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Background. Tendon-bone healing is a reconstructive procedure which requires a tendon graft healing to a bone tunnel or to the
surface of bone after the junction injury between tendon, ligament, and bone. The surgical reattachment of tendon to bone often
fails due to regeneration failure of the specialized tendon-bone junction. Materials and Methods. An extra-articular tendon-bone
healing rat model was established to discuss the effect of the baicalein 10mg/(kg⋅d) in accelerating tendon-bone healing progress.
Also, tendon-derived stem cells (TDSCs) were treated with various concentrations of baicalein or dickkopf-1 (DKK-1) to stimulate
differentiation for 14 days. Results. In vivo, tendon-bone healing strength of experiment group was obviously stronger than the
control group in 3 weeks as well as in 6 weeks. And there were more mature fibroblasts, more Sharpey fibers, and larger new bone
formation area treated intragastrically with baicalein compared with rats that were treated with vehicle for 3 weeks and 6 weeks.
In vitro, after induction for 14 days, the expressions of osteoblast differentiation markers, that is, alkaline phosphatase (ALP), runt-
related transcription factor 2 (Runx2), osteocalcin (OCN), osterix (OSX), and collagen I, were upregulated and Wnt/𝛽-catenin
signaling pathway was enhanced in TDSCs. The effect of DKK-1 significantly reduced the effect of baicalein on the osteogenic
differentiation. Conclusion. These data suggest that baicalein may stimulate TDSCs osteogenic differentiation via activation of
Wnt/𝛽-catenin signaling pathway to accelerate tendon-bone healing.

1. Background

Tendon-bone healing is a reconstructive procedure which
requires a tendon graft healing to a bone tunnel (e.g.,
anterior cruciate ligament reconstruction) or to the surface
of bone (e.g., rotator cuff tendon repair) after the junction
injury between tendon, ligament, and bone. Anterior cruciate
ligament reconstruction is the most common tendon-bone
healing surgery, and successful reconstruction requires the
tendon graft effective healing in the bone tunnels [1, 2]. The

surgical reattachment of tendon to bone often fails due to
regeneration failure of the specialized tendon-bone junction
[3]. In the early healing period, it is essential to delay activities
to protect the graft from overloading, because the attachment
between tendon graft and bone is weak. Improvement in
graft healing to bone is critical to allow earlier rehabilitation
and work or other special activities [1, 2]. Some studies have
demonstrated that the reason of poor tendon-bone healing
result is that tendon graft in a bone tunnel osseous ingrowth,
mineralization, and maturation is not always satisfactory. So,
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Figure 1: Surgery procedure of tendon-bone healing tunnel mode. (a) Tendon isolation; (b) bone tunnel creation; (c) tendon penetrated bone
tunnel and suture for fixing tendon.

by stimulating osteointegration of the healing tendon graft
can accelerate the tendon-bone healing progress [1, 2, 4, 5].

Currently, some studies have demonstrated that many
biological agents can speed up the healing rate and improve
the quality of healing, such as artificial composite bone [6],
periosteum [2], biodegradable interference screw [4], cal-
cium bone cement [7], growth factors [8–10], bone morpho-
genetic protein [1, 11–13], and stem cells [14–16]. However,
those clinical uses are still limited because of possible adverse
effects of permanent implants and difficulty determining the
appropriate dose in surgery [1, 2]. At the same time, some
agents are expensive and difficult to obtain, which are difficult
to be popularized in clinical use. Consequently, it is an urgent
task to identify some biological agents that have better and
safer effect to treat tendon-bone healing.

Baicalein is the main active components of Scutellaria
baicalensiswhich is one of the Chinese herbs commonly used
in products prescribed for the treatment of bone and joint
diseases for thousands of years. Past studies have reported
that baicalein can stimulate osteoblast differentiation [17, 18]
and inhibit osteoclast differentiation [19].Therefore, baicalein
may have the possibility of enhancing tendon-bone healing
through promoting osteoblast differentiation of the tendon
graft in a bone tunnel.

Tendon-derived stem cells (TDSCs) have been identi-
fied within tendon tissues by Bi et al. (2007), which have
universal stem cell characteristics such as clonogenicity,
multipotency, and self-renewal capacity [20]. TDSCs can
differentiate into adipocytes, chondrocytes, and osteocytes
in vitro and formed tendon-like, cartilage-like, bone-like,
and tendon–bone junction-like tissues in rat models [20,
21]. The main potential benefit of TDSCs is that they are
resident cells in the tendon, so using TDSCs as the cell source
for tendon-bone junction repair has more advantages than
other mesenchymal stem cells [21, 22]. The TDSCs can be
triggered by the inflammatory reaction after tendon injury in
rats [23]. Some studies have shown that TDSCs are capable
of promoting tendon and tendon-to-bone healing [22, 24–
26]. But the underlying molecular mechanisms of TDSCs
promoting tendon-bone healing remain poorly understood.
Therefore, TDSCs may be a potential target for treatment in
tendon-bone healing.

In this study, we tested the effect of baicalein on rat
tendon-bone healing, discussed the effect of baicalein on
TDSCs proliferation and osteogenic differentiation, and clar-
ified its related mechanisms of baicalein in TDSCs. Also, we
tested the hypothesis that baicalein accelerates tendon-bone
healing by stimulating osteogenic differentiation of TDSCs.
The results demonstrate that baicalein induces TDSCs oste-
ogenic differentiation by activation of Wnt/𝛽-catenin signal-
ing pathway to accelerate tendon-bone healing progress.

2. Materials and Methods

2.1. Reagents. Baicalein was purchased from Aladdin (prod-
uct number B107323, Shanghai Aladdin Biochemical Tech-
nology Co., Ltd., Shanghai, China). According to baicalein’s
product specification, we can get that its formula weight is
270.24 g/M and its purity is no less than 98%. We dissolved
the baicalein in phosphate-buffered saline (PBS, Shanghai
Sangon Biotech Co., Ltd., Shanghai, China) to make stock
solutions and stored them at −20∘C.

2.2. Animal Model and Drug Treatment. Forty Sprague-
Dawley male rats (180–220 g, purchased from the center of
experimental animals of SouthernMedical University) which
were randomly divided into 2 groups each were anaes-
thetised with an intraperitoneal injection 10% chloral hydrate
(0.4ml/100 g, Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China) to induce general anesthesia. The rats
were operated on their right hind limb to build extra-articular
tendon-bone healing model. A 10mm longitudinal skin
incision was made on the medial side of the right Achilles
tendon and the fascia cut longitudinally. The Achilles tendon
was released from calcaneal tuberosity to calf muscle (Fig-
ure 1(a)). And then a 10mmmidline knee incision was made.
A tunnel was drilled in the proximal tibial metaphysis with
a needle of 50ml syringe perpendicular to the long axis of
the tibia (Figure 1(b)). The graft was pulled manually into the
bone tunnel.The ends of grafts were sutured into the adjacent
periosteum and soft tissue and wound were closed in layers
(Figure 1(c)) [27]. The experiment group was treated intra-
gastrically with baicalein (10mg/kg/d) for 3 weeks or 6 weeks,
while the control group was treated with normal saline. After
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euthanasia, tendon graft-tibia tunnel complex was dissected
and fixed in 4% paraformaldehyde (Sigma-Aldrich, St Louis,
MO, USA) at 3 and 6 weeks after surgery. The degree of
tendon-bone healing was evaluated with biomechanical and
histological testing. Animal treatment conformed to the
animal care guidelines of Southern Medical University lab-
oratory animal welfare and ethics committee charter.

2.3. Biomechanical Testing. At each time point, five tendon
graft-tibia tunnel complex samples were used for biome-
chanical testing. The tibia was removed from knee joint to
ankle joint and the fibula was removed. All muscles and
periosteum around complex and the fixed sutures at the ends
of tendon were carefully removed, but the tendon graft with
surrounding callus tissue was left undamaged.The specimens
were stored at 20∘C and were placed at room temperature for
3 h before the testing. The free end of tendon and tibia
tunnel weremounted in the testing jigs of thematerial testing
device before load. The tensile stress was consistent with the
direction of the bone tunnel during the testing at a constant
speed of 6mm/min, and the sample was kept moist with
normal saline. The pull-out strength (N) was defined as the
maximum load at which the tendon was pulled out or failure
load at which the tendon was ruptured, and the data were
generated automatically by the computer software system
(Laboratory, Technology, Corporation, USA). The length of
the bone tunnel (mm)was tested by a vernier caliper. Tendon-
bone healing strength (N/mm) was expressed by the ratio of
maximum load or failure load (N) to the length of the bone
tunnel (mm).

2.4. Haematoxylin and Eosin (H&E) Staining. The sam-
ples were decalcified using ethylenediaminetetraacetic acid
(EDTA, Guangzhou Chemical Reagent Factory, Guangzhou,
China) for 1 month. And then the samples were embedded in
paraffin (bone tunnel perpendicular to paraffin surface) and
5 um thick sections were cut. The serial sectioning method
obtained the different parts of the tissue sections of the
tunnel. The sections were stained with haematoxylin and
eosin (H&E) and considered by microscopy (Axio Scope A1,
Carl Zeiss Microscopy GmbH, Jena, Germany).

2.5. Cell Culture. Ten healthy male Sprague-Dawley rats (6
weeks old) were used to get TDSCs. Cells cultured in com-
plete medium consisting of Dulbecco’s modified Eagle’s
medium (DMEM, Hyclone, Guangzhou, China), 1% peni-
cillin/streptomycin (BeyotimeBiotechnologyCo. Ltd., Shang-
hai, China), and 10% fetal bovine serum (FBS, Gibco, Carls-
bad, CA, USA). The cells were seeded in 10-cm dishes in
a humidified 5% CO

2
atmosphere at 37∘C. The medium of

cells was replaced every 3 days, and nonadherent cells were
removed [28, 29]. Cells at passage 3 were used only for
following experiments.

2.6. CCK-8 Experiment. According to the instructions of cell
counting kit-8 (CCK-8; Dojindo Molecular Technologies;
Japan) colorimetric assay, we used it to detect cell prolifera-
tion and viability. TDSCs were seeded into 96-well plates at a
density of 5 × 104 cells/well and incubated 37∘C, 5% CO

2

incubator, for 24 hours; each group was mixed with 0.1, 1,
10, 100, and 1000 uM baicalein, respectively. 14 days later,
CCK-8 Kit was added to each well and then incubated for 4
hours. The optical density values were checked at 450 nm by
a multifunctional microplate reader (Synergy HTX, Bio-Tek
Instruments, Inc., Winooski, VT, USA) to test cell prolifera-
tion and viability index.

2.7. ALP Activity/Staining Assay. TDSCs were digested with
0.02% EDTA and trypsin 1 : 1 mixture (Guangzhou Whiga
Technology Co., Ltd., Guangzhou, China), inoculated in 6-
well plates at a density of 2 × 105 cells/well, and cultured with
the osteoblast differentiation medium (DMEM, 10% FBS, 1%
penicillin, and streptomycin, 10mM 𝛽-phosphate glycerol,
0.1 uM dexamethasone, 50 uM L-ascorbic acid) containing
appropriate concentrations (0-10 uM) baicalein.Themedium
culturing cells were replaced every 3 days. Two weeks later,
the medium of 6-well plates culturing cells was removed and
the cells were washed twice in PBS. And then TDSCs were
lysed with 0.5ml of 0.1% T-octylphenoxypolyethoxyethanol
X-100 (TritonX-100, Shanghai Sangon Biotech Co., Ltd.,
Shanghai, China) at room temperature for 15 minutes. ALP
activity was checked using a fluorometric detection kit
according to the instructions (Nanjing Jiancheng Biotechnol-
ogy Co., Ltd., Jiangsu, China). According to the instructions
of ALP staining (Beyotime Biotechnology), parallel wells
were added to ALP staining buffer to observe the quantity of
the ALP. The results were observed by taking photos with a
microscope (Olympus Corporation, Tokyo, Japan).

2.8. Alizarin Red Staining and Mineralized Nodules. The
TDSCs were inoculated at a density of 2 × 105 cells/well in 6-
well plates and cultured in osteoblast differentiation medium
containing different concentrations (0–10 uM) of baicalein.
Two weeks later, the medium culturing cells were removed
and the cells were washed with PBS twice. TDSCs were
fixed in 4% paraformaldehyde at room temperature for 30
minutes, alizarin red staining (Sigma-Aldrich)was conducted
according to the instructions, and a microscope was used
(Olympus) to take pictures to observe these results. Parallel
wells of each group were added in an equal amount of sixteen
alkyl pyridine chloride solutions to dissolve mineralized
nodules. The OD values at 560 nm were measured by a
multifunctional microplate reader and then by comparing
OD values testing the number of mineralized nodules among
the groups.

2.9. Real-Time Quantitative PCR (q-PCR). Total RNA was
isolated from TDSCs with the TRIzol reagent (Life Technolo-
gies, Grand Island, NY, USA) according to themanufacturer’s
instructions after 2 weeks of osteogenic induction and the
concentration of RNA was detected by NanoDrop 8000
ultraviolet-visible spectrophotometer (Shanghai Fu Ze trade
Co., Ltd., China). cDNA Synthesis Reagents Kit (iScript
cDNA Synthesis Kit, Bio-Rad company of USA) and Veriti�
96-Well Thermal Cycler instrument were used for reverse
transcription. According to the reverse transcription kit,
cDNA which was obtained from above reverse transcription
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Table 1: Primer sequences for q-PCR.

Target gene Sequences (5-3)
Collagen Ι F, AGTGGTTTGGATGGTGCCAA; R, GCACCATCATTTCCACGAGC
RUNX2 F, AGTGGTTTGGATGGTGCCAA; R, CACTTCTAGGTCTGACGACG
OCN F, TCTATGACCTGCAGAGGGCT; R, ATAGCTCGTCACAAGCAGGG
OSX F, TCTCAAGCACCAATGGACTCCT; R, GGTAGTCATTTGCATAGCCAGA
GAPDH F, CAGGGCTGCCTTCTCTTGTG; R, GATGGTGATGGGTTTCCCGT
F, forward; R, reverse; OCN, osteocalcin; Runx2, runt-related transcription factor 2; GAPDH, D-glyceraldehyde-3-phosphate; OSX, osterix.

added samples and was detected by Q-PCR sequence detec-
tion system (7900HT, Applied Biosystems Inc.; USA). Primer
sequences (Life Technologies) used in this study are shown in
Table 1 [18, 30]. And the data were analyzed by 2−ΔCt method
[31].

2.10. Western Blot Assay. After culturing with various con-
centrations of baicalein in osteoblast differentiation medium
for 14 days, the osteoblast differentiation protein expression of
TDSCs was analyzed with Western blot assay. And its con-
crete steps and methods were referred to Li et al. (2014) [18].
The primary antibodies used for Western blot analysis were
as follows: anti-Runx2 (Cell Signaling Technology, Danvers,
MA, USA), anti-OSX (Cell Signaling Technology), anti-OCN
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-𝛽-
actin (SantaCruzBiotechnology), anti-𝛽-catenin (SantaCruz
Biotechnology), and goat anti-rabbit secondary antibody
(Santa Cruz Biotechnology). Signals were revealed using an
enhanced chemiluminescence kit. The gray values were
detected through scanning with Image Pro Plus 6.0 (Media
Cybernetics Inc. USA).

2.11. StatisticalMethods. Thedata are representative of at least
three independent experiments. Each experiment was done
in triplicate. The data were graphed using GraphPad Prism
software version 3.0 (GraphPad Software Inc., La Jolla, CA,
USA). One-way analysis of variance followed by Student’s 𝑡-
test was used to determine statistical differences for com-
parison among groups and independent-sample 𝑡-test was
adopted to determine statistical differences for comparison
between groups. Error bars represent the standard error of
the mean in the cell experiment and the standard deviation
in the animal experiment.

3. Results

3.1. Baicalein Increases Biomechanical Strength of Tendon-
Bone Healing in Rats. Biomechanical testing was performed
at 3 and 6 weeks after the operation. These results showed
that tendon-bone healing strength in the experimental group
was significantly higher than that in the control group at 3
weeks and 6 weeks after operation, and the difference was
statistically significant (𝑃 < 0.05). (Figure 2)

3.2. The Types of Connection between Tendon Graft and Bone
Tunnel. At 3 weeks after operation: in control group, tendon-
bone interface mainly was loose connective tissue; in the
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Figure 2: The data shown are the mean ± standard error from
independent experiments. ∗𝑃 < 0.05 versus group without baicalein
with independent-sample 𝑡-test.

experimental group, the tendon-bone interface also mainly
was loose connective tissue. And at 6 weeks after operation:
the tendon-bone interface of the control group was mainly
composed of loose connective tissue; the interface of the
experimental group was mainly dense connective tissue. The
details of the connection types between tendon graft and
bone tunnel were shown in Table 2. Two groups did not
appear to have typical direct insertion [5].

3.3. Baicalein Accelerates Osteogenesis of Tendon-Bone Heal-
ing Interface. At 3 weeks after operation, the tendon-bone
interface in the control group was that a large number of
fibroblasts were gathered, cells were arranged in disorderwith
no fixed arrangement, no chondrocyte-like cells were found
in the vicinity of the bone tunnel, interstitial calcification
was not obvious, and the mass of new bone was less on the
surface of the tunnel (Figure 3(a)). In the experimental group,
there were a large number of fibroblasts in the tendon-bone
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Table 2: The types of interfacial morphology.

Direct
insertion

Indirect
insertion

Connective
tissue

Tendon-bone
separation

3 weeks Control
Baicalein

0
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Figure 3: Photomicrographs of HE stained tissue sections (5 um) of
the control group ((a) and (c)) and baicalein group ((b) and (d)) at
3 and 6 weeks after surgery (magnification: 200x). B: bone area; TA:
transition area; T: tendon area.

interface, the cells were arranged in order, some chondrocyte-
like cells existed in the vicinity of the bone tunnel, cells
interstitial had the tendency of calcification, and the mass of
the new bone on the surface of tunnel wasmore (Figure 3(b)).

At 6 weeks after operation, the tendon-bone interface in
the control group was that there were six cases of Sharpey
fibers, cells arrangement was in disorder, chondrocyte-like
cells were found near the tunnel wall, stromal cells had
calcification tendency, and a little new bone was found
on the surface of tunnel wall, but within the tendon-bone
interface it had no new bone formation (Figure 3(c)). In the
experimental group all tendon-bone interface existed in
obvious Sharpey fiber connection, cells arranged in order, the
number of chondrocyte-like cells were more near bone
tunnel, the matrical calcification was obviously higher than
those of the control group, lamellar new bone formed at the
tendon-bone interface, and the mass of new bone formation
was much more on tunnel wall surface (Figure 3(d)).

3.4. Effect of Baicalein on TDSCs Proliferation. The effect of
baicalein on TDSCs proliferation was measured by the CCK-
8 Kit. The assay results showed that the effect of 0.1, 1, 10, and
100 𝜇M baicalein after treatment for 14 days was no apparent

cells toxicity, but 1000 𝜇M of baicalein significantly inhibited
cell proliferation and viability (Figure 4(a)).

3.5. Baicalein Promotes Osteogenesis of TDSCs In Vitro. In
vitro, ALP staining (Figure 4(d)) showed that baicalein could
increase the mass of ALP release and ALP activity detec-
tion (Figure 4(b)) showed that baicalein could enhance
TDSCs ALP activity. Mineralized nodule count (Figure 4(c))
and alizarin red staining (Figure 4(e)) results showed that
baicalein could significantly promote TDSCs osteogenesis.
q-PCR (Figures 5(a), 5(b), 5(c), and 5(d)) showed that the
different concentrations of baicalein could promote the gene
expression of osteogenic factors (Runx2, OCN, OSX, and
Col1𝛼1) andWestern Blot (Figure 5(e)) showed that baicalein
could promote the protein expression of osteogenic factors
(Runx2, OCN, and OSX). These results also showed that this
response was concentration-dependent and peaked at 10 𝜇M.
These results suggested that baicalein promotes osteogenesis
of TDSCs in vitro.

3.6. The Effect of Baicalein on Wnt/𝛽-Catenin Signaling Path-
way. Western blotting results showed that baicalein could
promote the 𝛽-catenin protein expression of TDSCs in a
dose-dependent manner and peaked at 10 𝜇M (Figure 6(a)).
After adding the inhibitor of Wnt/𝛽-catenin signaling path-
way DKK-1(Sigma-Aldrich), the effect of baicalein on the
promotion of 𝛽-catenin protein expression and osteogenesis
protein (RunX2, OCN) expression could be inhibited (Fig-
ure 6(b)).

4. Discussion

In this study, we tested the hypothesis that baicalein promotes
tendon-bone healing by osteogenic differentiation of TDSCs
with a combination of in vivo and in vitro approaches. In
vivo, biomechanical testing demonstrated that tendon pulling
out strength of the experimental group was significantly
higher than that of the control group.These results suggested
that bone ingrowth, mineralization, and incorporation of the
healing tissue of the baicalein treatment group were stronger
than those of the control group [1].The tendon graft and bone
tunnel interface type showed that the experimental group
of tendon-bone healing type was better than that of the
control group. After treatment of baicalein, the tendon-
bone interface collagen grew better, and the Sharpey fiber
occurred earlier than that of the control group. At the same
time, the Sharpey fiber is regarded as the earliest sign of
osteointegration [5, 32]. The cause of the two groups not
appearing to have typical direct insertion may be related
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Figure 4: Effect of baicalein on TDSCs proliferation (a); effect of baicalein on TDSCs ALP activity (b) and ALP staining (d); effect of baicalein
onTDSCsmineralized nodule count (c) and alizarin red staining (e).Notes. (a)TheODvalues shown are themean± standard error of the data
from experiment. ∗𝑃 < 0.05 versus group without baicalein. (c, e) The results showed that baicalein can increase the number of mineralized
nodules (c, e). +𝑃 < 0.05 versus group without baicalein; #𝑃 < 0.05 versus group with 0.1 uM baicalein; ∗𝑃 < 0.05 versus group with 1 uM
baicalein. ALP, alkaline phosphatase; CCK-8, cell counting kit-8 colorimetric assay; TDSCs, tendon-derived stem cells.

to the follow-up time of the previous animal studies being
relatively short [5]. All of the above results suggested that the
effect of baicalein promotes tendon-bone healing in a tendon-
bone healing rat model. In vitro, TDSCs were regarded as
the target to clarify the mechanism of baicalein on tendon-
bone healing through the influence of baicalein on TDSCs
osteogenic differentiation. After treatment of baicalein, the
expression of osteogenic differentiation markers of TDSCs,
that is, ALP, mineralized nodule, RunX2, OCN, and OSX of
TDSCs, were upregulated.These data suggested that baicalein
promotes osteogenesis of TDSCs, and this effect was
concentration-dependent.

Wnt/𝛽-catenin pathway has been shown to be crucial in
bone development and received considerable interest as a
potential target [33–35]. In recent years, a large number of
studies have reported that Wnt/𝛽-catenin signaling pathway
plays an important role in osteogenic differentiation and bone
formation.These findings demonstrated that the activation of
theWnt/𝛽-catenin signaling pathway can induce osteoblastic

differentiation, inhibit osteoclast differentiation, and sup-
press chondrocytic formation [33, 34, 36, 37]. It has demon-
strated that stimulating tendon graft in a bone tunnel osseous
ingrowth can accelerate the tendon-bone healing progress.
The process of tendon graft osseous ingrowth may be activa-
tion ofWnt/𝛽-catenin signaling pathway.Therefore, baicalein
may promote osteogenesis of TDSCs to enhance tendon graft
bone ingrowth or tendon-bone healing progress via activa-
tion of Wnt/𝛽-catenin signaling pathway. In our study, the
results showed that baicalein promoted TDSCS osteogenic
differentiation and also activated theWnt/𝛽-catenin signaling
pathway. And this effect of osteogenic differentiation can
be significantly inhibited in the use of DKK-1. Therefore,
baicalein promotes the osteogenic differentiation of TDSCs
through activation of Wnt/𝛽-signaling pathway, which pro-
motes bone formation of the tendon-bone interface to
enhance tendon-bone healing progress.

In this study, a new relationship between traditional
Chinese medicine monomer and tendon-bone healing was



BioMed Research International 7

#
+

∗

0

1

2

3

4

5
Ru

nx
2 

m
RN

A
 fo

ld
 ch

an
ge

0.1 10 10
Baicalein concentration (M)

(a)

#

+

∗

0

1

2

3

4

O
SX

 m
RN

A
 fo

ld
 ch

an
ge

0.1 1 100
Baicalein concentration (M)

(b)

#
+

∗

0

1

2

3

4

O
CN

 m
RN

A
 fo

ld
 ch

an
ge

0.1 1 100
Baicalein concentration (M)

(c)

#

+

∗

0

1

2

3

4

C
ol
1

1

m
RN

A
 fo

ld
 ch

an
ge

0.1 10 10
Baicalein concentration (M)

(d)

-Actin

Runx2

OSX

OCN

0 0.1 M 1 M 10 M

(e)

Figure 5: (a–d) Effects of baicalein on gene expression of RunX2, OSX, OCN, and Col1𝛼1; (e) effects of baicalein on protein expression of
RunX2, OCN, and OSX. Notes. Data are expressed as fold change versus the control group, taken as calibrator for comparative quantitation
analysis of GAPDHmRNA levels. The values shown are the mean ± standard error of data from independent experiments. ∗𝑃 < 0.05 versus
group without baicalein; +𝑃 < 0.05 versus group with 0.1 uM baicalein; #𝑃 < 0.05 versus group with 1 uM baicalein. RunX2, runt-related
transcription factor 2; Col1𝛼1, collagen 1𝛼1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OCN, osteocalcin; TDSCs, tendon-derived
stem cells; OSX, osterix.

-catenin

Baicalein 0 0.1 M 1 M 10 M

-Actin

(a)

-catenin

Baicalein
DKK-1

Runx2

OCN

−

−

−

+ +

+

-Actin

(b)

Figure 6: (a)The effect of baicalein on 𝛽-catenin protein expression. (b)With or without adding DKK-1, the effect of baicalein on the protein
expression of 𝛽-catenin, OCN, and RunX

2
protein of TDSCs. Notes. + indicates adding this kind of test reagent. − indicates that this kind of

test reagent is not added. RunX2, runt-related transcription factor 2; OCN, osteocalcin; TDSCs, tendon-derived stem cells; DKK-1, dickkopf-1.

established which offered a new method to achieve tendon-
bone healing and the molecular mechanism of tendon-bone
healing was clarified. Baicalein extracted from the root of
Scutellaria baicalensis is easy to obtain and of low cost.
Not like permanently implanted polymeric devices, baicalein
which is safe and can metabolize in the body does not have
the possible long-term adverse effects. And we can regulate

the dose of taking baicalein orally after an operation to get
the best therapeutic effect.

Unfortunately, we have to point out that there are some
limits of our study. The observation time of baicalein on
tendon-bone healing in vivo was relatively short, and we
did not discuss the molecular mechanisms of baicalein on
tendon-bone healing in vivo. Notwithstanding its limitation,
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we will future observe the effect of baicalein on tendon-bone
healing through prolonging observation time and test the
molecular mechanisms in vivo.

In conclusion, our study demonstrated that baicalein
stimulates osteogenic differentiation of TDSCs via activation
of Wnt/𝛽-catenin signaling pathway to accelerate tendon-
bone healing. Baicalein may have potential application in the
treatment of tendon-bone healing.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Authors’ Contributions

All authorsmade substantial contributions to conception and
design, acquisition of data, and interpretation of data; took
part in either drafting the article or revising it critically for
vital intellectual content; gave final approval of the version to
be published; and agreed to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or
integrity of any part of thework are appropriately investigated
and resolved.

Acknowledgments

This study was supported by Administration of Traditional
Chinese Medicine of Guangdong Province, China (Funding
no. 20131027).

References

[1] C.-H. Chen, H.-W. Liu, C.-L. Tsai, C.-M. Yu, I.-H. Lin, and G.-
H.Hsiue, “Photoencapsulation of bonemorphogenetic protein-
2 and periosteal progenitor cells improve tendon graft healing
in a bone tunnel,”The American Journal of Sports Medicine, vol.
36, no. 3, pp. 461–473, 2008.

[2] C. Chen,W. Chen, C. Shih, C. Yang, S. Liu, and P. Lin, “Envelop-
ing the tendon graft with periosteum to enhance tendon-bone
healing in a bone tunnel: A biomechanical and histologic study
in rabbits,” Arthroscopy: The Journal of Arthroscopic & Related
Surgery, vol. 19, no. 3, pp. 290–296, 2003.

[3] F. Tian, X.-L. Ji, W.-A. Xiao, B. Wang, and F. Wang, “Cxcl13
promotes the effect of bone marrow mesenchymal stem cells
(mscs) on tendon-bone healing in rats and in c3hiot1/2 cells,”
International Journal of Molecular Sciences, vol. 16, no. 2, pp.
3178–3187, 2015.

[4] A. C. Stahelin and A. Weiler, “All-inside anterior cruciate
ligament reconstruction using semitendinosus tendon and soft
threaded biodegradable interference screw fixation,” Arthro-
scopy the Journal of Arthroscopic & Related Surgery, vol. 13, no.
6, pp. 773–779, 1998.

[5] P. P. Y. Lui, P. Zhang, K. M. Chan, and L. Qin, “Biology and
augmentation of tendon-bone insertion repair,” Journal of
Orthopaedic Surgery and Research, vol. 5, no. 1, article no. 59,
2010.

[6] X. Huangfu and J. Zhao, “Tendon-bone healing enhancement
using injectable tricalcium phosphate in a dog anterior cruciate

ligament reconstruction model,” Arthroscopy the Journal of
Arthroscopic & Related Surgery, vol. 23, no. 5, pp. 455–462, 2007.

[7] Y. C. Tien, T. T. Chih, J. H. Lin, C. P. Ju, and S. D. Lin,
“Augmentation of tendon-bone healing by the use of calcium-
phosphate cement,” Journal of Bone & Joint Surgery British
Volume, vol. 86, no. 7, pp. 1072–1076, 2004.

[8] K. Anderson, A. M. Seneviratne, K. Izawa, B. L. Atkinson, and
H. G. Potter, “Augmentation of tendon healing in an intraartic-
ular bone tunnel with use of a bone growth factor,” American
Journal of Sports Medicine, vol. 29, no. 6, pp. 689–698, 2001.

[9] J. Nakase, K. Kitaoka, K. Matsumoto, and K. Tomita, “Facil-
itated tendon-bone healing by local delivery of recombinant
hepatocyte growth factor in rabbits,” Arthroscopy the Journal of
Arthroscopic & Related Surgery, vol. 26, no. 1, pp. 84–90, 2010.

[10] Y. Lu, M. D. Markel, B. Nemke, J. S. Lee, B. K. Graf, and W.
L. Murphy, “Influence of hydroxyapatite-coated and growth
factor–releasing interference screws on tendon-bone healing in
an ovine model,” Arthroscopy: The Journal of Arthroscopic &
Related Surgery, vol. 25, no. 12, pp. 1427–1434, 2009.

[11] R. Mihelic, M. Pecina, and M. Jelic, “Bone morphogenetic
protein-7 (osteogenic protein-1) promotes tendon graft integra-
tion in anterior cruciate ligament reconstruction in sheep,”The
American Journal of SportsMedicine, vol. 32, no. 7, pp. 1619–1625,
2004.

[12] Y. Yu, JP. Bliss, W. J. M. Bruce, and W. R. Walsh, “Bone
morphogenetic proteins and smad expression in ovine tendon-
bone healing,” Arthroscopy: The Journal of Arthroscopic &amp;
Related Surgery, vol. 23, no. 2, pp. 205–210, 2007.

[13] S. A. Rodeo, K. Suzuki, X. H. Deng, J.Wozney, and R. F.Warren,
“Use of recombinant human bone morphogenetic protein-2 to
enhance tendon healing in a bone tunnel,” American Journal of
Sports Medicine, vol. 27, no. 4, pp. 476–488, 1999.

[14] H.W.Ouyang, J. C.H.Goh, and E.H. Lee, “Use of BoneMarrow
Stromal Cells for Tendon Graft-to-Rone Healing: Histological
and Immunohistochemical Studies in a Rabbit Model,” The
American Journal of Sports Medicine, vol. 32, no. 2, pp. 321–327,
2004.

[15] Y. Gao, Y. Zhang, Y. Lu et al., “TOB1 deficiency enhances the
effect of bone marrow-derived mesenchymal stem cells on
tendon-bone healing in a rat rotator cuff repair model,”Cellular
Physiology&Biochemistry International Journal of Experimental
Cellular Physiology Biochemistry & Pharmacology, vol. 38, no. 1,
pp. 319–329, 2016.

[16] Y.-J. Ju, T. Muneta, H. Yoshimura, H. Koga, and I. Sekiya, “Syn-
ovial mesenchymal stem cells accelerate early remodeling of
tendon-bone healing,” Cell and Tissue Research, vol. 332, no. 3,
pp. 469–478, 2008.

[17] J. M. Kim, S.-U. Lee, Y. S. Kim, Y. K. Min, and S. H. Kim,
“Baicalein stimulates osteoblast differentiation via coordinating
activation of MAP kinases and transcription factors,” Journal of
Cellular Biochemistry, vol. 104, no. 5, pp. 1906–1917, 2008.

[18] S-F. Li, J-J. Tang, J. Chen, P. Zhang, T. Wang et al., “Regulation
of bone formation by baicalein via the mTOrc1 pathway,” Drug
Design Development &Therapy, vol. 9, pp. 5169–5183, 2014.

[19] M. H. Kim, S. Y. Ryu, M. A. Bae, J. S. Choi, Y. K. Min, and
S. H. Kim, “Baicalein inhibits osteoclast differentiation and
induces mature osteoclast apoptosis,” Food & Chemical Toxicol-
ogy An International Journal Published for the British Industrial
Biological Research Association, vol. 46, no. 11, pp. 3375–3382,
2008.



BioMed Research International 9

[20] Y. Bi, D. Ehirchiou, T. M. Kilts et al., “Identification of tendon
stem/progenitor cells and the role of the extracellular matrix in
their niche,”NatureMedicine, vol. 13, no. 10, pp. 1219–1227, 2007.

[21] P. P. Y. Lui and K. M. Chan, “Tendon-derived stem cells
(TDSCs): frombasic science to potential roles in tendon pathol-
ogy and tissue engineering applications,” Stem Cell Reviews and
Reports, vol. 7, no. 4, pp. 883–897, 2011.

[22] Z. Ahmad, J. Wardale, R. Brooks, F. Henson, A. Noorani, and
N. Rushton, “Exploring the application of stem cells in tendon
repair and regeneration,” Arthroscopy: The Journal of Arthro-
scopic &amp; Related Surgery, vol. 28, no. 7, pp. 1018–1029, 2012.

[23] Q. Tan, P. P. Y. Lui, and Y. W. Lee, “In vivo identity of tendon
stem cells and the roles of stem cells in tendon healing,” Stem
Cells & Development, vol. 22, no. 23, pp. 3128–3140, 2013.

[24] P. P. Lui and O. T. Wong, “Tendon stem cells: experimental
and clinical perspectives in tendon and tendon-bone junction
repair,” Muscles Ligaments & Tendons Journal, vol. 2, no. 3, pp.
163–168, 2012.

[25] M. Ni, P. P. Y. Lui, Y. F. Rui et al., “Tendon-derived stem cells
(TDSCs) promote tendon repair in a rat patellar tendonwindow
defectmodel,” Journal of Orthopaedic Research, vol. 30, no. 4, pp.
613–619, 2012.

[26] B. Cheng, H. Ge, J. Zhou, and Q. Zhang, “TSG-6 mediates the
effect of tendon derived stem cells for rotator cuff healing,”
European Review for Medical & Pharmacological Sciences, vol.
18, no. 2, pp. 247–251, 2014.

[27] G. A. Hjorthaug, J. E. Madsen, L. Nordsletten, F. P. Reinholt,
H. Steen, and S. Dimmen, “Tendon to bone tunnel healing - A
study on the time-dependent changes in biomechanics,
bone remodeling, and histology in a rat model,” Journal of
Orthopaedic Research, vol. 33, no. 2, pp. 216–223, 2015.

[28] P. P. Y. Lui and Y. M. Wong, “Higher BMP/Smad sensitiv-
ity of tendon-derived stem cells (TDSCs) isolated from the
collagenase-induced tendon injury model: possible mechanism
for their altered fate in vitro,” BMC Musculoskeletal Disorders,
vol. 14, no. 1, article 248, 2013.

[29] Y.-F. Rui, P. P. Y. Lui, G. Li, S. C. Fu, Y. W. Lee, and K. M. Chan,
“Isolation and characterization of multipotent rat tendon-
derived stem cells,” Tissue Engineering Part A, vol. 16, no. 5, pp.
1549–1558, 2010.

[30] W. P. Cawthorn, A. J. Bree, Y. Yao et al., “Wnt6, Wnt10a and
Wnt10b inhibit adipogenesis and stimulate osteoblastogenesis
through a 𝛽-catenin-dependent mechanism,” Bone, vol. 50, no.
2, pp. 477–489, 2012.

[31] K. J. Livaka and T. D. Schmittgen, “Analysis of Relative Gene
Expression Data Using Real-Time Quantitative PCR and the
2−ΔΔC𝑇Method,”Methods, vol. 25, no. 4, pp. 402–408, 2001.

[32] M. Kawabata, T. Imamura, and K. Miyazono, “Signal Trans-
duction by Bone Morphogenetic Proteins,” Cytokine & Growth
Factor Reviews, vol. 9, no. 1, pp. 49–61, 1998.

[33] S. Chen, J. Feng, Q. Bao et al., “Adverse effects of osteocytic
constitutive activation of ß-catenin on bone strength and bone
growth,” Journal of Bone andMineral Research, vol. 30, no. 7, pp.
1184–1194, 2015.

[34] T. F. Day, X. Guo, L. Garrett-Beal, and Y. Yang, “Wnt/𝛽-catenin
signaling in mesenchymal progenitors controls osteoblast and
chondrocyte differentiation during vertebrate skeletogenesis,”
Developmental Cell, vol. 8, no. 5, pp. 739–750, 2005.

[35] E. Kolpakova and B. R. Olsen, “Wnt/𝛽-catenin - A canonical
tale of cell-fate choice in the vertebrate skeleton,”Developmental
Cell, vol. 8, no. 5, pp. 626-627, 2005.
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