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Recombinant human bone morphogenetic protein-4 enhances
tendon-to-bone attachment healing in a murine model of rotator
cuff tear
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Background: Injuries of tendon-to-bone attachments (TBA) are common clinical challenges. Bone
morphogenetic protein-4 (BMP-4) is potent in chondrogenesis. However, studies focusing on the influence
of BMP-4 on the healing of TBA are scarce. Thus, this study’s objective was to explore the effect of BMP-4
on the healing of TBA in a murine model of rotator cuff tear.

Methods: An injury model of the supraspinatus tendon (SST) insertion was established on a total of
120 mature C57 black (BL)/6 mice (12 weeks old), who were then randomly allocated into 3 groups: BMP-4,
noggin (an inhibitor of all BMP activities), and control, At weeks 2 and 4 after surgery, the supraspinatus
tendon-humerus complexes (SSTHC) were harvested for microradiographic, histologic, immunofluorescent,
and biomechanical evaluations.

Results: Radiographic data showed that BMP-4 was able to improve the quality of subchondral bone,
manifested as higher bone volume fraction (BV/TV), trabecular number (Th.N), trabecular thickness (Tb.
Th), and lower trabecular spacing (Tb.Sp). Histologically, the BMP-4 group at week-2 and -4 showed a
better TBA healing interface, characterized by better organizational integration and remodeling, thicker
fibrocartilage layer, and more fibrocartilage cells. Immunofluorescence evaluation demonstrated that the
number of SOX 9 positive cells in the BMP-4 group was significantly more than that in the control or noggin
groups at postoperative weeks 2 and 4 (P<0.05 for all). Mechanical testing results at postoperative weeks
4 demonstrated the failure load, and stiffness in the BMP-4 group were significantly higher (P<0.05 for both),
while in the noggin group were significantly lower (P<0.05 for both), compared to the control group.
Conclusions: The BMP-4 might enhance TBA healing by promoting the regeneration of
fibrocartilaginous enthesis and mineralization, while this process was inhibited by noggin. Thus, BMP-4
may be a potential therapy to augment TBA healing and finally lead to more rapid rehabilitation and reduce

recurrent injury risk.
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Introduction

Tendon-to-bone attachment (TBA) transfers the force
from muscles to the bone during bodily movement, and
the involved structure comprises 4 distinct yet continuous
zones: tendon, nonmineralized fibrocartilage, mineralized
fibrocartilage, and bone (1-4). Injuries of TBA are
commonly seen in the clinic; an example is rotator cuff
tear. Unfortunately, regeneration of the special tissues,
particularly the native fibrocartilaginous enthesis, is not
possible, partly due to the two materials' vastly different
mechanical properties. Surgical repair of the structure
entails attaching the tendon to the bone via anchors, and
the tendon is mended to the bone via a fibrovascular scar
tissue, which has inferior biomechanical properties. It
has been reported that the rate of re-rupture following
rotator cuff repair is 10-28% from minor to large tears (5).
Numerous therapies have attempted to regenerate the
native fibrocartilaginous enthesis, such as physical therapy,
stem cells, biomechanical scaffolds, and biologic agents, but
only limited success has been achieved to date (6,7).

A better understanding of the fundamental mechanism
of TBA healing may promote new approaches to facilitate
healing. Bone morphogenetic protein-4 (BMP-4), a
member of bone morphogenetic proteins, is well known
for its acceleration of inducing bone formation. However,
an increasing volume of research has demonstrated the
potential for BMP-4 to promote chondrogenesis (8-10).
Recombinant human BMP-4 (rhBMP-4) was found to
stimulate chondrogenesis in limb buds by inducing cartilage
matrix production, which was important to maintain the
cartilage phenotype. The rhBMP-4 could successfully
promote the initial differentiation of mesenchymal stem cells
(MSCs) in vitro to become chondroprogenitor lineage and
induce differentiation into mature chondrocytes (11). Muscle
derived stem cells (MDSCs) that expressed BMP-4 was
able to promote cartilage regeneration in a murine articular
cartilage defect model, without degradation or ossification
for up to 6 months postoperatively (8). When MDSCs
expressing BMP-4 and sFltl with platelet rich plasma
(PRP) were delivered to assist articular cartilage repair,
collagen synthesis was promoted, chondrocyte apoptosis was
suppressed, and finally, the repair process was enhanced (12).

Moreover, when MSCs were co-treated with transforming
growth factor beta ('GF-B) and BMP-4, chondrogenesis
was further improved via shortening the duration of SOX
9 protein decline (13). Therefore, the role of BMP-4 in
chondrogenesis was viewed as significant, and it might be a
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promising therapy for cartilage defects (11). However, it is
still unknown whether BMP-4 can enhance the formation
of fibrocartilaginous enthesis in the attachment between the
rotator cuff tendon and humerus after its surgical repair.
Since chondrogenesis also plays a crucial role in TBA
healing, we hypothesized that BMP-4 might be involved in
TBA healing and regulate enthesis regeneration.

The goal of this study was to investigate the role of
BMP-4 in augmenting TBA healing. In this study, the effect
of rhBMP-4 and noggin (an inhibitor of all BMP activities)
were detected in a murine rotator cuff repair model,
concerning the micro-computed tomography (micro-CT),
histomorphology, and biomechanical properties.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-6761).

Methods
Study design

All procedures complied with the Animals (Scientific
Procedures) Act 1986 and received university ethical
approval of Xiangya Hospital, Central South University
(No. 2019030490). A total of 120 mature (12 weeks,
2243 g) male C57 black (BL)/6 mice were used in this
study, and a rotator cuff repair model was established
in the left forelimb, following the method of Dr. Scott
Rodeo (14). The mice were randomly allocated to 1 of
3 groups: control (n=40), rhBMP-4 (n=40), and noggin
(n=40), and were then intervened with fibrin sealant, fibrin
sealant containing rhBMP-4 (Bio-tool, Beijing, China),
and fibrin sealant containing noggin (Huabio, Hangzhou,
China), respectively. Previous studies have shown that
fibrin sealant does not promote rotator cuff healing (15);
therefore, the natural healing group was canceled in this
study. Animals were housed in specific-pathogen free (SPF)
animal houses (5 companions per cage) on a standard diet
and allowed unrestrained cage activity after surgery. At
postoperative 2 and 4 weeks, mice were sacrificed, and
bilateral supraspinatus tendon-humerus (SSTH) complexes
were harvested for subsequent investigations (Figure I).

Fibrin sealants preparation and in vitro drug sustained-
release test

Fibrinogen solution (Sigma-Aldrich, St. Louis, MO, USA)
and thrombin solution (Sigma-Aldrich) were prepared
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Figure 1 Study design.

following the manufacturer’s manual. Then, RhBMP-4 and
noggin were added to the thrombin solution, respectively.
A total of 10 uL fibrinogen solution and 2 pL. thrombin
solution [containing 0.5 pg thBMP-4 or 0.2 ng noggin,
at the dosage used in prior studies (16,17)] were utilized
to make each fibrin sealant, with a 0.22 pm syringe filter
(Millex, Sigma, St. Louis, MO, USA). Similarly, fibrin
sealant was also prepared in the control group, but it
contained no active ingredients.

We measured the BMP-4 and noggin release kinetics
from the fibrin sealant, which was comprised of 250 pL
fibrinogen solution and 50 pL thrombin solution, and
12.5 pg thBMP-4 or 5 ng noggin. The gels were incubated
in 0.5 mL phosphate buffered saline (PBS) with 10%
fetal bovine serum (FBS) at 37 °C. The PBS solution was
replaced and collected 5 times over the first 24 hours,
and was then changed and collected daily. Enzyme-linked
immunosorbent assay (ELISA) for BMP-4 and noggin
were performed on the washed solutions, respectively. The
release experiment was carried out 3 times, and cumulative
percentages are presented in the results.

Surgical technique

Briefly, mice were placed in a right lateral decubitus position
after being anesthetized with an intraperitoneal injection
of 0.3% pentobarbital sodium. An incision was made on
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the left shoulder, and the deltoid muscle was revealed,
which was minimally dissected to expose the supraspinatus
tendon (SST). Using a customized retractor to elevate the
acromion, the SST was isolated. Then, the SST was sutured
with a 6-0 prolene with double needles (Ethicon, Somerville,
NJ, USA) in an “8” figure fashion, and sharply detached
from its footprint on the humeral head. Any soft tissues and
fibrocartilaginous tissues remaining on the bone were gently
removed with a scalpel. A transosseous tunnel was then
created with a 30-G needle in the humeral head under the
footprint, and the two sutured limbs were crossed through
the tunnel, one from lateral to the interior and the other
from interior to lateral. After tightening the two sutured
limbs, the SST was reattached to the footprint. Before
tying the knot, fibrin sealant, fibrin sealant containing
rhBMP-4, or fibrin sealant containing noggin was placed
on the tendon-to-bone interface. Finally, the wounds
were layered sutured, and buprenorphine (0.05 mg/kg)
was administrated subcutaneously for postoperative
analgesia. Two sports medicine doctors performed all
animal surgeries under surgical microscopy.

Micro-computed tomography (CT) evaluation

Micro-CT (viva CT 80; Scanco Medical, Briittisellen,
Switzerland) was performed in this study to assess the
formation of subchondral bone at the tendon attachment
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site. After fixing in 10% paraformaldehyde at 4 °C for
24 hours, each specimen was kept in a tube surrounded
by formalin and scanned with a 10.4 pm voxel size, at
55 KVp, 0.36° rotation step (180° angular range), and a
400 ms exposure per view. Then, each specimen’s data
were processed with a 3-dimensional Gaussian filter and
a global threshold to identify the bone voxels from the
surrounding saline in the bone marrow and soft tissues.
After thresholding, the micro-parameters of osteogenesis at
the TBA were calculated, including bone volume fraction
(BV/TV), trabecular number (Tbh.N), trabecular thickness
(Tb.Th), and trabecular spacing (Tb.Sp). The region of
interest (ROI) was selected randomly under the footprint
at the center of the 2 suture bone holes in the image. In
the analysis, the ROI was defined as a cube with a length of
1 mm from the bone surface and extending distally to avoid
the adjacent cortical bone’s involvement.

Histomorphometric analysis

After dissection, the fresh SSTH structures were fixed in
10% neutral buffered formalin for 48 hours. After 7 days
of decalcification in 10% ethylenediaminetetraacetic acid
(EDTA), the specimens were dehydrated in grade ethanol
and embedded in paraffin. The paraffin blocks were
sectioned with 5 pm thickness in the coronal plane through
the SST and the greater tuberosity.

The sections were stained with hematoxylin and eosin
(H&E, Solarbio Co. Ltd, Beijing, China) and toluidine blue-
fast green (Sigma-Aldrich, St. Louis, MO, USA). The H&E
stained sections were used for the histological description of
TBA healing and semi-quantitative analysis for cell density
around the tendon to the bone interface (15). Toluidine
blue O/fast green (TB) stained sections were used for semi-
quantitative analysis of the fibrocartilage zone thickness
using the Image] software (National Institutes of Health,
Bethesda, MD, USA) (18). All sections were observed using
transmitted light microscopy (Olympus CX31; Olympus
Inc., Tokyo, Japan) under the same conditions. The
histological images were semi-quantitatively analyzed by
two blinded observers (with qualifications: MD or PhD).

Immunofluorescence analysis

Immunofluorescence was used to detect SOX 9 expression
cells in the tendon’s interface zone to the bone. After fixation,
decalcification, dehydration, and embedding in an optimal
cutting temperature compound, the SSTHC specimens
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were longitudinally sectioned with 10 pm thickness. For
immunofluorescence staining, the sections were washed
with PBS, permeabilized with 0.1% TritonX-100 (Sigma-
Aldrich, St. Louis, MO, USA), and blocked with 5%
bovine serum albumin (BSA) (Sigma-Aldrich). Then, a
primary antibody against mouse SOX 9 (ab76997, Abcam,
Cambridge, UK) was applied at 4 °C ~10 hours, subsequently
incubated with anti-rabbit secondary antibody (ab150116,
Abcam, Cambridge, UK) at room temperature for 1 hour,
and finally incubated with 4’,-diamidino-2-phenylindole
(DAPI) (ab228549, Abcam). All images were observed and
captured using a Zeiss Axio Imager (Zeiss, Solms, Germany).
According to a previous similar study to quantitate the
positive signals of SOX 9, a ROI was defined at the SST
attachment site (19). Briefly, the ROI, 0.5 mm x 0.4 mm
in size, was located in the fibrocartilage layer of the SST
insertion near the humeral head’s articular surface. The SOX
9 positive cell areas were counted 3 times, and the mean
number per square millimeter of each sample was reported.
The two assessors (with qualifications: MD or PhD) were
blinded to the groups during image analysis.

Biomechanical testing

For biomechanical testing, each SSTHC was carefully
dissected from surrounding tissues under a surgical
microscope, and stored at -80 °C. At the time of testing,
the specimen was thawed at room temperature, and
the supraspinatus muscle and all sutures were carefully
removed. Before biomechanical testing, each specimen was
wrapped in surgical gauze soaked with 0.9% saline solution
water and placed in a specimen box, which was then putin a
37 °C water bath environment. The humerus was mounted,
and the SST was fixed in custom grip with sandpaper
and ethyl cyanoacrylate. A microcomputer-controlled
electronic material testing system (WD-T, Shanghai Zhuoji
Instrument Equipment Co., Ltd., Shanghai, China) was
used to test TBA’s failure load. The SSTHC was placed
in the testing system machine and subjected to uniaxial
tension following the SST’s approximate anatomic position.
After pre-tensioning 3 times under a preload of 0.0-0.5 N,
the SSTHC was loaded to failure at a 1 mm/min rate, and
the ultimate failure load was recorded. The stiffness was
calculated from the curve of the load to deformation.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
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Figure 2 In vitro cumulative release curve of BMP-4 and noggin
in fibrin sealant, as measured by ELIZA (n=3 for the standard

deviation). ELIZA, enzyme-linked immunosorbent assay.

(version 6.0.1; San Diego, CA, USA). All quantitative data
are presented as mean + SD (standard deviation) and were
analyzed statistically using a 2-way analysis of variance
(ANOVA) with the Bonferroni post hoc test to detect

differences among groups. The significance level was set at
P<0.05.

Results

All animals tolerated the surgery, and there were not any
perioperative complications. Either group showed no gross
failures.

In vitro release kinetics

Sustained release of BMP-4 and noggin were achieved
through the use of the fibrin gel system. In the first
24 hours, (19.6:2.4)% and (21.2:2.4)% of the BMP-4
and noggin were released into the PBS-FBS solution,
respectively. At the end of 14 days, nearly (98.6+4.3)% and
(99.1+4.3)% of the total BMP-4 and noggin were released
into the solution, respectively (Figure 2).

Micro-CT evaluation

The three-dimensional morphologic of the SSTH was
constructed, and the microstructural parameters of the
subchondral bone at the attached interface were analyzed
(Figure 3). The microstructure data showed that the BMP-
4 group had significantly greater BV/TV (0.551£0.075),
Th.N (12.225+1.830 mm™), and Th.Th (0.05120.0031
mm) at postoperative 4 weeks than the control group
(BV/TV: 0.458+0.084, P<0.01; Th.N: 9.864+1.730 mm",
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P<0.05; Th.Th: 0.046+0.0032 mm, P<0.05), while
there was no difference at 2 weeks for both (BV/TV:
0.430+0.039 vs. 0.381+0.033, P>0.05; Th.N: 9.108+1.143
vs. 7.255£1.238 mm™", P>0.05; Tb.Th: 0.0360.0037 wvs.
0.034£0.0028 mm, P>0.05). In the noggin group, the
BV/TV (2 wk: 0.275£0.027; 4 wk: 0.357+0.034), Tb.N
(2 wk: 5.013£1.308 mm™; 4 wk: 7.3101.253 mm"),
and Tb. Th (2 wk: 0.029+0.0024 mm; 4 wk: 0.041=
0.0033 mm) were significantly lower than the control group
(2 wk: P<0.01 for BV/TV,; P<0.05 for Tb.N and Tb.Th;
4 wk: P<0.05 for BV/TV, Tb.N, and Tb.Th) and BMP-
4 group (P<0.05 for BV/TV, Tb.N, and Tb.Th in both
2 and 4 wk) both at postoperative 2 and 4 weeks. Also,
the Tb.Sp in the noggin group 2 wk: 0.162+0.014 mm;
4 wk: 0.156£0.013 mm) were higher than that in the control
group (2 wk: 0.147+0.018 mm, P>0.05; 4 wk: 0.134+
0.017 mm, P<0.05) at week-4 and BMP-4 group (2 wk:
0.138+0.011 mm, P<0.05; 4 wk: 0.112+0.012 mm, P<0.01)
at week-2 and -4.

Histomorphometry

The H&E staining (Figure 4) showed that the SST was
healed to the humeral head, and the enthesis was gradually
regenerated with time. At postoperative 2 weeks, tissue
connecting tendon and bone was fibrovascular and was
poorly organized and highly cellular in all groups. In the
BMP-4 and control group, there were some cartilage-like
cells in the attachment zone, which was rare in the noggin
specimens. The mean cell density in the TBA was lower
in the BMP-4 groups (5,425+683 cells/mm’, P<0.05), and
there was no significant difference between the noggin
group (6,825£790 cells/mm’, P>0.05) and control group
(6,539£720 cells/mm®) at week 2. At the postoperative
4 weeks, remolding was observed in the attachment, and
an enthesis had reformed, characterized by prevalent
fibrocartilage cells occurring between the tendon and
bone. Mean cell density in the TBA was also lower in
the BMP-4 group (4,339£544 cells/mm’, P<0.05) but
higher in the noggin group (6,428=605 cells/mm’, P<0.05)
when compared to the controls (5,410£582 cells/mm’) at
week 4. Also, the mean cell density in the noggin group
was significantly higher than that in the BMP-4 group at
week-2 and -4 (P<0.01).

The TB staining (Figure 4) showed some TB deposited
at the attachment site, which indicated the formation of
fibrocartilage. At postoperative 2 weeks, the thickness of
fibrocartilage zone in the noggin group (7.7+1.3 um, P<0.05)
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Figure 3 Imaging evaluation of the subchondral bone at the attached interface of tendon to bone detected by micro-CT. (A) Three-
dimensional reconstruction images from control, BMP-4, and noggin group, at 2 and 4 weeks after surgery. Scale bars indicate 1,000 pm.
(B) The morphological parameters of subchondral bone in each group. BV/TV, bone volume fraction; Tb.Th, trabecular thickness; Tb.N,
trabecular number; Tb.Sp, trabecular separation; *, P<0.05, the difference between different groups at the same time point. ¥, P<0.01, the

significant difference between different groups at the same time point.

was lower than the control group (16.4+3.3 um), while postoperative 4 weeks, the BMP-4 group (44.5£8.4 pm,
there was no significant difference between the BMP-4 P<0.05) had a thicker fibrocartilage zone, and the noggin
group (19.1x4.7 pm, P>0.05) and the control group. At group (28.3+4.8 pm, P<0.05) was thinner, compared
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same time point. *, P<0.01, the significant difference between different groups at the same time point. H&E, hematoxylin, and eosin; TB,

toluidine blue.

with the control group (36.0£6.2 um). Furthermore, the
thickness of the fibrocartilage zone in the BMP-4 group
was thicker than that in the noggin group at postoperative
week-2 and -4 (P<0.01).

Immunofluorescence analysis

Immunofluorescence evaluation for SOX 9 (Figure 5)
showed that SOX 9 positive cells were significantly more
in the BMP-4 group (2 wk: 73.2£6.7 cells/mm’, P<0.05;

© Annals of Translational Medicine. All rights reserved.

4 wk: 286.4+15.2 cells/mm’, P<0.05) than that in the control
group (2 wk: 41.225.1 cells/mm’, P<0.05; 4 wk: 253.8
+13.6 cells/mm’, P<0.05) at both postoperative 2 and
4 weeks. On the other hand, the number of SOX 9 cells
in the noggin group (217.5218.6 cells/mm’, P<0.05) was
less than that in the control group at week 4, and there
was no significant difference between them at week 2 (35.6
+5.4 vs. 41.225.1 cells/mm’, P>0.05). Also, compared with
the BMP-4 group, numbers of SOX 9° cells in the noggin
group were lower at both weeks 2 and 4 (P<0.05 for both).
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time point.

Biomechanical testing

During the mechanical testing, the failure site in all groups
was at the tendon-bone attachment. At postoperative
2 weeks, the BMP-4 group had a significantly higher failure
load (P<0.05), and the noggin group had a significantly
lower failure load (P<0.05) than the controls. There was
no significant difference in stiffness in the BMP-4 group
(P>0.05) and noggin group (P>0.05), when compared to
the control group. At the postoperative 4 weeks, both the
failure load and stiffness were higher in the BMP-4 group
(P<0.05 for both) and lower in the noggin group (P<0.05
for both). Also, the failure load and stiffness in the BMP-4
group were significantly higher than those in the noggin
group at postoperative weeks 2 and 4 (P<0.05 for both). All
biomechanical testing data are shown in 7able 1. According
to the estimation, the power of testing of each outcome
variable exceeded 95%.

© Annals of Translational Medicine. All rights reserved.

*, P<0.05, the difference between different groups at the same

Discussion

The current study showed that the application of rhBMP-4
fibrin sealant in the tendon bone repair interface promoted
the formation of subchondral bone, fibrocartilage zone
regeneration, and biomechanical property of the repaired
enthesis in a murine model of rotator cuff repair. Combined
with the lower cellular and higher SOX 9 expression,
our data, therefore, demonstrated that BMP-4 seemed to
accelerate TBA healing.

Chondrogenesis is a crucial factor contributing to the
regeneration of attached enthesis in tendon to bone injuries,
and the regenerated enthesis is closely related to the TBA’s
biomechanical property. Histologically, this regenerated
enthesis is featured in the organized fibrocartilage zone
between bone and tendon (4). Chondrocyte density and
fibrocartilage zone thickness were used as important
indicators to evaluate the fibrocartilaginous enthesis. In
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Table 1 The biomechanical properties of the supraspinatus tendon- humerus complexes complex (mean =+ standard deviation)

2w

4w

Groups
Failure load (N)

Stiffness (N/mm)

Failure load (N) Stiffness (N/mm)

Control Group 2.16+0.52 1.68+0.45 3.57+0.61 2.80+0.75
BMP-4 Group 2.93+0.45* 2.07+0.36 4.34+0.75* 3.46+0.59*
Noggin Group 1.351+0.44* 1.22+0.30" 2.51+0.53* 2.18+0.51*"

*P<0.05, the difference from the control group at the same time point; *P<0.05, the difference from the BMP-4 group at the same time

point.

the present study, we observed fibrocartilaginous entheses
formed at postoperative 2 weeks in the murine rotator cuff
repair models and found that fibrocartilage thickness was
thicker at postoperative 4 weeks, with lower chondrocyte
density. Besides, many studies have been performed to
explore the effects of BMP-4 on chondrogenesis further, and
BMP-4 has been shown to maintain chondrocyte phenotype
by stimulating the synthesis of collagen type II, and
suppressing the production of collagen type X (11,20). This
was mostly associated with the interaction between Runx2
and BMP-activated Smadl. In vitro, BMP-4 facilitated
the differentiation of MSCs to a chondroprogenitor
lineage and induced differentiation towards mature
chondrocytes (21). During MSC chondrogenesis, BMP-4
appeared to shorten the duration of SOX 9 protein decline
(9,13). In the developing mouse mandibular process,
BMP-4 could induce chondrogenesis, and it was positively
regulated by SOX 9 (22). As the essential factor to restore
the native enthesis, SOX 9 (23) was also observed in the
tendon’s attachment site to the bone, and the number of
SOX 9 positive cells was more than the controls. Therefore,
BMP-4 might promote fibrocartilaginous enthesis
regeneration in TBA healing by regulating the SOX 9
mediated chondrocyte differentiation.

Also, BMP-4 has a well-known positive effect on bone
formation. Although the histological sections showed
no obvious new bone formation at the TBA site, the
microstructure of trabecular bone detected by micro-CT
showed that the subchondral bone quality at the attachment
site was better in the BMP-4 group compared to the control
group or noggin group during the TBA healing. The BV/
TV, Tb.N, and Tb.Th were higher in the BMP-4 group,
and lower in the noggin group at postoperative weeks 4 and
8. Our previous studies have confirmed the crucial role of
osteogenesis in the TBA healing (24,25); BMP-4 was able
to facilitate new bone formation through endochondral
ossification (26), which was found to be one initiating event
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during TBA healing (18,27). Meanwhile, BMP-4 facilitated
mineralization by enhancing fibronectin synthesis and
fibrillogenesis in osteoblasts (28). Interestingly, a gradient
fibrocartilage zone in the mature TBA was evidenced
as non-mineralized fibrocartilage and mineralized
fibrocartilage, and mineralization of the attachment was
vital to regenerate a mature rotator cuff enthesis (1,3).
This study showed that BMP-4 improved the quality of the
subchondral bone at the TBA and promoted the formation
of the fibrochondrocyte. Thus, BMP-4 seemed to facilitate
bone formation and mineralization and the formation and
mineralization of the fibrocartilage layer during the TBA
healing.

Noggin is a special molecule that prevents BMPs from
interacting with their receptors (29). Noggin could inhibit
BMPs inducing new bone formation via decreasing collagen
synthesis (30). However, when noggin was knocked out,
excess BMP activity was observed, and cartilage hyperplasia
and joint formation failure resulted, while the noggin’s
overexpression always led to the complete absence of
skeletal elements (31). Noggin might play a regulating and
balancing role on the effect of BMPs on chondrogenesis
and osteogenesis. In rat anterior cruciate ligament (ACL)
reconstructed models, noggin was shown to decrease new
bone formation in the quality and increase fibrous scar
tissue in the tendon-bone interface but did not affect the
biomechanical properties (32). In the present study, noggin
seemed to impair the SST healing to the humerus, reduce
mineralization and fibrocartilage formation, and weaken
ultimate failure load and stiffness at the postoperative
4 weeks.

The current study had several limitations. First, as
BMP-4 was bound to extracellular matrix components,
it was very difficult to detect the exact doses of BMP-4
secreted from fibrin sealants in vivo. The release kinetics
of BMP-4 and noggin in vitro clearly showed that the
fibrin sealant provided sustained release, but it could not
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represent the actual release kinetics in vivo. It is possible
that the release of BMP-4 and noggin in vivo was slower or
faster on account of the increased complexity of the injury
site in vivo. Second, although the mouse is a great model
for SST repair (14), mice are quadrupedal animals, and
the mechanical stimulation after surgery is different from
humans; thus, we cannot simply translate our findings into
the rotator cuff tear repair in humans, further experiments
are required to verify the effect of BMP-4 and noggin
on TBA healing. Third, postoperative management was
different from clinical practice. All animals were allowed
free activity postoperatively in this study, while patients
who have undergone surgical repair of rotator cuff injuries
are asked to remain immobilized at an extended position
using auxiliary equipment for several days. Finally,
though all mice were operated on by the same operator
and assistant who were trained well before the study,
procedural variations were still inevitable, and the relatively
small sample size may have led to statistical errors while
concluding.

Conclusions

In summary, this study suggested that BMP-4 might play
a vital role in the healing of TBA. The results showed
rhBMP-4 had a positive effect on the regeneration of
fibrocartilaginous enthesis and mineralization, while noggin
inhibited this process.

The BMP-4 might be a potential therapy to augment
TBA healing and lead to more rapid rehabilitation and
reduce the risk of recurrent injury.
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