, and anti
biotics were administered to prevent infection. In this 
experiment, metronidazole sodium chloride injection 
was administered intraperitoneally for 3 days post- 
surgery. Metronidazole was administered at 15 mg/kg 
body weight, twice daily. Rats were housed individually, 
and the environment was kept clean. The rats’ health 
status and wound healing were regularly observed. Rats 
were euthanized 4 weeks after intervention, and skulls 
were collected for radiological and histological analysis. 
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Diagrams of the surgical procedure are presented in 
Supplementary Figure A.

For the femoral defect model, 6-week-old male SD 
rats (n = 3 per group), weighing approximately 200–250 
grams, were anesthetized with 1% pentobarbital solu
tion (45 mg/kg rat weight). After shaving and disinfect
ing the knee joint and femur, a lateral incision was 
made to expose the femoral condyle and distal femoral 
diaphysis. A hole was drilled parallel to the long axis of 
the femur at the femoral condyle, and the presence of 
a hollow sensation accompanied by bleeding indicated 
that the cancellous bone had been reached, creating 
a hemispherical defect with a radius of approximately 
2 mm. Cell sheets were implanted into the defects 
according to the groups. After surgery, the skin was 
sutured, and the antibiotic prophylaxis protocol for 
infection prevention followed the same regimen as 
that used in the critical-sized calvarial bone defect 
model. Rats were euthanized 4 weeks after intervention, 
and femurs were collected for radiological and histolo
gical analysis. Diagrams of the surgical procedure are 
presented in Supplementary Figure B.

Micro-CT analysis

The specimens were fixed in 4% paraformaldehyde for 
24 to 48 hours (n = 3 per group) and underwent micro- 
computed tomography (Siemens Inveon, Erlangen, 
Germany) to determine changes in the tissue surround
ing the implants. Specifically, the calvarial bone defect 
model underwent 3D reconstruction of a 5 mm dia
meter circle at the site of the calvarial defect, while 
the femoral bone defect model underwent 3D recon
struction of a 2 mm × 2 mm × 2 mm area at the defect 
site. Morphometric parameters of the bone surround
ing the defect were analysed, including bone volume/ 
total volume (BV/TV, %), bone surface area/bone 
volume (BS/BV, 1/mm), mean trabecular thickness 
(TbTh, mm), mean trabecular number (TbN, 1/mm), 
and mean trabecular separation (TbSp, mm).

Histological analysis

Decalcified tissue sections were stained with haematox
ylin and eosin (HE), Masson’s trichrome, and safranin 
O-fast green to observe new bone formation.

Cell proliferation assay

Cells were seeded in 96-well plates with 100 µL of cell 
suspension added to each well, typically at a concentration 
of 5 × 10^3 cells/well. The cells were cultured for 24 hours 
in a 37°C, 5% CO2 incubator to allow adherence. Cells were 

then treated according to the experimental objectives. Cell 
proliferation at 0, 24, 48, and 72 hours was detected using 
a Cell-counting kit-8 (CCK-8; 10 μl per well; PCM, Xi’an, 
China). The absorbance (OD value) of each well was mea
sured at 450 nm using a microplate reader (Thermo Fisher 
Scientific, Waltham, MA, USA). The number of cells is 
directly proportional to the OD value, with a higher OD 
value indicating a greater number of cells.

Scratch healing assay

Cells were seeded in 6-well plates at approximately 5 ×  
10^5 cells per well and cultured in a 37°C, 5% CO2 
incubator to allow adherence and formation of 
a monolayer, reaching approximately 90% confluence. 
Different treatments were applied according to the 
experimental design. A straight line was scratched per
pendicular to the monolayer surface using a sterile 
pipette tip (200 µL tip) to create a wound. Floating 
cells were gently washed away with PBS to ensure 
a clear wound. Cells were cultured in serum-free α- 
MEM, and images were captured after 12 hours.

Transwell migration assay

A 24-well plate with Transwell inserts (pore size 8.0 μm; 
Corning-Costar) was prepared. 200 µL of cell suspen
sion containing approximately 2 × 10^5 cells was added 
to the upper chamber of the Transwell insert. 600 µL of 
medium containing 10% FBS was added to the lower 
chamber as a chemoattractant. The 24-well plate was 
incubated in a 37°C, 5% CO2 incubator for 
24–48 hours to allow cell migration. After incubation, 
non-migrated cells in the upper chamber were gently 
removed with a cotton swab. Migrated cells on the 
lower surface were fixed with 4% paraformaldehyde 
for 20 minutes and stained with 0.1% crystal violet for 
10 minutes. Images were captured under a microscope, 
and quantitative results were obtained by measuring 
the absorbance at 570 nm after dissolving the stain in 
500 µl of 33% acetic acid.

ALP and ARS

ALP activity was quantitatively measured using the 
ALP assay kit (Jiancheng, Nanjing, China) following 
the manufacturer’s protocol, and the BCIP/NBT alka
line phosphatase colorimetric kit (Beyotime Biotech, 
Shanghai, China) was employed for the detection. 
Calcium deposition was examined through staining 
with 2% Alizarin Red S (Solarbio, Beijing, China).
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Cell adhesion assay

Prior to the cell adhesion assay, titanium disks of 12 mm 
diameter and 2 mm thickness were prepared, soaked in 5  
ml of 95% ethanol for 48 hours, and thoroughly disinfected 
via UV irradiation. Transfected ADSCs (3 × 10^3/well) 
were centrifuged and seeded onto 24-well culture plates, 
with a titanium disk placed in each well. After 24 hours, the 
culture medium was removed, and the titanium disk sam
ples were washed three times with PBS buffer. 
Subsequently, the samples were fixed with 4% paraformal
dehyde for 10 minutes at room temperature. Following 
permeabilization, cells were stained using a dual- 
fluorescence staining method: the cytoskeleton was labelled 
with F-actin dye (green), and the cell nuclei were stained 
with DAPI (blue). Finally, the number of adherent cells, the 
morphology, and the spreading of ADSCs were observed 
using a confocal laser scanning microscope (OLYMPUS, 
Tokyo, Japan).

Quantitative real-time PCR

To determine the relative expression levels of Atoh8, ALP, 
RUNX2, Col-1, BMP2, RANKL, and OPG mRNA in 
ADSCs, the following steps were taken for the quantitative 
real-time PCR experiment: 1 × 10^6 ADSCs per well were 
seeded onto 6-well culture plates and incubated under 
different treatment conditions for 24 hours to ensure suffi
cient cellular response to the treatment. Total RNA was 
extracted from the treated cells using an appropriate RNA 
extraction kit (e.g. TRIzol), following the manufacturer’s 
instructions to ensure RNA purity and integrity. Reverse 
transcription of the extracted RNA was performed using 
the SYBR Premix ExTaq II kit (TaKaRa, Tokyo, Japan) to 
synthesize cDNA, following the kit’s instructions for reac
tion conditions. qRT-PCR analysis was conducted using 
the StepOne Plus Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA). Each reaction mixture 
contained cDNA template, SYBR Premix ExTaq II, specific 
primers, and nuclease-free water, with a total volume of 
20 µL. The PCR reaction programme was set as follows: 
initial denaturation at 95°C for 30 seconds, followed by 40 
cycles of 95°C for 5 seconds and 60°C for 30 seconds. The 
relative expression levels of each target mRNA were 

calculated using the 2−ΔCT method. GAPDH served as 
the internal reference gene for normalizing the expression 
levels across samples. All primers used in this study were 
synthesized by Sangon Biotech (Shanghai), and the detailed 
sequences are provided in Supplementary File 1: Table 1.

Protein extraction and western blotting

Cells were seeded in 100 mm dishes and cultured in a 37°C, 
5% CO2 incubator until they reached 90% to 100% con
fluence. Following incubation under different treatment 
conditions for 24 hours, the culture medium was removed, 
and the cells were gently washed with cold PBS. RIPA 
buffer (ZHHC, China) was added to lyse the cells. After 
incubation on ice for 30 minutes with gentle shaking to 
ensure complete lysis, the lysate was transferred to 
a centrifuge tube and centrifuged at 12,000 rpm for 15  
minutes at 4°C. The supernatant, containing the total pro
tein solution, was collected. The protein concentration was 
quantified using the BCA Protein Assay Kit (Beyotime 
Biotechnology, China) according to the kit’s instructions. 
Based on the protein concentration, protein samples were 
mixed with 5×SDS-PAGE sample buffer to a total volume 
of 10 μl to 20 μl and heated at 95°C for 5 minutes. The 
samples were then loaded onto SDS-PAGE gels for electro
phoretic separation. Proteins were transferred from the gel 
to a PVDF membrane using the wet transfer method. The 
PVDF membrane was blocked with 5% skimmed milk 
powder or BSA for 1 hour at room temperature. The 
membrane was incubated overnight at 4°C with the follow
ing primary antibodies: anti-GAPDH (1:1000, ab181602), 
anti-RUNX2 (1:2000, ab236639), anti-BMP2 (1:2000, 
ab284387) (all from Abcam Biotechnology, MA, USA) 
and anti-ATOH8 (Signalway Antibody, Maryland, USA). 
The PVDF membrane was washed three times with TBS-T 
(TBS buffer containing 0.1% Tween-20) for 5 minutes each 
at room temperature. The membrane was then incubated 
with HRP-conjugated secondary antibodies (Boster, 
Wuhan, China) for 1 hour at room temperature. After 
three additional washes with TBS-T for 5 minutes each, 
the membrane was visualized using a chemiluminescent 
substrate (ECL) and a chemiluminescent imaging system 
(Bio-Rad GelDoc XR+, Hercules, CA, USA). ATOH8 and 

Table 1. Primer sequences used in qRT-PCR to detect ADSC genes.
ADSC genes Forward primer 5′→3′ Reverse primer 5ʹ→3′
Atoh8 TCCAGCCATCCAGGGTTACT TTGGCTTGAGGTGGACTTGG
GAPDH CAAGTTCAACGGCACAGTCA CCATTTGATGTTAGCGGGAT
ALP CAACGAGGTCATCTCCGTGATG TACCAGTTGCGGTTCACCGTGT
RUNX2 CCCAGTATGAGAGTAGGTGTCC GGGTAAGACTGGTCATAGGACC
Col-1 TGTTGGTCCTGCTGGCAAGAATG GTCACCTTGTTCGCCTGTCTCAC
BMP2 GAGGAGAAGCCAGGTGTCT GTCCACATACAAAGGGTGC
OPG CACGAGCCTTATCCCATTTG CATAACCTACCCCTGCTTGTCT
RANKL TCAGCCGTTTGCTCACCTC TTAACCCTTAGTTTTCCGTTGC
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GAPDH were located at the same kDA. The blot mem
brane was incubated with stripping buffer (NCM Biotech, 
Suzhou, China) at room temperature with moderate shak
ing for 10 minutes to remove the antibody. The intensity of 
the protein bands was observed, with GAPDH serving as 
the internal reference protein. The original Western Blot 
images are presented in Supplementary Figure C.

Statistical analysis

Quantitative data are presented as mean with upper and 
lower limits, and graphs were generated using GraphPad 
Prism 8.0 software (GraphPad Software, San Diego, CA, 
USA). Data from repeated measurements were analysed 
using t-test. All statistical analyses were conducted with 
a significance level set at 0.05. A P-value less than 0.05 was 
considered statistically significant. And all experiments 
were repeated at least three times.

Results

Knockdown of Atoh8 expression in ADSCs via 
liposome transfection

The primary objective of the experiments was to extract 
cells and validate the ability of siRNA to knockdown 
atoh8 in ADSCs. First, ADSCs were isolated from the 
inguinal region of SD rats, and the characteristics of the 
cultured ADSCs were verified using flow cytometry. 
The results showed that the cells were positive for 
mesenchymal stem cell markers CD29 and CD44. 
Concurrently, both CD34 and CD45 were negative in 
the in vitro cultured cells, indicating that the isolated 
cells retained ADSC properties (Figure 1(a)). The 
extracted ADSCs possessed multidirectional differentia
tion potential, and their adipogenic potential was con
firmed through adipogenic induction (Figure 1(b)). 

Subsequent experiments also validated their osteogenic 
potential. Three different siRNAs (si-atoh8–541, si- 
atoh8–995, si-atoh8–1242) were designed to intervene 
in ADSCs, and their ability to knockdown atoh8 was 
determined by qRT-PCR post-transfection. Among 
them, the si-atoh8–1242 group demonstrated the high
est knockdown efficiency compared to the control 
group (Figure 1(c)). The western blot results confirmed 
that Atoh8 protein levels in ADSCs were relatively 
downregulated after transfection with si-atoh8–1242 
(Figure 1(d)). Consequently, si-atoh8–1242 was selected 
for subsequent cellular interventions.

Enhanced bone defects repaired capability in SD 
rats following knockdown of Atoh8 expression in 
ADSCs

We first conducted animal experiments to investigate 
the impact of Atoh8 on the ability of adipose-derived 
stem cells to intervene in and repair bone defects 
in vivo. An extreme bone defect model was established 
in the skull of 4-week-old male SD rats (Figure 2(a, b)), 
and micro-CT analysis and histological evaluation were 
performed to determine the extent of the intervention’s 
effects. In the skull extreme bone defect model, the si- 
atoh8–1242 group exhibited significantly higher bone 
volume/total volume (BV/TV, %) at the defect site. The 
bone surface/bone volume (BS/BV, 1/mm) was signifi
cantly lower in the si-atoh8–1242 group, indicating 
denser newly formed bone. Additionally, the mean 
trabecular thickness (TbTh, mm) was significantly 
increased in the si-atoh8–1242 group, while mean tra
becular number (TbN, 1/mm) and mean trabecular 
spacing (TbSp, mm) showed similar trends, with the si- 
atoh8–1242 group displaying more trabeculae and 
smaller trabecular spacing (Figure 2(c)). For the dis
sected skulls, HE staining, Masson’s trichrome staining, 

Figure 1. (a) Cells were isolated from adipose tissues of inguinal region in 2-week-old male SD rats, which were identified as ADSCs 
by flow cytometry. (b) Microscopic observation of ADSCs after 14 d of adipogenic induction. Arrows indicate lipid droplets. Scale bar 
= 50 μm. (c) Relative expressions of Atoh8 were detected after 24h of transfection with empty vector and three si-RNA liposomes by 
qRT-PCR. *p ≤ 0.05, **p ≤ 0.01. (d) Relative expressions of Atoh8 were detected after 24h of transfection with empty vector and si- 
atoh8–1242 liposomes by western blotting.
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Figure 2. (a) Anatomical results of critical-sized calvarial bone defect model of the SD rats after 4 weeks of intervention. (b) CT 3D 
reconstruction results of critical-sized calvarial bone defect model of the SD rats. (c) Trabecular bone parameters of critical-sized calvarial bone 
defect model of the SD rats. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (d) HE and Masson’s staining results of critical-sized calvarial bone defect 
model of the SD rats, safranin O/Fast green, and toluidine blue stainings. Scale bar = 500 μm. (e) CT 3D reconstruction results of the femoral 
bone defect model of the SD rats. (f) Trabecular bone parameters of critical-sized calvarial bone defect model of the SD rats. ns means not 
significant. (g) HE, Masson’s trichrome, and safranin O/Fast green stains of femoral bone defect model of the SD rats. Arrows indicate non- 
bone structures. Scale bar = 100 μm.
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and Safranin O-Fast Green staining further confirmed 
the new bone formation in the bone defect model of the 
si-atoh8–1242 group. HE staining of the si-atoh8–1242 
group showed that newly formed bone tissue filled 
most of the defect area, with distinct trabecular bone 
structures and higher density, while the si-nc group had 
less new bone tissue and a significant amount of void 
space in the defect area. Masson’s trichrome staining 
revealed significantly higher collagen fibre deposition 
in the si-atoh8–1242 group, indicating higher bone 
tissue formation and maturity. In contrast, the si-nc 
group had less collagen fibre deposition and sparser 
new bone formation. Safranin O-Fast Green staining 
of the si-atoh8–1242 group showed a large amount of 
newly mineralized bone tissue with high mineraliza
tion. In contrast, the si-nc group had less mineralized 
bone tissue with lower mineralization (Figure 2(d)). 
Similar results were obtained when validating the 
femoral defect model. Microscopic observations of 
soft tissue sections after staining revealed that the 
bone surface of the control group was covered with 
non-bone structures, suggesting that knockdown of 
Atoh8 not only enhanced osteogenic differentiation of 
ADSCs but also inhibited their differentiation into 
other cell types (Figure 2(e–g)). In summary, the si- 
Atoh8–1242 group demonstrated significantly superior 
bone regeneration compared to the si-nc group in the 
critical-sized calvarial bone defect model. However, in 
the femoral defect model, although bone morphometric 
parameters still indicated an enhancement in bone 
repair capacity in the si-Atoh8–1242 group, the 
improvement was less pronounced than that observed 
in the calvarial defect model. These results indicate that 
ADSCs with knocked down Atoh8 have better abilities 
to promote bone regeneration and repair.

In vitro experiments showed that knocking down 
Atoh8 expression in ADSCs reduced their 
proliferation and migration abilities

To investigate the effects of knocking down Atoh8 on 
the proliferation ability of ADSCs from SD rats, we first 
conducted the following experiments in vitro. 
Proliferation, as one of the basic life activities of cells, 
was assessed using the CCK-8 assay to examine the 
impact of Atoh8 knockdown on ADSC proliferation. 
By measuring the proliferation abilities of the experi
mental and control groups at different time points (0, 
24, 48, 72 hours), we found that knocking down Atoh8 
significantly reduced the proliferation ability of ADSCs 
(Figure 3(a)). Subsequently, we performed a 24-hour 
Transwell migration assay, followed by quantitative 
analysis using crystal violet staining, which revealed 

that knocking down Atoh8 also significantly reduced 
the migration ability of ADSCs (Figure 3(b,c)). Similar 
conclusions were drawn from the 12-hour scratch assay 
analysis, showing a significant decrease in scratch heal
ing ability in the Atoh8-knockdown group (si- 
atoh8–1242 group) (Figure 3(d)). We used smooth 
metal titanium sheets as the substrate for cell adhesion 
and transferred liposome-transfected ADSCs onto the 
titanium sheets for cell culture. The results showed that 
the number of adhered cells in the experimental group 
was lower than that in the control group, but the cell 
morphology in the experimental group was more duc
tile (Figure 3(e,f)).

In vitro experiments showed that knocking down 
Atoh8 expression in ADSCs increased their 
osteogenic differentiation ability

Next, we examined the effect of knocking down Atoh8 
on the osteogenic ability of ADSCs. After culturing the 
in vitro isolated ADSCs in osteogenic induction med
ium for 7 days, staining results indicated that the osteo
genic ability of ADSCs in the experimental group was 
significantly improved (Figure 4(a)). Correspondingly, 
measurements of cells at the same time point revealed 
an increase in ALP content in the experimental group 
(Figure 4(b)). Alizarin Red staining results showed 
similar findings at 21 days (Figure 4(c)). To investigate 
the effect of Atoh8 knockdown on the expression of 
osteogenic and osteoclastogenic markers in ADSCs, we 
performed qRT-PCR and Western blot analyses. The 
results showed significant changes in the expression 
levels of key osteogenic and osteoclastogenic genes. 
Among them, the mRNA levels of osteogenic-related 
key genes Runx2, Alp, Col1, and Bmp2 were upregu
lated. Rankl, a crucial regulator of osteoclastogenesis, 
showed significantly downregulated mRNA expression 
in the experimental group, while Opg, a decoy receptor 
for Rankl, showed a slight increase in expression in the 
experimental group. These changes led to a decrease in 
the Rankl/Opg ratio, suggesting a possible reduction in 
osteoclastogenic activity (Figure 4(d)). The changes in 
protein levels were consistent with the mRNA expres
sion data (Figure 4(e)), further supporting the conclu
sion that knocking down Atoh8 can enhance osteogenic 
differentiation of ADSCs.

Discussion

In the current study, the Atoh8 inhibition demon
strated significantly better bone repair in both, the 
skull and femoral defect models. Likewise, the in vitro 
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Figure 3. (a) CCK-8 results at 0, 24, 48, and 72 h after transfection with empty vector or si-Atoh8–1242 for 24 h. **p ≤ 0.01, ***p ≤ 
0.001. (b) Transwell assay and crystal violet staining 24 h after transfection with empty vector or si-Atoh8–1242 for 24 h. Scale bar = 
200 μm. (c) Absorbance at 570 nm after crystal violet was dissolved in 500μl 33% acetic acid. ***p ≤ 0.001. (d) Scratch test 12 h after 
transfection with empty vector or si-Atoh8–1242 for 24 h. Scale bar = 200 μm. (e) Double fluorescence staining 24 h after it was 
seeded on titanium disks following transfection with empty vector or si-Atoh8–1242 for 24 h. Scale bar = 200 μm. (f) Quantitative 
results of adhered cell count. *p ≤ 0.05.

Figure 4. (a) Osteogenic induction culture started 24 h after transfection with empty vector or si-Atoh8–1242, followed by ALP 
staining after 7 d. Scale bar = 100 μm. (b) quantitative ALP results. **p ≤ 0.01. (c) Osteogenic induction culture started 24 h after 
transfection, followed by Alizarin Red staining after 21 d. Scale bar = 500 μm. (d) RNA was extracted from cells 24 h after 
transfection. Specific gene expressions were analyzed by qRT-PCR. *p ≤ 0.05, **p ≤ 0.01. (e) RNA was extracted from cells 24 h after 
transfection. Specific gene expressions were detected by Western blotting.
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experiments also showed that the knock down of Atoh8 
expression reduced the proliferation and migration but 
increased osteogenic differentiation ability of ADSCs.

Multiple types of adult stem cells have been proven 
to have potential applications in bone tissue engineer
ing [20,21]. However, among other adult stem cells, the 
most notable feature of adipose-derived stem cells 
(ADSCs) is their abundant presence in the human 
body and their easier accessibility compared to other 
adult stem cells. The number of stem cells obtained 
from adipose tissue is at least 500 times greater than 
that obtainable from equivalent bone marrow tissue 
[22–24]. ADSCs have also revealed various matrices in 
the process of bone regeneration. They possess multi
potency, enabling them to differentiate into osteoblasts 
under specific inductive conditions, directly participat
ing in bone tissue formation and repair [25]. 
Additionally, ADSCs can secrete various angiogenic 
factors and extracellular matrix components to pro
mote bone regeneration, as well as immune regulatory 
factors to modulate inflammatory responses, creating 
a microenvironment conducive to bone regeneration 
[26–28]. Nevertheless, the clinical application of 
ADSCs in bone tissue engineering still faces the chal
lenge of suboptimal osteogenic differentiation ability.

Given the scarcity of research on this gene in rela
tion to ADSCs, we have yet to retrieve relevant litera
ture. Therefore, we conducted in vitro and in vivo 
experiments to verify the correlation between Atoh8 
expression and the osteogenic capacity of ADSCs. Our 
findings indicate that Atoh8 expression is indeed nega
tively correlated with osteogenic capacity, suggesting 
that targeting Atoh8 through genetic intervention may 
serve as a novel strategy to enhance ADSC-mediated 
bone tissue engineering for the treatment of bone 
defects. This study chose to investigate the effect of 
Atoh8 knockdown on the osteogenic capacity of 
ADSCs by establishing a critical-size calvarial bone 
defect model in SD rats for the following reasons: The 
critical-size bone defect model in experimental animals 
is defined as the smallest bone gap in a specific bone 
that fails to heal spontaneously throughout the experi
mental period or exhibits a bone regeneration rate 
below 10% throughout the animal’s lifetime [29]. This 
model serves as an ideal platform for evaluating novel 
bone repair materials and techniques, as any observed 
bone regeneration can be attributed solely to the tested 
intervention rather than natural healing processes. 
Additionally, SD rats possess moderate body size, 
good breeding ability, ease of handling, and their beha
vioural, physiological, genetic, and cognitive character
istics are similar to humans, enhancing the clinical 
relevance of our research findings [30]. By utilizing 

a standardized critical-size bone defect model, the 
results across different studies are highly comparable, 
facilitating the validation and comparison of various 
bone regeneration strategies. Furthermore, to validate 
the effect of Atoh8 knockdown on the osteogenic capa
city of ADSCs, we also established a bone defect model 
in the femur of SD rats. The femur was chosen as 
the second experimental model due to its differences 
in bone remodelling mechanisms compared to the 
skull, providing a distinct biological environment that 
contributes to a comprehensive assessment of the role 
of Atoh8 knockdown in osteogenesis. Repeating the 
validation in different anatomical sites eliminates 
potential confounding factors associated with a single 
model, enhancing the reliability of our experimental 
results. The combination of the femoral defect model 
with the calvarial model better simulates clinical sce
narios, rendering our research findings more applicable 
and informative. By observing similar trends of 
enhanced osteogenesis in bone defect models at two 
different sites, we further confirmed that Atoh8 knock
down significantly enhances the osteogenic capacity of 
ADSCs. This discovery not only provides new evidence 
for the potential application of Atoh8 in bone tissue 
engineering but also lays a solid foundation for future 
clinical translational research.

Our in vitro experimental results also demonstrate 
that Atoh8 negatively regulates osteogenic differentia
tion in ADSCs. Knockdown of Atoh8 significantly 
upregulates the expression of multiple osteogenic mar
kers while downregulating the expression of the osteo
clast marker Rankl, resulting in a decreased Rankl/Opg 
ratio. This verifies the enhancing effect of Atoh8 knock
down on osteogenic differentiation in ADSCs and its 
potential inhibitory effect on osteoclastogenesis. These 
findings are significant for understanding the osteo
genic mechanisms of ADSCs and developing therapeu
tic strategies for bone-related diseases. Osteogenic 
differentiation of ADSCs is regulated by various 
genes, including ERK, Wnt, and Notch signalling path
ways [31–33]. ALP and Col1 are essential components 
of bone matrix produced by osteoblasts [34]. BMPs, 
particularly BMP2, 4, 6, 7, and 9 among the 16 sub
types, are potent inducers of osteogenic differentiation 
in adipose-derived stem cells [35]. BMPs are also cru
cial regulators of osteogenic differentiation, promoting 
the expression of osteogenic genes through the activa
tion of the Smad signalling pathway [36]. BMP- 
activated Smads induce the expression of Runx2, 
which forms a complex with itself to initiate the expres
sion of osteoblast-specific genes [37–39]. Runx2 regu
lates the expression of a series of osteoblast-specific 
genes, including type I collagen, bone sialoprotein, 
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osteocalcin, and osteopontin [40–42]. Our study further 
found that Atoh8 knockdown significantly reduced the 
Rankl/Opg ratio. The Rankl (receptor activator of 
nuclear factor-κB ligand) and Opg (osteoprotegerin) 
system also plays a vital role in bone metabolism. 
Rankl, produced by osteoblasts and other stromal 
cells, promotes osteoclastogenesis, activation, and sur
vival by binding to Rank (receptor activator of nuclear 
factor-κB). In contrast, Opg, a decoy receptor for 
Rankl, inhibits osteoclast formation and activity by 
binding to Rankl, thereby preventing its interaction 
with Rank [43,44]. By modulating the balance between 
Rankl and Opg, bone resorption and formation pro
cesses can be regulated, affecting bone remodelling and 
repair [45]. The decreased Rankl/Opg ratio suggests 
reduced osteoclastogenesis activity, further supporting 
the positive regulatory role of Atoh8 in bone resorp
tion.RR

Interestingly, we have found that knocking down the 
Atoh8 gene significantly reduced cell proliferation but 
enhanced the osteogenic capacity of cells. Through 
literature review, we have found similar findings 
where certain genes or interventions exerted differential 
effects on stem cell proliferation and osteogenic differ
entiation. For instance, CMTM8 negatively regulated 
the osteogenic differentiation of BMSCs while promot
ing their proliferation [46]. Notch1 inhibition signifi
cantly reduced BMSCs proliferation but enhanced 
osteogenic differentiation [47]. Besides, uniaxial 
mechanical stretch promoted the proliferation of dental 
pulp stem cells while suppressing their osteogenic dif
ferentiation [48]. Some studies have reported consistent 
effects. For example, TGF-β3 inhibited both osteogenic 
differentiation and proliferation in hMSCs [49]. 
Notably, previous researches have demonstrated that 
in Atoh8-KO myoblasts, AKT phosphorylation levels 
were significantly reduced whereas the overexpression 
of Atoh8 increased AKT phosphorylation [50]. Since 
the AKT signalling pathway is a key regulator of cell 
proliferation [51], a similar mechanism may be occur
ring in Atoh8-knockdown ADSCs, leading to the 
observed reduction in proliferation.

The current study has limitation. Although this 
study reveals the effects of Atoh8 knockdown on cell 
proliferation and osteogenesis, the specific molecular 
mechanisms remain unclear. Future studies will further 
explore the mechanisms by comprehensively analysing 
changes in the gene expression profile of cells after 
Atoh8 knockdown using gene sequencing technology, 
aiming to identify potential regulatory pathways and 
target genes. This will help to elucidate the specific 
mechanisms of Atoh8 in cell proliferation and osteo
genesis. Gene sequencing can not only help identify key 

genes regulated by Atoh8 but also construct potential 
signalling pathway network models through bioinfor
matics analysis. Subsequently, functional validation 
experiments, such as gene knockout or overexpression, 
and the use of signalling pathway inhibitors or agonists, 
can further confirm the roles of these pathways and 
genes in Atoh8 regulation. From a clinical perspective, 
knocking down Atoh8 in ADSCs offers a novel strategy 
for bone defect repair, as enhancing osteogenic differ
entiation is crucial for accelerating bone healing and 
improving bone tissue quality. Therefore, further 
in vivo studies and preclinical research are required to 
evaluate the efficacy and safety of Atoh8-knockdown 
ADSCs in large animal models, providing essential 
groundwork for future clinical translation.

Conclusion

In summary, the current research results indicate that 
knocking down Atoh8 promotes the osteogenic differen
tiation ability of ADSCs in vitro and in vivo, thereby 
accelerating the repair of bone defects. This study further 
reveals the clinical potential of ADSCs in tissue engineer
ing bone defect repair and characterizes the role of Atoh8 
in the osteogenic differentiation of ADSCs.
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