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Abstract: Objective: To evaluate the effects of undemineralized dentin matrix (UDDM) particles on bone tissue re-
generation and vascularization in a critical-sized skull defect (CSD) mouse model, and to elucidate the molecular
mechanisms underlying UDDM extract-mediated promotion of endothelial cell proliferation, migration, and tube
formation. Methods: UDDM particles and extracts were sourced from human third molars. A CSD mouse model
was established, and UDDM particles were implanted into the defect site. Bone regeneration and vascularization
(blood vessel volume and area) were assessed using micro-computed tomography (Micro-CT). Human umbilical
vein endothelial cells (HUVECs) were treated with UDDM extract and a phosphatidylinositol 3-kinase (PI3K) inhibi-
tor (HY-15244). Cell proliferation, migration, and tube formation were assessed. Reverse transcription quantitative
polymerase chain reaction (RT-gPCR) and western blot were used to analyze the expression of transforming growth
factor-beta (TGF-B)/PI3K signaling pathway-related genes and proteins. Results: UDDM particles significantly en-
hanced bone formation and increased vascular volume and area in the CSD model. UDDM extract promoted HUVEC
proliferation, migration, and tube formation, which were reversed by HY-15244 treatment. HY-15244 also inhibited
the mRNA and protein expression of TGF-B/PI3K pathway components, which were partially rescued by UDDM
extract. Conclusion: UDDM particles promote bone tissue regeneration and angiogenesis in a CSD mouse model.
UDDM extract facilitates proliferation, migration, and tube formation of HUVECs by activating the TGF-3/PI3K signal-
ing pathway. These findings suggest that UDDM particles and extracts hold promise for therapeutic application in
bone defect repair and vascularization.

Keywords: Undemineralized dentin matrix, critical-sized skull defect, HUVEC, blood vessel formation, TGF-B/PI3K
signaling pathway

Introduction

Bone tissue repair is a complex and highly regu-
lated process critical for maintaining the struc-
tural integrity and physiologic function of the
skeletal system [1]. However, critical-sized skull
defect (CSD) poses a significant clinical chal-
lenge, as these defects exceed the body’s
intrinsic regenerative capacity and cannot heal
spontaneously without medical intervention
[2]. Defined as bone loss that fail to undergo
complete healing over the organism’s lifetime,
CSDs commonly result from trauma, degenera-
tive diseases, congenital abnormalities, or sur-
gical resection of tumors [3]. These defects
can lead to severe complications, including

impaired cranial stability, neurological deficits,
and significant aesthetic deformities [4]. The
clinical management of CSD is hindered by
the limitations of current treatment methods.
Traditional approaches, such as autografts and
allografts, remain the gold standard; however,
they are limited by significant drawbacks,
including donor site morbidity, limited tissue
availability, potential immune rejection, and
suboptimal integration with host tissues [5, 6].
These limitations underscore the urgent need
for innovative bone tissue engineering strate-
gies. Recent advancements in synthetic or bio-
derived materials, stem cell therapy, and bioac-
tive molecules have shown promise in enhanc-
ing bone regeneration [7-9]. Nevertheless, the
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complexity of CSD repair necessitates further
exploration into the underlying biological mech-
anisms and the development of more effective
therapeutic strategies.

In recent years, dentin matrix, a bioactive mate-
rial derived from dental tissues, has gained
attention as a promising scaffold for bone tis-
sue regeneration, particularly for treating CSD
[10]. Owing to its physicochemical properties
and composition, dentin matrix closely resem-
bles bone tissue, containing various growth
factors and extracellular matrix proteins such
as transforming growth factor-beta (TGF-pB),
vascular endothelial growth factor (VEGF), and
bone morphogenetic proteins (BMPs) [11, 12],
which are essential for osteogenesis and bone
repair. Dentin matrix can be divided into demin-
eralized dentin matrix (DDM) and undemineral-
ized dentin matrix (UDDM). DDM, characterized
by its collagen-rich organic composition and
accessible bioactive factors, exhibits superior
osteoinductive properties [13]. UDDM, retain-
ing its native mineralized structure, provides
enhanced mechanical stability and osteocon-
ductivity [14]. While DDM has been widely stud-
ied and is recognized for its dual osteoinductive
and osteoconductive properties [13, 15], a key
advantage of dentin matrix lies in its low immu-
nogenic and antigenic potential, documented in
both autologous and allogeneic transplantation
scenarios, thereby ensuring excellent biocom-
patibility for clinical applications [16]. Studies
have shown that DDM outperforms other graft
materials in promoting bone tissue repair [17,
18]. However, DDM exhibits inferior mechanical
stability compared to UDDM due to the loss of
mineral content, leading to premature graft
collapse under load-bearing conditions [13].
Furthermore, excessive demineralization accel-
erates enzymatic collagen degradation, possi-
bly exceeding the rate of new bone formation
[13]. These limitations may compromise the
overall regenerative outcome, particularly in
CSD repair where sustained structural support
is essential for successful bone regeneration.
Therefore, UDDM, with its enhanced mechani-
cal integrity and osteoconductive properties,
may serve as a more suitable graft material for
CSD treatment.

Vascularization plays a pivotal role in bone tis-
sue repair and is a key determinant of success-
ful regeneration, particularly in the context of
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CSD [19]. The establishment of a functional
vascular network is essential for delivering oxy-
gen, nutrients, and progenitor cells to the
defect site, while facilitating the removal of
metabolic waste. In this study, we evaluated
the efficacy of human UDDM particles as a
bone graft material for CSD repair in a CSD
mouse model. Specifically, we investigated the
effects and underlying biological mechanisms
of UDDM particles in promoting blood vessel
formation during the initial phase of bone
regeneration. Our study innovatively reveals
the dual functionality of UDDM particles in
simultaneously enhancing bone formation and
early-stage vascularization in CSD, overcoming
the single-action limitations of conventional
bone graft materials. Moreover, we uncovered
a novel molecular mechanism by which UDDM
regulates early angiogenic responses, provid-
ing mechanistic insight into the pro-vascular
properties of dentin-derived biomaterials. Cli-
nically, UDDM represents a safe, cost-effective
scaffold for CSD reconstruction, particularly in
bone tissue engineering requiring both struc-
tural support and enhanced vascularization
(e.g., oral-maxillofacial and alveolar ridge re-
generation). This study lays the groundwork for
the clinical use of UDDM in bone tissue
engineering.

Materials and methods
Preparation of human UDDM particles

Dentin samples were sourced from the ex-
tracted third molar of patients at the Beijing
Stomatological Hospital, Capital Medical Uni-
versity. This study was approved by the Ethics
Committee of the Beijing Stomatological Hos-
pital, Capital Medical University, and informed
consent was obtained from all participants.
Inclusion criteria: patients without periodontal
diseases or systemic conditions; exclusion cri-
teria: teeth with caries, periodontitis, visible
cracks, or structural anomalies.

Following exaction, the dental follicles, perio-
dontal membrane, enamel, and pulp were thor-
oughly removed from the exacted teeth through
a standardized protocol. After ultrasonic clean-
ing and sterilization, the remained dentin was
crushed using a ball mill (Mixer Mill MM 400,
Retsch, Germany) and sieved to obtain pow-
dered UDDM particles. UDDM particles were
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stored at -20°C for subsequent experimental
use.

Animals

Healthy male C57BL/6 mice (8-10 weeks old)
were obtained from the Laboratory Animal
Center of Beijing Stomatological Hospital. The
animals were housed under standard laborato-
ry environment (23 + 2°C, 50-55% humidity,
and 12-h light-dark cycle) with free access to
standard laboratory diet. Mice were randomly
assigned to two groups: a control group (CSD
mouse model without treatment) and a UD-
DM group (CSD model treated with sterilized
UDDM particles). Animal care was rigorously
conducted in accordance with the 3Rs principle
(Replacement, Reduction, and Refinement).
Animal experimental procedures were approved
by the Institutional Animal Care and Use
Committee of Beijing Stomatological Hospital,
Capital Medical University.

Animal experimental procedures

After a one-week acclimation, the CSD model
was established as previously described [10].
Mice were anesthetized by intraperitoneal
administration of 100 mg/kg ketamine and 10
mg/kg xylazine. Subsequently, the scalp was
shaved and disinfected with povidone-iodine
solution. Under aseptic conditions, a 10-15 mm
vertical incision was made along the sagittal
midline over the parietal bone using sterile
instruments. Full-thickness scalp flaps were
lifted to expose the calvarium. A 5-mm circular
critical-sized defect was created using a tre-
phine bur at slow speed under continuous
saline irrigation. The circular bone chip was
carefully removed, while preserving the integri-
ty of the underlying dura mater. Following thor-
ough irrigation with sterile normal saline and
antibiotic solution, pre-sterilized UDDM parti-
cles were implanted into the defect at a density
of 1 g/cm? in the UDDM group. In the control
group, the defects were left untreated. The
scalp was closed in layers using 4-0O absorba-
ble silk suture, and the wound was disinfected
with povidone-iodine solution. Postoperative
care included subcutaneous administration of
0.05 mg/kg buprenorphine for analgesia and
10 mg/kg amoxicillin for infection prophylaxis,
administrated once daily for three consecutive
days. All animals received standardized postop-
erative monitoring daily. All mice were eutha-
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nized with an intraperitoneal injection of 150
mg/kg pentobarbital sodium at 14 days
post-surgery.

Micro-computed tomography (Micro-CT) analy-
sis

At day 14 post-surgery, skull specimens were
harvested and fixed in 4% formaldehyde for
48 h. Micro-CT analysis was conducted to
assess bone regeneration in the defect region
using SkyScan1176 (Bruker, Kontich, Belgium).
Scanning parameters were set at 40 kV, 200
pA, 18 um voxel size, 0.3° rotation step, and
200 ms exposure time. Three-dimensional re-
construction of blood vessels was performed
using NRecon and CTvox (Bruker, Kontich,
Belgium) software. Quantitative analysis of vas-
cular volume and area was conducted using
CTanalyzer. Bone regeneration was evaluated
by calculating bone volume fraction (bone vol-
ume/tissue volume, BV/TV), bone surface/total
volume (BS/TV), bone surface/bone volume
(BS/BV), and trabecular thickness (Tb.Th).

Evaluation of blood vessel formation

At 14 days post-surgery, vascular perfusion
was performed using Microfil (MV-122; Flow
Tech, Carver, MA, USA) and blood vessel forma-
tion was subsequently assessed via Micro-CT
according to established protocols [20]. In
brief, mice were deeply anesthetized by intra-
peritoneal administration of 150 mg/kg pento-
barbital sodium, and a midline incision was
made from the xiphoid process to the lower
abdomen to expose the heart. Heparin (5.000
U/mL, 300 pL) was injected directly into the left
ventricle. After 10 min, the left ventricle was
catheterized, and the right atrium was incised
for blood drainage. Subsequently, the vascula-
ture was perfused with 20 mL of heparinized
saline (100 U/mL) at a rate of 2 mL/min. Then,
3 mL of the Microfil solution was prepared and
perfused at 2 mL/min via the intracardiac can-
ula. After perfusion, the aorta and inferior vena
cava were immediately ligated, and the mice
were stored at 4°C overnight. Finally, the entire
skull was carefully dissected and fixed in 4%
paraformaldehyde for 24 h. The skull samples
were decalcified in 10% Ethylene diamine tetra
acetic acid (EDTA) solution for 4 weeks prior to
Micro-CT analysis. Micro-CT analysis was con-
ducted to assess blood vessel formation using
SkyScan1176 (Bruker, Kontich, Belgium) based
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on the methods mentioned above. The blood
vessel volume and area were quantified.

Preparation of UDDM extract

To prepare UDDM extracts at two distinct con-
centrations, UDDM particles were immersed in
PBS at ratios of 10 g per 30 mL and incubated
at 37°C for 24 h with constant shaking.
Afterwards, the resulting suspension was cen-
trifuged at 10,000 rpm for 10 min at 4°C to
remove insoluble particles. The supernatant
was aseptically filtered through a 0.2 um
syringe filter to obtain the UDDM extract, which
was stored at 4°C until further use.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of TGF-B in the UDDM ex-
tract was quantified using TGF-B ELISA kit
(Elabscience Wuhan, China) following the man-
ufacturer’s instructions.

Cell culture and treatment

Human umbilical vein endothelial cells (HUV-
ECs) were sourced from American Type Culture
Collection (ATCC, Manassas, VA, USA) and cul-
tured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine
serum and antibiotics at 37°C in 5% CO,. The
prepared UDDM extract was diluted with com-
plete DMEM at a ratio of 1:5 for cell culture.
When HUVECs reached 70% confluence, they
were randomly divided into three groups: con-
trol group (cultured in complete DMEM), UDDM
group (cultured in diluted UDDM extract), and
UDDM+HY-15244 group (cultured in diluted
UDDM extract with addition of the PI3K inhi-
bitor HY-15244). The culture medium was
replaced every 24 hours.

Cell Counting Kit-8 (CCK-8) assay

HUVEC suspensions were seeded in 96-well
plates at 5x10° cells/well and maintained
under standard culture conditions. Following
incubation periods of 0, 24, 48, and 72 ho-
urs, 10 pL of CCK-8 reagent (Beyotime,
Shanghai, China) was added to each well
and incubated for 2 h. Afterwards, the absor-
bance at 450 nm was examined using a micro-
plate reader (Bio-Rad, USA) to evaluate cell
proliferation.
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Wound healing migration assay

For wound healing assay, 6-well culture plates
were pre-marked with reference lines perpen-
dicular to the base. HUVECs from each experi-
mental group were seeded and grown to ~70%
confluence. A uniform scratch was created
across each well using a sterile 100 pL pipette
tips, ensuring orientation perpendicular to the
reference markers. After removing cellular
debris through three PBS washes, serum-free
medium was added to each well, and the plates
were maintained in culture conditions for 12
hours. Wound closure was documented at pre-
determined intervals using microscopy, and
quantitative analysis was performed using
Image) analysis software to assess cell
migration.

Tube formation assay

Angiogenic potential was assessed using a tu-
be formation assay. Specifically, 1x10* HUVECs
were plated into 96-well plates that pre-coated
with 50 uL of Matrigel and incubated at 37°C
in 5% CO, overnight. The cell medium was then
replaced with conditioned medium collected
from HUVECSs in each experimental group. Tube
formation was observed under a microscope
and analyzed using ImageJ software.

Reverse transcription quantitative polymerase
chain reaction (RT-gPCR)

HUVECs were lysed using TRIzol reagent and
total RNA was extracted. The cDNA was synthe-
sized from the extracted RNA using PrimeScript
RT reagent (Takara, Dalian, China). RT-qPCR
was performed in a 20 pL reaction volume
using SYBR Green kit (TakaRa, Dalian, China)
on an ABI 7500 system (Thermo Fisher, USA).
The mRNA expression was normalized to
GAPDH and quantified using the 222°T method.
The primer sequences are listed in Table 1.

Western blot analysis

Intracellular proteins were extracted from HU-
VECs using RIPA buffer. Proteins were separat-
ed by 10% sodium dodecyl! sulfate - polyacry-
lamide gel electrophoresis (SDS-PAGE) and
transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, USA). The membranes
were blocked with 5% non-fat milk and incubat-
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Table 1. The primer sequences in reverse transcription quantitative polymerase chain reaction (RT-

gPCR) assay

Gene Primer sequences
p100« forward 5’-CCACGACCATCATCAGGTGAA-3’
reverse 5-CCTCACGGAGGCATTCTAAAGT-3’
p100B forward 5’-AGAGCACTTGGTAATCGGAGG-3’
reverse 5’-CTTCCCCGGCAGTATGCTTC-3’
p100d forward 5’-TCAACTCACAGATCAGCCTCC-3’
reverse 5-CGCGAAAGTCGTTCACTTCT-3’
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) forward 5’-AACACCGACCTCACAGTTTTT-3’
reverse 5’-CTCAAGCCACACATTCCACAG-3’
Protein kinase B (AKT) forward 5-AGCGACGTGGCTATTGTGAAG-3’
reverse 3’-GCCATCATTCTTGAGGAGGAAGT-5’
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward 5-ACGGATTTGGTCGTATTGGG-3’

reverse

5’-GGGATCTCGCTCCTGGAAG-3’

ed overnight at 4°C with specific primary an-
tibodies (1:1000 dilution), followed by incu-
bation with HRP-conjugated secondary anti-
body for 2 h. The protein bands were visualized
using enhanced chemiluminescence (ECL) sub-
strate (Pierce, IL, USA) and quantified with
ImagelJ analysis software. The primary antibod-
ies used included p100« (ab127617, Abcam),
p100B (ab151549, Abcam), p100d (ab109006,
Abcam), phosphatidylinositol-4,5-bisphospha-
te 3-kinase catalytic subunit gamma (PIK3CG)
(ab302958, Abcam), protein kinase B (AKT)
(#4691, Cell Signaling Technology), and glycer-
aldehyde-3-phosphate dehydrogenase (GAP-
DH) (ab181602, Abcam).

Statistical analysis

Data derived from three distinct experimen-
tal trials were expressed as mean + standard
deviation (SD). Statistical analyses were per-
formed using SPSS 22.0. Intergroup compari-
sons between two groups were conducted
using Student’s t-test, while comparisons
among multiple groups were performed using
one-way ANOVA followed by Tukey-Kramer cor-
rection. Statistical significance was determined
at P<0.05.

Results

UDDM particles promoted bone tissue repair
and blood vessel formation in the skull of CSD
mouse model

To assess the effects of UDDM particles on

vascularization during bone regeneration, a
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CSD mouse model was established and UDDM
particles were implanted into the defects. At 14
days post-operation, no signs of abnormal heal-
ing were observed in either group, suggesting
good biocompatibility of the UDDM particles
(Figure 1A). Micro-CT analysis revealed signifi-
cantly increased values of BV/TV (Figure 1B),
BS/TV (Figure 1C), and Tb.Th (Figure 1D),
alongside a reduction in BS/BV (Figure 1E),
indicating enhanced bone formation and im-
proved bone tissue repair. Additionally, Micro-
CT imaging showed a higher density of newly
formed blood vessels in the UDDM group than
the control group (Figure 1F). Both blood vessel
volume (Figure 1G) and area (Figure 1H) signifi-
cantly increased following UDDM treatment.
Our results revealed that UDDM particles pro-
moted both bone repair and neovascularization
in the CSD model.

UDDM extract facilitated HUVEC proliferation

To elucidate the molecular mechanisms of
UDDM particles in blood vessel formation,
UDDM extract was prepared and used to treat
HUVECs in vitro. ELISA revealed that TGF- was
the only detectable growth factor in the extract,
with a concentration of 49.6 pg/mL in the 1:5
diluted solution. Given the established role of
the TGF-B/phosphatidylinositol 3-kinase (PI3K)
signaling pathway in wound healing processes
[21], we hypothesized that this pathway medi-
ates the effects of UDDM extract.

To verify this, we then investigated the molecu-
lar mechanisms of UDDM extract in bone defect
repair using a PIK3 inhibitor HY-15244. CCK-8
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Figure 1. Undemineralized dentin matrix (UDDM) particles promoted bone tissue repair and blood vessel formation
in the skull of critical-sized skull defect (CSD) mouse model. A CSD mouse model was established and UDDM par-
ticles were implanted into the defect. (A) The photograph of the surgical area in two groups at 7 days post-operation.
(B) Bone volume/tissue volume (BV/TV) (%), (C) bone surface/total volume (BS/TV), (D) trabecular thickness (Th.
Th), and (E) bone surface/bone volume (BS/BV) were quantified by using the Micro-computed tomography (Micro-
CT) analysis. (F) The blood vessel formation in two groups were assessed using Micro-CT analysis. (G) The quantifi-
cation of blood vessel volume and (H) blood vessel area. Data were presented as mean + standard deviation (SD).

*P<0.05, **P<0.01.

assay results illustrated that UDDM extract
significantly enhanced HUVEC proliferation,
whereas co-treatment with HY-15244 abol-
ished this effect (Figure 2). These findings sug-
gest that UDDM extract promotes cell prolifera-
tion through activation of the TGF-B/PI3K sig-
naling pathway.
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UDDM extract facilitated HUVEC migration

To evaluate the effect of UDDM extract on
endothelial cell migration, HUVECs were sub-
jected to wound healing assays following treat-
ment with UDDM extract or HY-15244. At 24
hours post-scratch, enhanced wound healing
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Figure 2. UDDM extract facilitated cell proliferation
in human umbilical vein endothelial cells (HUVECs).
Data were presented as mean + SD. **P<0.01.

was observed in the UDDM group compared
with the control group (Figure 3A, 3B). How-
ever, HY-15244 treatment prominently elimi-
nated the stimulatory effect of UDDM extract
on HUVEC migration. Our results indicate that
UDDM extract facilitates HUVEC migration by
activating the TGF-B/PI3K signaling pathway.

UDDM extract facilitated blood vessel forma-
tion in HUVECs

The angiogenic potential of UDDM extract was
further evaluated in vitro using the tube forma-
tion assay. Representative images of the vas-
cular networks following 4, 8, and 12 hours of
incubation are shown in Figure 4A. At the
8-hour time point, HUVECs in the UDDM group
exhibited mature and well-organized tubular
structures, whereas cells in the control group
formed incomplete and irregular networks,
with partial cell aggregation into sheet-like
structures. Quantitative analysis revealed that
UDDM extract markedly increased tube length
and branch number compared with the control
group at all time points (4, 8, and 12 h) (Figure
4B, 4C). However, HY-15244 treatment abro-
gated these effects. Collectively, UDDM extract
promotes in vitro angiogenesis in HUVECs by
activating the TGF-B/PI3K signaling pathway.

UDDM extract activated of the TGF-/PI3K sig-
naling pathway in HUVECs

To confirm the involvement of the TGF-3/PI3K
signaling pathway, we analyzed the expression
of key pathway components at both the mRNA
and protein levels. RT-gPCR results demon-
strated that HY-15244 treatment significan-
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tly downregulated the mRNA expression of
TGF-B/PI3K signaling pathway-related genes,
including PI3BK p100«, PI3K pl1003, PI3K
p1006, phosphatidylinositol (3,4,5)-trisphos-
phate (PIP3) and AKT, while co-treatment with
UDDM extract (1:5) abrogated these effects
(Figure 5A-E). Similarly, HY-15244 treatment
reduced the protein expressions of pl00q,
p100B, p1006, PIK3CG, and AKT, which were
then reversed by UDDM extract treatment
(Figure 5F-K). Together, these results demon-
strate that UDDM extract activates the TGF-B/
PI3K signaling pathway in HUVECs, thereby
promoting wound healing and blood vessel
formation.

Discussion

In critical-sized bone defects, impaired vascu-
larization severely disrupts the natural healing
process, leading to incomplete or failed regen-
eration and posing a substantial challenge in
clinical treatment. This highlights the need for
therapeutic strategies that effectively promote
vascularization to support bone repair in CSD
management. Our findings provide compelling
evidence for the dual pro-angiogenic and osteo-
genic potential of UDDM in CSD repair. The
experimental results demonstrated that UDDM
particles significantly enhanced bone forma-
tion and promoted neovascularization in a CSD
mouse model, a critical step for successful
bone regeneration. These effects were further
supported by in vitro experiments where UDDM
extract significantly enhanced the proliferation,
migration, and blood vessel formation in
HUVECs, suggesting its potential to stimulate
multiple phases of blood vessel formation.
These findings are consistent with previous
studies highlighting the pivotal role of vascular-
ization in bone tissue engineering, particularly
for critical-sized defects where the intrinsic vas-
cular supply is severely damaged [22, 23].
UDDM exhibits dual pro-angiogenic and osteo-
genic effects in CSD, addressing the critical
challenge of vascular insufficiency in CSD
repair that hinders natural healing.

The differential regenerative properties of DDM
and UDDM on bone regeneration have been
well documented. DDM exhibits superior osteo-
inductive capacity through the exposure of bio-
active factors such as BMPs and TGF-3 follow-
ing demineralization, with demonstrated regen-
erative osteogenic potential in a CSD model
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[24, 25]. However, excessive demineralization
may compromise the structural integrity of
DDM, leading to accelerated resorption and
potential graft failure, particularly in load-bear-
ing applications [13]. In comparison, UDDM
maintains its native mineralized structure, pro-
viding enhanced mechanical stability and a
controlled release of growth factors, making it
more suitable for defects requiring structural
integrity. This may explain its sustained pro-
angiogenic effects observed in our study. No-
tably, the partially demineralized dentin matrix
(PDDM) has been identified as a promising
intermediate, combining the advantages of
both DDM and UDDM. Studies have shown
that PDDM maintains sufficient mechanical
strength while partially exposing bioactive fac-
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tors, resulting in a balanced osteoinductive-
osteoconductive profile [26]. Our findings high-
light that UDDM balances structural integrity
and sustained growth factor release, making it
an optimal graft material in bone tissue engi-
neering for critical-size defects.

The therapeutic effects of UDDM are primarily
mediated by the gradual release of growth fac-
tors from its mineralized matrix throughout the
remodeling process, thereby supporting sus-
tained angiogenesis and osteogenesis. Our
findings demonstrated that UDDM extract acti-
vates the TGF-B/PI3K signaling pathway in
HUVECSs, offering mechanistic insights into its
pro-angiogenic effects. Notably, TGF-B serves
as a key regulator of both angiogenesis and
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Figure 4. UDDM extract facilitated blood vessel formation in HUVECs. (A) Representative images of the vascular
networks following 4, 8, and 12 hours of incubation. (B) The tube length and (C) branch number were quantified for
each group. Data were presented as mean + SD. *P<0.05, **P<0.01.

osteogenesis [27]. UDDM-induced activation of
the TGF-B/PI3K pathway aligns with previous
studies demonstrating that TGF-B signaling
enhances endothelial cell proliferation, migra-
tion, and tube formation, all of which are essen-
tial for vascular network formation during bone
repair [28]. The observed activation of the
TGF-B/PI3K pathway by UDDM suggests this
axis contributes significantly to its angiogenic
function. Moreover, this pathway is known to
interact with other osteogenesis-related path-
ways, including BMP and MAPK signaling [29,
30], suggesting crosstalk that may create a
synergistic microenvironment conducive to
both vascularization and bone regeneration.
Although the osteoinductive properties of
UDDM have been well-documented, its angio-
genic potential remains relatively unexplored.
Notably, our results reveal that the pro-angio-
genic mechanism of UDDM involves TGF-B/
PI3K pathway activation, linking vascularization
to osteogenesis through synergistic signaling
crosstalk. We highlight a distinct advantage
of UDDM in promoting early-stage vasculari-
zation, a critical determinant for successful
bone regeneration, particularly in critical-sized
defects.

This study had several limitations. First, the
mouse CSD model may not fully recapitulate

4697

the complexity of human bone repair process-
es, necessitating validation in larger preclinical
models. Second, the study focused on short-
term outcomes (14 days post-implantation),
leaving the long-term fate of UDDM grafts and
vascular network maturation unexplored. Third,
other possible molecule mechanisms by whi-
ch UDDM regulates vascularization were not
thoroughly investigated. Future investigations
should evaluate the remodeling kinetics and
biomechanical performance of UDDM over
extended periods. Comparative analyses be-
tween UDDM and PDDM may help determine
the optimal demineralization degree for balanc-
ing mechanical stability and bioactivity. Finally,
clinical trials are essential to confirm the effi-
cacy of UDDM in human bone defect repair and
to establish standardized clinical protocols.

In summary, our results demonstrate that
UDDM particles enhance bone formation and
promote blood vessel formation in a CSD
mouse model by activating the TGF-B/PI3K sig-
naling pathway. These results suggest that
UDDM could serve as a promising biomaterial
for bone tissue engineering, particularly in
applications requiring both structural integrity
and vascular support. The dual role of UDDM
in promoting angiogenesis while maintaining
mechanical stability makes it particularly suit-
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Figure 5. UDDM extract promoted the activation of the TGF-B/phosphatidylinositol 3-kinase (PI3K) signaling path-
way in HUVECs. A-E. The mRNA expression of PI3K p100«, PI3K p1008, PI3K p100d, phosphatidylinositol (3,4,5)-tri-
sphosphate (PIP3), and protein kinase B (AKT) was examined using RT-gPCR. F-K. The protein expression of PI3K
p100«, PIBK p100B, PI3K p100d, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma (PIK-
3CG), and protein kinase B (AKT) was assessed using western blot analysis. Data were presented as mean + SD.

**p<0.01.

able for treating CSD. Our findings lay a founda-
tion for the clinical translation of UDDM as a
safe, effective, and cost-efficient biomaterial in
bone tissue engineering.
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