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Introduction: Dentin matrix extracted protein (DMEP) is a mixture of proteins extracted from the organic
matrix of a natural demineralized dentin matrix that is rich in a variety of growth factors. However, the
effect of DMEP on cartilage regeneration is unclear. The aim of this study was to investigate the efficacy of
DMEP extracted via a novel alkali conditioning method in promoting cartilage regeneration.
Methods: Alkali-extracted DMEP (a-DMEP) was obtained from human dentin fragments using pH 10
bicarbonate buffer. The concentration of chondrogenesis-related growth factors in a-DMEP was
measured via enzyme-linked immunosorbent assay (ELISA). Human bone marrow mesenchymal stem
cells (hBMMSCs) in pellet form were induced with a-DMEP. Alcian blue and Safranin O staining were
performed to detect cartilage matrix formation, and quantitative real-time polymerase chain reaction
(qRT-PCR) was used to assess chondrogenic-related gene expression in the pellets. Rabbit articular
osteochondral defects were implanted with collagen and a-DMEP. Cartilage regeneration was assessed
with histological staining 4 weeks after surgery.
Results: Compared with traditional neutral-extracted DMEP, a-DMEP significantly increased the levels of
transforming growth factor beta 1(TGF-b1), insulin-like growth factor-1(IGF-1) and basic fibroblast
growth factor (bFGF). After coculture with hBMMSC pellets, a-DMEP significantly promoted the
expression of the collagen type II alpha 1(COL2A1) and aggrecan (ACAN) genes and the formation of
cartilage extracellular matrix in cell pellets. Moreover, compared with equivalent amounts of exogenous
human recombinant TGF-b1, a-DMEP had a stronger chondrogenic ability. In vivo, a-DMEP induced
osteochondral regeneration with hyaline cartilage-like structures.
Conclusions: Our results showed that a-DMEP, a compound of various proteins derived from natural
tissues, is a promising material for cartilage repair and regeneration.
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1. Introduction

Tissue regeneration involves complex cascade events that
require the participation of many different growth factors (GFs),
cytokines and signaling molecules. Although the administration of
a single exogenous GF or a couple of exogenous GFs has therapeutic
effects on some tissues, the appropriate integration of multiple
biological cues that mimic the natural restorative microenviron-
ment may result in synergistic effects [1,2]. The natural extracel-
lular matrix is rich in GFs and other cytokines that promote the
migration and proliferation of numerous cell types [3,4]. The
cocktail of biomolecules harvested from natural tissue sources
provides promising therapeutic opportunities. For example,
concentrated growth factors derived from peripheral blood can be
used to promote the regeneration of various tissues [5,6]. Non-
collagen proteins extracted from bone, cartilage and tooth tissues
are also used to induce the regeneration of various soft and hard
tissues [3], even though their functions and mechanisms of action
are not yet completely understood.

Dentin, the main hard tissue of teeth, contains a variety of gly-
coproteins, proteoglycans, GFs, etc. [7,8]. Many biomolecules can be
released from the dentin matrix when dentin is damaged and play
important roles in regulating and promoting pulp repair [9e11].
Dentin matrix extracted protein (DMEP) is a mixture of bio-
molecules extracted from the organic matrix of demineralized
dentin and can be obtained from extracted deciduous teeth, wis-
dom teeth, or discarded teeth due to trauma or fracture. DMEP
reportedly promote the adhesion, proliferation and osteogenic
differentiation of different types of cells, such as dental pulp cells,
periodontal ligament cells and bone marrow mesenchymal cells
[12e14]. Studies have also shown that demineralized dentin can
induce embryonic muscle-derived mesenchymal stem cell differ-
entiation into chondrocytes and promote new bone formation and
significant cartilage repair [15,16]. However, the effect of DMEP on
cartilage regeneration has not been determined.

Transforming growth factor beta 1 (TGF-b1) plays a central role
in the entire process of chondrocyte differentiation, including cell
aggregation, proliferation, and terminal chondrogenic differentia-
tion [17,18]. In vivo, TGF-b1 can induce ectopic cartilage formation
by marrow stem cells (MSCs) and repair full-thickness cartilage
defects [19]. TGF-b1 ubiquitously exists in the extracellular matrix
in mammals. However, TGF-b is secreted and restored in organisms
as an inactive complex consisting of an active cytokine dimer and a
latency-associated propeptide (LAP) [20]. The latent cytokine TGF-
b1 cannot exert its biological effects without ligand activation. TGF-
b1 is one of the major GFs in the dentin matrix and exists mainly in
an inactive latent form [21]. Traditionally, a neutral (pH 7.2) 10%
ethylenediaminetetraacetic acid (EDTA) buffer solution has been
used to demineralize dentin and extract released DMEP, but this
method has not been reported to activate latent TGF-b1. Acid/alkali
treatment can effectively activate latent TGF-b1 [22]. Our previous
study confirmed that alkali treatment can effectively activate latent
TGF-b1 derived from various tissues, including dentin, cartilage,
serum and bone marrow fluid, thereby promoting cell migration
[14]. Therefore, alkali conditioning could be a valid extraction
method for improving the content and concentration of
chondrogenesis-related growth factors in DMEP.

In this study, we hypothesized that DMEP extracted using a
novel alkali conditioning method, designated alkali-extracted
DMEP (a-DMEP), would increase the content of chondrogenesis-
related growth factors. a-DMEP can promote the chondrogenic
differentiation of human bone marrow mesenchymal stem cells
(hBMMSCs) in vitro and induce cartilage regeneration in vivo. a-
DMEP may be a suitable natural mixture of bioactive molecules for
cartilage regeneration.
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2. Materials and methods

2.1. DMEP extraction

De-identified, surgically extracted healthy human teeth were
obtained from the Department of Oral and Maxillofacial Surgery,
Peking University School and Hospital of Stomatology with the
approval of the ethics committee (PKUSSIRB-202053006). Peri-
odontal and peri-apical soft tissues of the teeth were removed by
scalpel. Enamel and cementum were removed using high-speed
diamond bur and dental pulp was extirpated. The remaining
dentinwas grinded into fragments and treatedwith 17% EDTA at pH
7.4 for 10 min, followed by washing with distilled water for three
times. DMEP was extracted from dentin fragments in PBS (pH 7.4)
at 1 g/mL for 24 h, while a-DMEP was extracted from dentin frag-
ments in Na2CO3eNaHCO3 buffer (0.15 M, pH 10) solutions at 1 g/
mL for 24 h. The concentrations of active TGF-b1, insulin-like
growth factor-1 (IGF-1), basic fibroblast growth factor (bFGF) and
vascular endothelial growth factor (VEGF) in DMEP and a-DMEP
were assayed with enzyme-linked immunosorbent assay (ELISA)
kits (R&D Systems, Minneapolis, USA) strictly according to the
manufacturer's instructions. The freeze-drying process was per-
formed to obtain DMEP and a-DMEP powders and then stored
in �20 �C before use.

2.2. Cell culture

hBMMSCs (ATCC, PCS-500-012, Gaithersburg, MD, USA) were
cultured in MSCs human Basal Medium (ATCC, PCS-500-030) with
1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, USA), 125 pg/
mL bFGF, 15 ng/mL IGF-1, 7% fetal Bovine Serum and 2.4 mM L-
Alanyl-L-Glutamine (ATCC, PCS-500-041). A total of 5 independent
hBMMSCs samples were used (age range: 20e35 years old). Cells
were incubated in a humidified incubator with 5% CO2 at 37 �C.
hBMMSCs were passaged at 80% confluence, with medium change
every 2 days. Less than passage 3 cells were used for all
experiments.

2.3. Chondrogenic induction

To induce chondrogenic differentiation, hBMMSCs were
collected and resuspended chondrogenic inductive medium (CIM)
consisting of high-glucose Dulbecco's modified Eagle medium
(DMEM, Gibco, USA), 10% fetal bovine serum (FBS, ScienCell, USA),
1% penicillinestreptomycin (ScienCell), 0.01% dexamethasone
(SigmaeAldrich), 50 mg/mL ascorbic acid (SigmaeAldrich), and 1%
ITS (SigmaeAldrich). Cells (2 � 105) in 200 mL suspension was
added to each well in a 96-well plate with round bottoms and
centrifuged at 200 g for 5 min to form chondrogenic pellets. Pellets
in control group were cultured in CIM, and pellets in the positive
control group were incubated in CIM with 20 ng/mL recombinant
human TGF-b1 (rhTGF-b1). Pellets in DMEP/a-DMEP group were
cultured in CIM with 10% DMEP/a-DMEP extract. Pellets in 1.17 ng/
mL rhTGF-b1 group were cultured in CIM with 1.17 ng/mL rhTGF-
b1. Pellets in a-DMEP þ SB431542 group were cultured in CIM with
10% a-DMEP extract and 10 mM SB431542. The medium was
exchanged every second day. The pellets were collected at days 14
for quantitative real-time polymerase chain reaction (qRT-PCR) and
days 21 for histology.

2.4. qRT-PCR

After 14 days of chondrogenic differentiation induction, pellets
(at least four per group) were manually homogenized in Trizol
solution (Thermo Fisher Scientific, USA). RNA was extracted with
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Direct-zol RNA Purification Kit in accordance to the manufacturer's
protocol (Zymo Research, Irvine, USA). cDNA synthesis was per-
formed using the Transcriptor First Strand cDNA Synthesis Kit
(Roche, Basel, Switzerland). qRT PCR was performed using a Qiagen
miScript SYBR green PCR Kit on an ABI 7500 instrument (Applied
Biosystems, Courtaboeuf, France) following the manufacturer's in-
structions. The following primers were used: GAPDH Primer F, 50-
ATGACTCTACCCACGGCAAG-30; R, 50-CTGGAAGATGGTGATGGGTT-
30; ACAN Primer F, 50-CAGTGCGATGCAGGCTGGCT-30; R, 50-
CCTCCGGCACTCGTTGGCTG-30; COL2 Primer F, 50-AAGGGA-
CACCGAGGTTTCACTGG-30; R, 50-GGGCCTGTTTCTCCTGAGCGT-30;
COL10 Primer F, 50-ATGCTGCCTCAAATACCCT-30; R, 50-
TGCCTTGTTCTCCTCTTACT-30; SOX9 Primer F, 50-AGCGA-
CAACTTTACCAG-30; and R, 50-GGAAAACAGAGAACGAAAC-30.
GAPDH was used as a housekeeping gene. Relative mRNA expres-
sions of target genes were calculated based on 2�DDCt method.
There were three replicate samples for each group.

2.5. Histological staining of pellets

After 21 days of chondrogenic differentiation induction, the
pellets were fixed in 4% paraformaldehyde for 2 h at room tem-
perature. One layer of gauze was placed onto a cassette and pellets
were transferred onto the gauze. Dehydration was performed with
sequential ethanol solutions. Dehydration solutions were cleared
with graded ethanol and zylene mixtures and paraffin was infil-
trated overnight. The next day, pellets were fixed to a paraffin block
and 4 mm sections were obtained using a microtome. Slides were
dried for 10min at 60 �C. Sectionswere deparaffinized by two cycles
of zylene. Sections were rehydrated with decreasing sequential
ethanol series and sectionswere rinsed under running tapwater for
5 min. Hematoxylin (Mayer's Hematoxylin, catalogue number:
S3309, DakoCytomation, Carpinteria, USA) and Eosin (catalogue
number: 230251, Sigma-Aldrich Chemie GmbH, Schnelldorf, Ger-
many) staining was performed according to the manufacturer's
protocol (DakoCytomation). Chondrogenic staining was performed
with Alcian Blue and Safranin O staining. Sectionswere incubated in
1% alcian blue solution (catalogue number: A3157, Sigma-Aldrich
Chemie GmbH) for 30 min. Safranin O staining was performed by
incubating the slides in Weigert's iron hematoxylin for 10 min.
Slides were washed and incubated in 0.1% safranin O solution
(Solarbio, Beijing, China) for 5 min. After the staining process, sec-
tions were washed and passed through increasing sequential
ethanol series. Slides were cleared with xylene, mounted with
xylene, and covered with glass. Cartilage glycosaminoglycans
appeared blue. Pictures were taken with a light microscope (DM-
1000 Microscope, Leica Microsystems, Wetzlar, Germany) and
processed using the Leica Manager software (Leica Microsystems).

2.6. In vivo experiments

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Peking University Health Sci-
ence Center (LA2019279). New Zealand white rabbits (weight:
2.0e2.5 kg) were used in the articular cartilage defects experiment.
Rabbits were anesthetized by intravenous injection of a 3% pento-
barbital sodium solution at 35 mg/kg 2% lidocaine hydrochloride
was used to provide local anesthesia in the surgical region. Amedial
parapatellar incision was made to the knee, and the patella was
dislocated to access the patellar groove of the femur. A 4-mm
surgical drill was used to create an osteochondral defect
(diameter ¼ 4 mm; depth ¼ 3 mm). Slight bleeding from the sub-
chondral bone was confirmed, and physiological saline was used to
clean the defect and prevent thermal damage. The rabbits were
randomly divided into three transplantation groups: 1. Empty
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group (nothing was implanted into the defects), (2) Collagen group
(60 mL of Collagen I was implanted into the defects), (3) a-DMEP
group (60 mL of Collagen I with a-DMEP was implanted into the
defects, the dose of TGF-b1 in a-DMEPwas 5 ng). The rabbits (n¼ 4)
were euthanized at 4 weeks. Femoral condyles were subsequently
retrieved. Macroscopic images of the condyles were initially
observed; the samples were then fixed in 20% formalin for 3e5
days. The sample was decalcified in 10% EDTA for 3e4 months and
embedded in paraffin wax, and 4-mm sections were cut near the
central of the defect area, parallel to the long axis of the femur.
Standard protocols were used for histological staining. Deparaffi-
nized sections were stained with HE, Alcian Blue with Safranin O-
Fast Green staining. The percentage of neocartilage area was
quantified from the Safranin O-Fast Green staining histology im-
ages (n¼ 4) using ImageJ software by dividing the red-staining area
of the defect by the total area of defect.

2.7. Statistics

Data were expressed as mean ± SD and were analyzed with
statistical software SPSS 26.0 software. The normality and homo-
geneity test of variance was performed and passed by all quanti-
tative data before the statistical test. All quantitative data were
analyzed by using the ANOVA test combined with the Tukey-
Kramer multiple comparison posttest. For all statistical tests, P
values < 0.05 were considered significant.

3. Results

3.1. Alkaline extraction increased chondrogenesis-related growth
factor levels in DMEP

DMEP extracted at pH 7.4 contained 1.79 ± 0.33 ng/mL TGF-b1,
4.43 ± 2.16 ng/mL IGF-1, 0.89 ± 0.35 bFGF and 33.07 ± 2.77 pg/mL
VEGF (Fig. 1). DMEP extracted at pH 10 (a-DMEP) contained
significantly greater levels of TGF-b1 (11.34 ± 1.41 ng/mL), IGF-1
(8.84 ± 0.87 ng/mL) and bFGF (3.40 ± 0.42 ng/mL). Moreover,
there was no significant difference in the VEGF level between the a-
DMEP group (36.31 ± 10.02 pg/mL) and the DMEP group.

3.2. a-DMEP promoted the chondrogenic differentiation of
hBMMSCs

After 3 weeks of induction, all the harvested pellets exhibited a
smooth spherical morphology (Fig. 2A). Pellets culturedwith 20 ng/
mL TGF-b1 were used as a positive control and were larger in size
thanwere those in the negative control groups. The pellets cultured
in the presence of DMEP were similar in size to those in the control
groups. In contrast, the pellets cultured with a-DMEP were the
largest in all the groups.

Safranin O and alcian blue staining were used to detect cartilage
matrix proteoglycans (GAGs) formation. In the negative control
group, GAG was negatively stained, whereas in the positive control
group, chondrocytes in distinct lacunaewere embedded in strongly
positively stained GAG, and almost the entire cross-section was
positively stained. Pellets in the DMEP group had a small area of
positive GAG staining. Pellets in the a-DMEP group had stronger
positive staining than those in the DMEP group, but weaker than
those in the positive control group. A lacuna structurewas visible in
both DMEP and a-DMEP groups.

To further determine the chondrogenic-inducing potential of a-
DMEP, the expression of chondrogenic marker genes in the pellets
was analyzed after 2 weeks (Fig. 2BeD). The expression of COL2A1
and ACAN in the a-DMEP-treated chondrogenic pellets was
significantly higher than that in the control pellets but lower than



Fig. 1. Concentrations of chondrogenesis-related growth factors: TGF-b1 (A), IGF-1 (B),
bFGF (C) and VEGF (D) in DMEP and a-DMEP groups determined via ELISA, showing
the concentration of TGF-b1, IGF-1, bFGF in a-DMEP is significantly higher. *P � 005,
**P � 001, ***P � 001.

Fig. 2. Histological and chondrogenesis-related gene expression analyses of pellets exposed
DMEP and a-DMEP. (A) Images of HE-, safranin O- and alcian blue-stained pellets on day 21. A
have the strongest positive staining. The gene expression of COL2A1 (B), ACAN (C) and SOX9
of COL2A1 and ACAN in the pellets of a-DMEP group is significantly higher than that in th
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that in the positive control group. Furthermore, the expression of
these two genes was significantly greater in a-DMEP-treated pellets
than in the DMEP group. Similarly, compared with that in the
control pellets, the expression of SOX9 in the cultured DMEP and a-
DMEP pellets was slightly higher, but the difference was not
significant.
3.3. a-DMEP had a stronger chondrogenic ability than did an
equivalent amount of rhTGF-b1

The effect of the TGF-b1 component of a-DMEP on the ability of
a-DMEP to induce chondrogenesis was analyzed. The concentration
of TGF-b1 in a-DMEPwe used was 1.17 ng/mL; therefore, 1.17 ng/mL
rhTGF-b1 was added to the control media to induce cell chondro-
genic differentiation. In addition, the TGF-b1 inhibitor SB431542
was added to a-DMEP-treated pellets to observe whether the
chondrogenic ability of a-DMEP could be inhibited by SB431542.

Histological examination (Fig. 3A) revealed that the 1.17 ng/mL
rhTGF-b1-treated pellets were slightly larger in size and showed
slightly more positive staining for GAG than did the control pellets,
but the area of positive staining was much less than that of the a-
DMEP-treated pellets. Furthermore, SB431542 strongly prevented
GAG-positive staining in a-DMEP-treated pellets, and no lacunae
structures were observed in a-DMEP þ SB431542-induced pellets.
to CIM (control group), CIM supplemented with 20 ng/mL rhTGF-b1 (positive group),
ll scale bars represent 100 mm. Pellets cultured with a-DMEP are the largest in size and
(D) determined by qRT‒PCR on day 14. *P � 005, **P � 001, ***P � 001. The expression
e control and DMEP group.



Fig. 3. Histological and chondrogenesis-related gene expression analyses of pellets exposed to CIM (control group), CIM supplemented with 1.17 ng/mL rhTGF-b1, a-DMEP or a-
DMEP plus the TGF-b1 inhibitor SB431542. (A) Images of HE-, safranin O- and alcian blue-stained pellets on day 21. All scale bars represent 100 mm. The area of positive staining in
rhTGF-b1-treated pellets is less than that of a-DMEP-treated pellets and a-DMEP þ SB431542-induced pellets show less GAG-positive staining than a-DMEP-treated pellets. The
gene expression of COL2A1 (B), ACAN (C) and SOX9 (D) determined by qRT‒PCR on day 14. *P � 005, **P� 001, ***P� 001. The expression of COL2A1 and ACAN in a-DMEP-induced
pellets is higher than that in other groups.
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The expression of COL2A1 and ACAN in the 1.17 ng/mL TGF-b1-
induced pellets was markedly lower than that in the a-DMEP-
induced pellets (Fig. 3B and C) but higher than that in the control
group. The upregulation of COL2A1 and ACAN expression in a-
DMEP-induced pellets was strongly prevented by SB431542. The
above results suggest that TGF-b1 plays an important role in
chondrogenic induction by a-DMEP. However, a-DMEP, as a mixed
growth factor, has a stronger chondrogenic effect than does TGF-b1
alone.

3.4. a-DMEP promoted cartilage regeneration in a rabbit model

Representative macroscopic images of each group of defect re-
gions are shown in Fig. 4. General morphological observation
revealed that the defects in the empty group (Fig. 4A1) and the
collagen group (Fig. 4B1) were filled with heterogeneous new tis-
sue and that the central part of the defect remained unfilled. In
contrast, defects in the a-DMEP group were filled with smooth
white tissue (Fig. 4C1).

In the empty group (Fig. 4A2-A5) and the collagen group
(Fig. 4B2-B5), HE staining revealed that only disorganized fibrous
tissues with blood vessels (yellow arrows) filled the cartilage defect
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area. Both groups exhibited unhealed subchondral bone defects
with significantly less trabecular bone structure than the sur-
rounding bone tissue. In the a-DMEP group, the cartilage defect was
filled with stratified hyaline cartilage-like tissue with surface
perichondrium (Fig. 4C2-C5). Numerous hyaline-like chondrocytes
located within the lacuna (yellow arrowhead) were detected.
Additionally, no blood vessels were observed in the new cartilage
layer, similar to natural avascular cartilage. New subchondral bone
and trabecular bone appeared to be integrated with nearby bone
tissue.

Alcian blue staining and Safranin O-fast green staining showed
that the defects in the blank group (Fig. 5A1-A4) and collagen group
(Fig. 5B1-B4) had small patches of blue or orange‒red staining
separated from nearby natural tissue, with no cartilage matrix
staining observed in the central part of the defect area. However,
the entire layer of newly generated tissues in the a-DMEP group
exhibited strong blue staining by alcian blue staining and intense
orange‒red staining by safranin O-fast green staining. Additionally,
the new cartilage was thicker than the nearby host cartilage. The
histological quantification revealed that the percentage of neo-
cartilage area of a-DMEP groupwas significantly higher than that in
blank and collagen group (Fig. 6).



Fig. 4. Macroscopic views and histological evaluation of rabbit cartilage repair 4 weeks after surgery. (A) Cartilage defects (blank group) show disorganized fibrous tissues with
blood vessels. (B) Cartilage defects repaired with collagen (collagen group) also show plenty fibrous tissues ingrowth and the osteochondral defects remain unhealed. (C) Cartilage
defects repaired with collagen and a-DMEP (a-DMEP group) show hyaline cartilage-like tissue with chondrocytes locate within the lacuna. The yellow, blue and green boxed areas in
A2-C2 are magnified in A3-C3, A4-C4 and A5-C5, respectively. The yellow arrows indicate blood vessels. The yellow arrowheads indicate hyaline-like chondrocytes located within
the lacuna. Scale bars ¼ 1 mm in A2-C2, scale bars ¼ 200 mm in A3-C3, and scale bars ¼ 100 mm in A4-C4 and A5-C5.
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4. Discussion

The results of the present study showed that DMEP could induce
chondrogenic differentiation in vitro and cartilage regeneration
in vivo, suggesting that the tooth dentin matrix may be a suitable
natural source of bioactive molecule mixtures for cartilage repair
and regeneration. In contrast to bone and cartilage tissue, dentin
has no embedded cell bodies and little tissue remodeling [23];
Fig. 5. Alcian blue and Safranin O-fast green staining of rabbit cartilage repair 4 weeks after s
defects repaired with collagen (collagen group) show only few positively stained regions. (C)
strongly positive-staining area. The yellow boxed areas in A1-C1 are magnified in A2-C2. The
C3, and scale bars ¼ 100 mm in A2-C2 and A4-C4.

412
therefore, the composition of dentin extracts may be more
consistent and immunologically safer than other tissue sources. In
addition, dentin tissue is easy to obtain from extracted deciduous
teeth, wisdom teeth, or teeth discarded after extraction due to
trauma or fracture. Teeth from animals can also be a source of
bioactive molecules for potential clinical applications. For example,
in the past 20 years, enamel matrix proteins from porcine tooth
germ have been used clinically to repair periodontal bone defects
urgery. (A) Cartilage defects (blank group) present scarce positive staining. (B) Cartilage
Cartilage defects repaired with collagen and a-DMEP (a-DMEP group) exhibit abundant
blue boxed areas in A3-C3 are magnified in A4-C4. Scale bars ¼ 1 mm in A1-C1 and A3-



Fig. 6. Quantification of Safranin O-fast green staining, showing a significant increase
in the percentage of neocartilage area of a-DMEP group. *P � 005, **P � 001,
***P � 001.
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[24e26]. Therefore, tooth derivatives have good clinical application
prospects.

DMEPs contain many GFs, including TGF-b1, bFGF, BMP-2, PDGF,
IGF-1, and VEGF [27,28], which may play important roles in
chondro-induction [29]. The TGF-b family can enhance the
expression of proteoglycans and type II collagen and plays a central
role in the entire process of chondrocyte differentiation [18].
Remarkably, our previous study showed that the TGF-b1 content in
dentin was dozens of times greater than that in cartilage and bone
marrow tissue [14]. The FGF and IGF families also have important
regulatory effects on cartilage repair. bFGFs are present in the
extracellular matrix structure of hyaline cartilage and can prevent
cartilage damage and the development of osteoarthritis [30]. IGF-1
regulates MSC chondrogenesis by stimulating proliferation, regu-
lating apoptosis, and inducing chondrocyte phenotypic expression
[31].

Compared with neutral extraction, alkali extraction of dentin
can effectively increase the contents of bFGF, IGF-1 and TGF-b1 in
DMEPs. High alkaline conditions can disrupt the intermolecular
bonds in dentin collagen fibrils, thereby releasing proteins bound to
the collagen [32]. The chondrogenesis-inducing effect of TGFb1 is
reportedly dose related. After the addition of 10 ng/mL TGF-b1 to
the cartilage microsphere culture model for 21 days, the cartilage
matrix was completely and uniformly formed inside the micro-
sphere, whereas in the cartilage induction cultures containing 1 ng/
mL and 0.5 ng/mL TGF-b1 in the medium, only the outer part of the
cartilage extracellular matrix was formed [33]. An IGF-1 concen-
tration less than 1 ng/mL had no obvious effect on promoting
chondrocyte proliferation, but this effect increased at concentra-
tions greater than or equal to 10 ng/mL [34]. Thus, the upregulation
of these chondrogenesis-related GFs in a-DMEP may increase the
chondrogenesis-inducing ability of the fungus.

DMEP, as a cocktail of concentrated compound GFs, may have
synergistic chondrogenic effects superior to those of a single GF.
Our results showed that a-DMEP had a stronger chondrogenic
ability than did the equivalent amount of exogenous rhTGFb1.
Furthermore, the TGF-b1 concentration in the a-DMEP group was
only 1.17 ng/mL, but the a-DMEP-induced chondrogenic pellets
were larger than those in the positive control group treated with
20 ng/mL TGF-b1. Cartilage repair and regeneration are the result of
the combined action of a variety of biological factors. When IGF-1 is
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combined with TGF-b superfamily GFs (TGF-b1, BMP2, BMP7, etc.),
cartilage matrix synthesis significantly increases [34,35]. The
combined use of IGF-1 and TGF-b1 can regulate the proliferation
and differentiation of periosteal mesenchymal cells during chon-
drogenesis and maintain type II collagen mRNA expression for 2e6
weeks [36]. FGF-18 and TGF-b3 have synergistic effects on chon-
drogenesis and differentiation, and their effects are better than
those of TGF-b3 alone [37]. Treatment with 10 ng/mL bFGF and
10 ng/mL TGF-b3 can effectively induce the chondrogenic differ-
entiation of adipose stem cells, while bFGF itself does not promote
differentiation at this concentration [38]. Therefore, the synergistic
effect of cocktail GFs in DMEP makes them attractive for inducing
cartilage tissue repair.

The results of our animal studies demonstrated that hyaline-like
cartilage with abundant GAG was regenerated in a-DMEP-trans-
planted defects. The osteochondral defects we used offered an open
environment for recruiting cells from the subchondral bone
marrow, joint cavity, or synovium. Articular cartilage repair based
on the recruitment of endogenous stem cells, such as synovium
stem cells (SSCs) and bone marrow mesenchymal stem cells
(BMSCs), and the generation of cartilage tissue under the action of
specific cues is a promising strategy for treating cartilage diseases
[39,40]. Several chemokines and GFs in DMEP are known to recruit
a great variety of progenitor and stem cells [41]. Our previous study
showed that DMEP could promote the chemotaxis of hBMMSCs
[14]. Because of the potential of a-DMEP to recruit host endogenous
stem cells, this approach does not require additional cell
transplantation.

This study yielded promising results regarding the potential of
dentin matrix proteins for application in cartilage repair and
regeneration. However, importantly, DEMP also contains several
ingredients that may have potentially adverse effects, such as
MMP13, which may lead to chondrocyte hypertrophy. It is impor-
tant to elucidate the molecular and biological mechanisms under-
lying the chondroinductivity of DMEP, with the aim of designing
innovative strategies for cartilage tissue engineering applications.

5. Conclusion

We demonstrated that a-DEMP improved the chondrogenic
phenotype of hBMMSCs and induced hyaline-like cartilage regen-
eration in vivo. These findings suggest that dentin is a promising
source of natural GFs for cartilage repair and that alkali treatment is
an effective method for extracting chondrogenesis-inducing mix-
tures from dentin.

Author's contributions

Sainan Wang: Conceptualization, Funding acquisition, Investi-
gation, Formal analysis, Writing-original draft.

Sicong Mao: Investigation, Formal analysis, Writing - original
draft.

Guibin Huang: Investigation.
Peipei Jia: Investigation.
Yanmei Dong: Supervision, Writing-review & editing, Project

administration.
Jinxuan Zheng: Conceptualization, Funding acquisition.

Funding statement

The authors disclose receipt of the following financial or mate-
rial support for the research, authorship, and/or publication of this
article: the National Natural Science Foundation of China
(81700953, 81870753, and 81901054) and Open Funding of



S. Wang, S. Mao, G. Huang et al. Regenerative Therapy 26 (2024) 407e414
Guangdong Provincial Key Laboratory of Stomatology
(KF2021120104).

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors thank the National Natural Science Foundation of
China (81700953, 81870753, and 81901054) and Open Funding of
Guangdong Provincial Key Laboratory of Stomatology
(KF2021120104) for funding this research.

References

[1] Chen F-M, Zhang M, Wu Z-F. Toward delivery of multiple growth factors in
tissue engineering. Biomaterials 2010;31(24):6279e308.

[2] Qasim M, Chae DS, Lee NY. Bioengineering strategies for bone and cartilage
tissue regeneration using growth factors and stem cells. J Biomed Mater Res A
2020;108(3):394e411.

[3] Carvalho MS, Cabral JM, da Silva CL, Vashishth D. Bone matrix non-
collagenous proteins in tissue engineering: creating new bone by mimicking
the extracellular matrix. Polymers 2021;13(7):1095.

[4] Kusindarta DL, Wihadmadyatami H. The role of extracellular matrix in tissue
regeneration. Tissue Regeneration 2018;65.

[5] Hong S, Li L, Cai W, Jiang B. The potential application of concentrated growth
factor in regenerative endodontics. Int Endod J 2019;52(5):646e55.

[6] Qian Y, Han Q, Chen W, Song J, Zhao X, Ouyang Y, et al. Platelet-rich plasma
derived growth factors contribute to stem cell differentiation in musculo-
skeletal regeneration. Front Chem 2017;5:89.

[7] Mazzoni A, Breschi L, Carrilho M, Nascimento FD, Orsini G, Ruggeri Jr A, et al.
A review of the nature, role, and function of dentin non-collagenous proteins.
Part II: enzymes, serum proteins, and growth factors. Endod Top 2009;21(1):
19e40.

[8] Orsini G, Ruggeri Jr A, Mazzoni A, Nato F, Manzoli L, Putignano A, et al.
A review of the nature, role, and function of dentin non-collagenous proteins.
Part 1: proteoglycans and glycoproteins. Endod Top 2009;21(1):1e18.

[9] Goldberg M, Smith AJ. Cells and extracellular matrices of dentin and pulp: a
biological basis for repair and tissue engineering. Crit Rev Oral Biol Med
2004;15(1):13e27.

[10] Peters OA, Paranjpe A, Gaudin A. Dentineepulp complex regeneration. In:
Regenerative approaches in Dentistry. Springer; 2021. p. 35e62.

[11] Wattanapakkavong K, Srisuwan T. Release of transforming growth factor beta
1 from human tooth dentin after application of either ProRoot MTA or Bio-
dentine as a coronal barrier. J Endod 2019;45(6):701e5.

[12] Virdee SS, Bashir N, Camilleri J, Cooper PR, Tomson PL. Exploiting dentine
matrix proteins in cell-free approaches for periradicular tissue engineering.
Tissue Eng B Rev 2022;28(4):707e32.

[13] Liu S, Sun J, Yuan S, Yang Y, Gong Y, Wang Y, et al. Treated dentin matrix
induces odontogenic differentiation of dental pulp stem cells via regulation of
Wnt/b-catenin signaling. Bioact Mater 2022;7:85e97.

[14] Wang S, Niu Y, Jia P, Liao Z, Guo W, Chaves RC, et al. Alkaline activation of
endogenous latent TGFb1 by an injectable hydrogel directs cell homing for in
situ complex tissue regeneration. Bioact Mater 2022;15:316e29.

[15] Somerman M, Nathanson M, Sauk J, Manson B. Human dentin matrix induces
cartilage formation in vitro by mesenchymal cells derived from embryonic
muscle. J Dent Res 1987;66(10):1551e8.

[16] Yagihashi K, Miyazawa K, Togari K, Goto S. Demineralized dentin matrix acts
as a scaffold for repair of articular cartilage defects. Calcif Tissue Int
2009;84(3):210e20.

[17] Frenkel SR, Saadeh PB, Mehrara BJ, Chin GS, Steinbrech DS, Brent B, et al.
Transforming growth factor beta superfamily members: role in cartilage
modeling. Plast Reconstr Surg 2000;105(3):980e90.
414
[18] Grimaud E, Heymann D, Redini F. Recent advances in TGF-beta effects on
chondrocyte metabolism. Potential therapeutic roles of TGF-beta in cartilage
disorders. Cytokine Growth Factor Rev 2002;13(3):241e57.

[19] Fan H, Hu Y, Qin L, Li X, Wu H, Lv R. Porous gelatin-chondroitin-hyaluronate
tri-copolymer scaffold containing microspheres loaded with TGF-beta1 in-
duces differentiation of mesenchymal stem cells in vivo for enhancing carti-
lage repair. J Biomed Mater Res, Part A 2006;77(4):785e94.

[20] Shi M, Zhu J, Wang R, Chen X, Mi L, Walz T, et al. Latent TGF-beta structure and
activation. Nature 2011;474(7351):343e9.

[21] Sloan AJ, Moseley R, Dobie K, Waddington RJ, Smith AJ. TGF-b latency-
associated peptides (LAPs) in human dentin matrix and pulp. Connect Tis-
sue Res 2002;43(2e3):381e6.

[22] Brown PD, Wakefield LM, Levinson AD, Sporn MB. Physicochemical activation
of recombinant latent transforming growth factor-beta's 1, 2, and 3. Growth
Factors 1990;3(1):35e43.

[23] Goldberg M, Kulkarni AB, Young M, Boskey A. Dentin: structure, Composition
and Mineralization: the role of dentin ECM in dentin formation and miner-
alization. Front Biosci 2011;3:711.

[24] Miron RJ, Sculean A, Cochran DL, Froum S, Zucchelli G, Nemcovsky C, et al.
Twenty years of enamel matrix derivative: the past, the present and the
future. J Clin Periodontol 2016;43(8):668e83.

[25] Aydinyurt HS, Tekin Y, Ertugrul AS. The effect of enamel matrix derivatives on
root coverage: a 12-month follow-up of a randomized clinical trial. Braz Oral
Res 2019;33.

[26] Tamzini M, Albeshti R, Abdesalam A. Enamel matrix derivative (Emdogain®)
for wound healing and bone regeneration: a short-review. Libyan J Med Res
2022;16(1):107e13.

[27] Chun SY, Lee HJ, Choi YA, Kim KM, Baek SH, Park HS, et al. Analysis of the
soluble human tooth proteome and its ability to induce dentin/tooth regen-
eration. Tissue Eng 2011;17(1e2):181e91.

[28] J�agr M, Eckhardt A, Pataridis S, Mik�sík I. Comprehensive proteomic analysis of
human dentin. Eur J Oral Sci 2012;120(4):259e68.

[29] Wei W, Dai H. Articular cartilage and osteochondral tissue engineering
techniques: recent advances and challenges. Bioact Mater 2021;6(12):
4830e55.

[30] Ge Z, Hu Y, Heng BC, Yang Z, Ouyang H, Lee EH, et al. Osteoarthritis and
therapy. Arthritis Care Res 2006;55(3):493e500.

[31] Schmidt M, Chen E, Lynch S. A review of the effects of insulin-like growth
factor and platelet derived growth factor on in vivo cartilage healing and
repair. Osteoarthritis Cartilage 2006;14(5):403e12.

[32] Huang XQ, Camba J, Gu LS, Bergeron BE, Ricucci D, Pashley DH, et al. Mech-
anism of bioactive molecular extraction from mineralized dentin by calcium
hydroxide and tricalcium silicate cement. Dent Mater: official publication of
the Academy of Dental Materials 2018;34(2):317e30.

[33] Johnstone B, Hering TM, Caplan AI, Goldberg VM, Yoo JU.
In vitrochondrogenesis of bone marrow-derived mesenchymal progenitor
cells. Exp Cell Res 1998;238(1):265e72.

[34] Longobardi L, O'Rear L, Aakula S, Johnstone B, Shimer K, Chytil A, et al. Effect of
IGF-I in the chondrogenesis of bone marrow mesenchymal stem cells in the
presence or absence of TGF-b signaling. J Bone Miner Res 2006;21(4):626e36.

[35] An C, Cheng Y, Yuan Q, Li J. IGF-1 and BMP-2 induces differentiation of
adipose-derived mesenchymal stem cells into chondrocytes-like cells. Ann
Biomed Eng 2010;38(4):1647e54.

[36] Fukumoto T, Sperling J, Sanyal A, Fitzsimmons J, Reinholz G, Conover C, et al.
Combined effects of insulin-like growth factor-1 and transforming growth
factor-b1 on periosteal mesenchymal cells during chondrogenesis in vitro.
Osteoarthritis Cartilage 2003;11(1):55e64.

[37] Huang L, Yi L, Zhang C, He Y, Zhou L, Liu Y, et al. Synergistic effects of FGF-18
and TGF-b3 on the chondrogenesis of human adipose-derived mesenchymal
stem cells in the pellet culture. Stem Cell Int 2018;2018.

[38] Hildner F, Peterbauer A, Wolbank S, Nürnberger S, Marlovits S, Redl H, et al.
FGF-2 abolishes the chondrogenic effect of combined BMP-6 and TGF-b in
human adipose derived stem cells. J Biomed Mater Res 2010;94A(3):
978e87.

[39] Zhang S, Hu B, Liu W, Wang P, Lv X, Chen S, et al. Articular cartilage regen-
eration: the role of endogenous mesenchymal stem/progenitor cell recruit-
ment and migration. In: Seminars in arthritis and rheumatism. Elsevier; 2020.

[40] Yang Z, Li H, Yuan Z, Fu L, Jiang S, Gao C, et al. Endogenous cell recruitment
strategy for articular cartilage regeneration. Acta Biomater 2020;114:31e52.

[41] Fu X, Liu G, Halim A, Ju Y, Luo Q, Song G. Mesenchymal stem cell migration
and tissue repair. Cells 2019;8(8):784.

http://refhub.elsevier.com/S2352-3204(24)00122-6/sref1
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref1
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref1
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref2
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref2
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref2
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref2
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref3
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref3
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref3
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref4
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref4
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref5
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref5
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref5
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref6
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref6
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref6
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref7
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref7
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref7
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref7
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref7
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref8
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref8
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref8
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref8
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref9
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref9
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref9
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref9
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref10
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref10
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref10
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref10
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref11
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref11
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref11
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref11
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref12
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref12
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref12
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref12
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref13
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref13
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref13
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref13
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref14
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref14
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref14
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref14
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref15
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref15
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref15
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref15
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref16
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref16
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref16
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref16
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref17
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref17
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref17
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref17
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref18
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref18
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref18
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref18
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref19
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref19
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref19
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref19
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref19
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref20
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref20
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref20
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref21
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref21
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref21
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref21
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref21
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref22
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref22
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref22
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref22
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref23
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref23
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref23
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref24
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref24
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref24
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref24
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref25
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref25
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref25
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref26
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref26
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref26
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref26
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref27
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref27
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref27
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref27
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref27
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref28
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref28
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref28
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref28
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref28
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref29
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref29
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref29
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref29
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref30
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref30
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref30
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref31
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref31
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref31
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref31
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref32
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref32
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref32
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref32
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref32
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref33
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref33
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref33
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref33
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref34
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref34
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref34
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref34
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref35
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref35
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref35
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref35
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref36
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref36
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref36
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref36
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref36
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref37
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref37
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref37
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref38
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref38
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref38
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref38
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref38
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref39
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref39
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref39
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref40
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref40
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref40
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref41
http://refhub.elsevier.com/S2352-3204(24)00122-6/sref41

	Alkali-extracted proteins from the tooth dentin matrix as a mixture of bioactive molecules for cartilage repair and regener ...
	1. Introduction
	2. Materials and methods
	2.1. DMEP extraction
	2.2. Cell culture
	2.3. Chondrogenic induction
	2.4. qRT-PCR
	2.5. Histological staining of pellets
	2.6. In vivo experiments
	2.7. Statistics

	3. Results
	3.1. Alkaline extraction increased chondrogenesis-related growth factor levels in DMEP
	3.2. a-DMEP promoted the chondrogenic differentiation of hBMMSCs
	3.3. a-DMEP had a stronger chondrogenic ability than did an equivalent amount of rhTGF-β1
	3.4. a-DMEP promoted cartilage regeneration in a rabbit model

	4. Discussion
	5. Conclusion
	Author's contributions
	Funding statement
	Declaration of competing interest
	Acknowledgments
	References


