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Introduction

Flexor tendon injuries in the hand are quite common. 
Although new suture techniques and postoperative rehabili-
tation protocols have improved clinical outcomes following 
these injuries,11,18,23,26 complications such as adhesions and 
repair ruptures have not been solved entirely.24,35 To reduce 
the development of adhesions, early tendon gliding is nec-
essary. However, early motion may promote gap formation 
or repair ruptures in the early healing process. These issues 
are considered related to the tendon’s intrinsically poor 
capacity for healing as a result of its hypocellular nature.28 
Several researches have done several in vitro studies on 
bone marrow–derived mesenchymal stem cells (BMSCs) 
for tendon healing.9,20,21,34,36 They found that BMSC-seeded 
gel patch transplantation has the potential to enhance flexor 
tendon healing in vitro and that platelet-rich plasma and 
growth differentiation factor 5 (GDF-5) could enhance the 
effect.9,20,34 They also showed that BMSCs could survive up 

to 2 weeks in vitro, organize along the collagen fibers on the 
tendon sections, and express a marker of tendon phenotype, 
tenomodulin.21 Using an in vivo canine model, Amadio et al 
lacerated and repaired flexor digitorum profundus tendons. 
Histologically, tendons treated with BMSCs and stimulated 
with GDF-5 had a smooth surface with intrinsic healing.36 
Uysal et  al made the same finding using adipose-derived 
stem cells for rabbit’s Achilles tendon repair (n = 6).29
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Abstract
Background: We have reported that bioactive sutures coated with bone marrow–derived mesenchymal stem cells 
(BMSCs) enhance tendon repair strength in an in vivo rat model. We have additionally shown that growth differentiation 
factor 8 (GDF-8, also known as myostatin) simulates tenogenesis in BMSCs in vitro. The purpose of this study was to 
determine the possibility of BMSC-coated bioactive sutures treated with GDF-8 to increase tendon repair strength in 
an in vivo rabbit tendon repair model. Methods: Rabbit BMSCs were grown and seeded on to 4-0 Ethibond sutures 
and treated with GDF-8. New Zealand white rabbits’ bilateral Achilles tendons were transected and randomized to 
experimental (BMSC-coated bioactive sutures treated with GDF-8) or plain suture repaired control groups. Tendons were 
harvested at 4 and 7 days after the surgery and subjected to tensile mechanical testing and quantitative polymerase chain 
reaction. Results: There were distinguishing differences of collagen and matrix metalloproteinase RNA level between 
the control and experimental groups in the early repair periods (day 4 and day 7). However, there were no significant 
differences between the experimental and control groups in force to 1-mm or 2-mm gap formation or stiffness at 4 or 7 
days following surgery. Conclusions: BMSC-coated bioactive sutures with GDF-8 do not appear to affect in vivo rabbit 
tendon healing within the first week following repair despite an increased presence of quantifiable RNA level of collagen. 
GDF-8’s treatment efficacy of the early tendon repair remains to be defined.
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In our previous studies, we have reported that BMSCs 
seeded on to commercial suture can infiltrate and repopu-
late the acellular zone within the injured tendon while 
remaining metabolically active.31,32 We have also shown 
that tendons repaired using the BMSC-coated sutures have 
greater strength than control tendons (without BMSCs) in 
an in vivo rat model.33 Furthermore, we have focused on 
the potential beneficial effects of GDF-8 (also known as 
myostatin), regarded as a regulator of the structure and 
function of tendon tissue by inducing the expression of 
type I collagen and increasing the proliferation of tendon 
fibroblasts.14 We have previously shown that GDF-8 stim-
ulates tenogenesis in BMSCs in vitro.13 Based on these ear-
lier studies, we hypothesized that GDF-8 may stimulate 
differentiation of BMSCs toward a tenocyte lineage and 
increase their ability to activate repair of injured tendons 
using our bioactive sutures.

The purpose of the current study was to determine the 
effect of BMSC-coated bioactive sutures treated with 
GDF-8 on tendon strength in an in vivo rabbit tendon repair 
model.

Materials and Methods

Isolation and Treatment of Rabbit BMSCs

Rabbit bone marrow stem cells were purchased from Cya-
gen (Cat#: RBXMX-01001). According to the manufactur-
er’s protocol, the cells were grown in OriCell™MSC 
Growth Medium (Cat#: GUXMX-9001) and changed every 
3 days. When the cells were approximately 80% to 90% 
confluent, they were dissociated with Trypsin-EDTA and 
passaged.

The experiments were carried out at fourth passage. 
Recombinant myostatin (R&D Systems, Minneapolis, Min-
nesota) was dissolved into the serum-free media at a final 
concentration of 500 ng/mL which we found to be the suit-
able concentration for tenogenesis in our previous in vitro 
studies.13

Cell Seeding on 4-0 Ethibond Suture

4-0 Ethibond Excel braided polyester sutures (Ethicon Inc, 
Somerville, New Jersey) were cut into 15 cm segments and 
coated with 25 ng/mL ICAM (Invitrogen) in 1× PBS for 9 
hours on ice, followed by 10 µg/mL poly-l-lysine (Sigma) 
and 10 ng/mL collagen 4 (Sigma) overnight at 37°C. These 
conditions were previously identified as suitable for cellular 
adhesion in our previous studies.13,14,31,32,33 The sutures 
were then rinsed with warm PBS and transferred to ultra-
low attachment sterile polystyrene culture dishes (Corning) 
at cell density of 4 × 106 cells in 0.5 mL of media, and 
incubated for 3 days at 37°C in a humidified chamber 
enriched with 5% CO

2
.31

Surgical Procedure

The animal experimental protocol was approved by the 
Animal Care and Use Committee at our institution. All 
institutional and national guidelines for the care and use of 
laboratory animals were followed. Eleven- to 13-week-old 
(3-4 kg) male New Zealand white rabbits (Charles River 
Laboratories, Inc, Wilmington, Massachusetts) were used 
in the protocol. Eighteen rabbits were divided into 2 groups 
for assessment at 4 (n = 9) and 7 (n = 9) days following 
surgical treatment. The animals were internally controlled 
by performing the surgery on the bilateral hindlimbs in a 
blinded, randomized fashion.

The animals were induced with subcutaneous injec-
tions of ketamine (35 mg/kg body weight) and xylazine (5 
mg/kg body weight) and maintained on isoflurane inhala-
tional anesthesia. A 3-cm longitudinal skin incision was 
made along the posterior aspect of the hind limb. The dis-
section was performed down to the paratenon overlying 
the Achilles tendon, in line with the skin incision. The 
tendon was gently dissected and care was taken to mini-
mize dissection of the anterior aspect of the tendon to pre-
vent additional vascular insult to the tendon. The tendon 
was incised transversely with a sharp scalpel 1 cm from 
the osteotendinous junction and repaired with epitendi-
nous suture using 3-0 Prolene (Ethicon Inc, Somerville, 
New Jersey) and Kessler stitch using 4-0 Ethibond 
sutures. We then detached the distal insertion of the Achil-
les tendon to off-load the tendon repair. The distal attach-
ment of the Achilles’ tendons was detached together with 
its enthesis and approximately 5 mm of bone from the 
calcaneum. The procedure was repeated for the contralat-
eral limb and the tendons were randomized to repair with 
either experimental (BMSC-coated bioactive sutures 
treated with GDF-8) or plain suture control groups. Once 
both repairs were completed, the wounds were closed 
with 4-0 Prolene. To standardize the repairs: (1) the sur-
geon was blinded to which limb was treated with which 
suture; (2) the same surgeon performed all the surgical 
procedures; and (3) left and right limbs were dissected in 
succession with the identical technique. After surgery, the 
animals were allowed unrestricted activity and received 
food and water ad libitum.

Tendon Harvest

The rabbits underwent pentobarbital euthanasia at the des-
ignated time points (4 and 7 days). Through the previous 
skin incisions, dissection was performed proximal and dis-
tal to the repair site. The gastrocnemius muscle was tran-
sected through the muscle belly well proximal to the tendon 
repair. The harvested specimens were then immersed in 
PBS and immediately frozen to −20°C until biomechanical 
analysis was performed.
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RNA Isolation and Real-Time Reverse 
Transcription PCR

Five rabbits each at day 4 and day 7 were used for analysis 
of gene expression. Every sample was tested in triplicate for 
each gene. Total RNA was extracted from the tissue by 
Trizol reagent (Life Technologies, Carlsbad, California) 
according to the manufacturer’s instructions. Two micro-
grams of total RNA was reverse transcribed into comple-
mentary DNA (cDNA) by High Capacity cDNA Reverse 
Transcription Kits (Applied Biosystems, Foster City, Cali-
fornia). Finally, real-time polymerase chain reaction (PCR) 
was performed using the ABI 7900 HT Fast Real-Time PCR 
System (Applied Biosystems, Foster City, CA). The relative 
gene expression levels were presented as 2−ΔCt, where 
ΔCt = Cttarget gene – CtGAPDH.

Mechanical Analysis

The specimens were thawed to room temperature on the day 
of mechanical testing. Tensile testing was performed on an 
Instron 5944 materials testing system using a 2 KN load cell 
(Instron Corp, Norwood, Massachusetts). The load cell 
accuracy was verified to be within 0.5% for loads from 
0.2% to 100% full scale. A universal joint was incorporated 
into the setup to reduce off axis loading. The proximal end 
of the tendon was bonded to 100-grit sandpaper using cya-
noacrylate (CA) glue and then attached to the upper grip on 
the test machine. The calcaneus was attached directly to the 
base grip. Prior to testing, spherical markers (2 mm diame-
ter) were attached approximately 7 mm proximal and distal 
to the repair site using CA glue (Figure 1). Marker separa-
tion (gap formation) was monitored throughout testing with 
a model acA1600-20gm CCD camera (Basler Inc, Exton, 
Pennsylvania) fitted with a Zoom 7000 lens (Navitar Inc, 
Rochester, New York). The accuracy of this measurement 
method is approximately 0.06 mm (root-mean-square).

Due to the possibility of the relatively weak nature of the 
repaired tendons, there was concern that preconditioning 
the specimens could lead to premature failure. Conse-
quently, preconditioning was excluded from the testing pro-
tocol. Following the application of a 2 N preload, specimens 
were pulled at a rate of 10 mm/min until catastrophic fail-
ure. Force and image data were synchronized and recorded 
at 10 Hz. Outcome measures included force to 1-mm and 
2-mm gap formation and stiffness, defined as the maximum 
slope of the loading curve prior to 2-mm gap formation.

Statistical Analysis

It was determined from preliminary testing of rats at the day 
4 time point that a group sample size of 9 would be required 
to show a 30% difference in force to 1 mm of tendon repair 
site gap formation with a power of 0.8. Data were reported 

as mean ± SD. Comparisons between the experimental and 
control groups were performed using GraphPad Prism 7 
Mann-Whitney test with significance set at P < .05.

Results

The sample size was n = 9 for specimens harvested at both 
day 4 and day 7. All specimens failed at the tendon repair 
site by suture pullout. Several specimens (Day 4, Control: n 
= 1; Day 7, Control: n = 2; Day 7, Experimental: n = 1) 
reached peak load prior to 2 mm of repair site gap forma-
tion. These specimens were excluded from the analysis of 
force to 2-mm gap formation.

For specimens harvested 4 days following surgery, no 
significant differences were observed in force to 1 mm 
(Control: 10.0 ± 2.1 N vs Experimental: 11.0 ± 3.3 N; P = 
.305) or 2 mm (Control: 18.1 ± 7.1 N vs Experimental: 19.6 
± 6.0 N; P = .343) gap formation. Similarly, no difference 
in repair stiffness was found between tests groups at day 4 
(Control: 9.9 ± 6.0 N/mm vs Experimental: 10.6 ± 3.9 N/
mm; P = .602) (Figure 2). The same result was seen at day 
7. No differences in force to 1 mm (Control: 14.5 ± 4.4 N 
vs Experimental: 11.3 ± 2.1 N; P = .102) or 2 mm (Con-
trol: 22.1 ± 6.7 N vs Experimental: 20.9 ± 4.0 N; P = 
.641) gap formation, or repair stiffness (Control: 14.6 ± 5.4 
N/mm vs Experimental: 10.3 ± 2.6 N/mm; P = .074) were 

Figure 1.  Repaired tendon mounted to the materials testing 
machine. Spherical markers were attached proximal and distal to 
the repair site to monitor gap formation during tensile loading.
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found between test groups for specimens harvested 7 days 
following surgery (Figure 3).

The mean force to 1-mm and 2-mm gap formation tended 
to increase for both control and experimental groups as time 
following repair increased. A similar upward trend was 
observed in mean stiffness for the control group. However, 
the mean stiffness for the experimental group was very sim-
ilar for specimens harvested 4 and 7 days following surgery.

The expression of Collagen1a2 and Collagen2a1, a marker 
for connective tissues, was increased in the experimental 

groups at both 4 days (Figure 4) and 7 days (Figure 5). In 
addition, the messenger RNA (mRNA) level of matrix metal-
loproteinase (MMP1 and MMP3, markers of tissue turnover) 
was also increased for the experimental groups at day 4 (Fig-
ure 4) and day 7 (Figure 5) (P < .05).

Discussion

Several authors have explored the introduction of pluripotent 
mesenchymal stem cells and/or growth factors to a  

Figure 3.  Force required to produce 1-mm and 2-mm repair 
site gaps, and stiffness for specimens harvested 7 days following 
surgery. Data are presented as mean ± SD.

Figure 2.  Force required to produce 1-mm and 2-mm repair 
site gap, and stiffness for specimens harvested 4 days following 
surgery. Data are presented as mean ± SD.
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tendon repair site to accelerate healing and increase the early 
strength of repair. BMSCs may differentiate along the teno-
cytic lineage when stimulated by exogenous factors.10,27 
Growth factors, including GDF-8, GDF-5, epidermal growth 
factor, and basic fibroblast growth factor, have been shown to 
promote BMSCs to differentiate into tenocytes.3,4,22 Some 
authors have successfully shown the use of BMSCs and 
growth factors for tendon repair.9,21 Our previous studies dem-
onstrated the feasibility of the sutures coated with BMSCs in 
treating tendon injuries in a rat model and specifically that 
tendons repaired with these sutures displayed statistically 
greater strength in comparison with plain suture repairs.31-33

In terms of growth factors, GDF-5 has been identified as 
important factor during early tendon healing.1 GDF-6 and 
GDF-7 may be involved in matrix remodeling and may play 
a role in tissue regeneration of tendons, although less so in 
early tendon healing.7,30 We have focused on GDF-8 
because it has been recognized as a regulator of the struc-
ture and function of tendon tissue. Mendias et  al demon-
strated that compared with wild-type control animals, the 
tendons of GDF-8-deficient mice are 40% smaller, have a 
45% reduction in fibroblast density, and have marked reduc-
tions in the expression of type I collagen and extracellular 
matrix production genes scleraxis and tenomodulin.14 
GDF-8 seems to be more important for tendon physiology 
than the related molecules GDF-5, GDF-6, and GDF-7 
because mice lacking one of these proteins have mild phe-
notypes.15-17 We have already showed that GDF-8 has the 
ability to increase BMSCs growth and differentiation 
toward a tenocyte lineage in our previous in vitro study.13 
Therefore, in our current study we tested the hypothesis that 
GDF-8 stimulates BMSCs to differentiate down a tenocyte 
lineage increasing the repair potential of injured tendons 
with bioactive sutures using an in vivo rabbit tendon injury 
model. Although ultimate load has been assessed in some 
studies,4,8,12 we believe that the force to generate 1 mm and 
2 mm gapping is the most clinically relevant parameter as 
previously described in some literature19,26 because ultimate 

load can be due to many factors, including the strength of 
the suture knot. In addition, ultimate load may occur beyond 
2 mm of repair site gap formation, when the repair has 
already clinically failed.

In this study, there were no significant differences 
between experimental and control groups for the force to 
1-mm and 2-mm repair site gap formation and stiffness.

However, GDF-8 did increase the expression of collagen 
mRNA and MMP mRNA in the rabbit tendons. This proves 
the concept of GDF-8 stimulating fibroblast proliferation 
and collagen production, increasing the mass and cross-sec-
tional area of the healing tissue despite the lack of an 
improvement in mechanical strength. This suggests that 
GDF-8 enhances the effect of BMSCs on tendon healing at 
the molecular level at these early time points following 
repair in vivo, but the biomechanical strength has not shown 
clinically significant improvement. Our findings support 
another study suggesting that GDF-8 does not improve the 
strength of healing tendons.5 In addition, Eliasson et  al 
described that GDF-8 plays a greater role in maintaining 
intact tendon properties than in tendon healing because the 
gene expression for GDF-8 was much higher in intact ten-
dons than in the healing callus tissue.6 Although we have 
already found that GDF-8 stimulates BMSCs to differentiate 
into tenocytes in vitro, the results of this current in vivo 
study may suggest that those tenocytes contribute to tendon 
maintenance due to the GDF-8 rather than to the early 
strength of the tendon repair. Our results also imply that 
GDF-8 may even reduce or blunt the effect of BMSCs on 
tendon healing because, as demonstrated by our previous 
study, BMSCs accelerated tendon healing in the in vivo rat 
model. To further clarify the effect of GDF-8 on BMSCs 
used in tendon repair, we are further investigating the 
strength of the tendon repaired by control and BMSC-coated 
sutures without GDF-8 using the same rabbit tendon model.

It is still unclear and worth further consideration why 
GDF-8–treated BMSC-coated suture repair failed to 
increase the tendon healing strength in the in vivo tendon 

Figure 4.  Col1a2, Col2a1, MMP1, and MMP3 messenger RNA 
expression at 4 days after surgery. Data are presented as mean 
± SD. Col = collagen; MMP = matrix metalloproteinase.
*P < 0.05, **P < 0.01.

Figure 5.  Col1a2, Col2a1, MMP1, and MMP3 messenger RNA 
expression at 7 days after surgery. Data are presented as mean 
± SD. Col = collagen; MMP = matrix metalloproteinase.
*P < 0.05, **P < 0.01.
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repair model despite its ability to stimulate BMSCs to dif-
ferentiate into tenocytes in vitro and ex vivo.

There are some limitations of this study. Our sample size 
is relatively small. However, because it was determined 
from preliminary testing that a group sample size of 9 would 
be required to show a 30% difference in force at 1 mm of 
tendon repair site gapping, we believe that our results indeed 
demonstrate that GDF-8 does not enhance the effect of 
BMSCs on the tendon repair. Second, we evaluated the ten-
don healing only at relatively early time points (4 and 7 
days). In our previous rat model, the bioactive cell-coated 
sutures enhanced repair strength at 7 to 10 days, but there 
was no significant effect at later stages. Longer follow-up 
may be needed, but we believe that assessing tendon healing 
at early time points is critical in the understanding of tendon 
healing because they span the nadir in repair strength, 
regardless of the number and configuration of core and epi-
tendinous sutures.25 Similarly, it was found in our previous 
in vivo rat model that the benefit of the bioactive sutures was 
seen most significantly in the earlier time points.

In conclusion, GDF-8 does not appear to enhance the effect 
of BMSCs on tendon healing in vivo. On the contrary, it may 
actually impair the effect of BMSCs on tendon healing, encour-
aging additional investigation. It is important to address if stem 
cell and regenerative medicine is able to deliver sustainable 
benefit and one of the current challenges is the persistence of a 
cross-border market in untested and potentially ineffective 
therapies as described by Cossu et  al.2 We believe that our 
results add an important contribution to this challenge.
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