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Abstract
Background: Recurrence of massive rotator cuff tears (RCTs) are relatively common due to resultant
muscle atrophy and fatty in�ltration, possibly caused by scapular nerve (SN) injury. Growing evidence
suggests that adipose-derived stem cells (ADSCs) are useful tools for regeneration in chronic RCT
models. However, data on the effects of ADSCs on in chronic RCT models with SNI are limited. This study
aimed to investigate the effect of ADSCs on tendon-bone healing in a chronic rotator cuff tear (RCT)
model with scapular nerve (SN) injury.

Methods: Overall, 36 adult rats (weight=344±33 g) were equally divided into the ADSC (+) and ADSC (-)
group. Both groups underwent right shoulder surgery in which the supraspinatus was detached, and SN
injury was induced; he untreated left shoulder in the ADSC (-) group was used as a control. In the ADSC
(+) group, abdominal fat was collected to culture ADSCs. At 6 weeks postoperatively, the ADSC (+) group
underwent surgical tendon repair with ADSC injection, whereas the ADSC (-) group underwent tendon
repair with saline injection. Shoulders were harvested at 10, 14, and 18 weeks and underwent histological,
�uorescent, and biomechanical analyses.

Results:In bone-tendon junction, a �rm enthesis, including dense mature �brocartilage and well-aligned
cells, was observed in the ADSC (+) group. Conversely, decreased cell density and immature �brocartilage
were observed in the ADSC (-) group. Fatty in�ltration was more uncommon in the ADSC (+) group
compared to that in the ADSC (-) group. The mean maximum stress and linear stiffness was higher in the
ADSC (+) group than in the ADSC (-) group at 18 weeks. Neither the mean Young’s modulus nor the cross-
sectional area were signi�cantly different throughout the study.

Conclusion: ADSC injection produced better histological and biomechanical outcomes. Thus, ADSC
supplementation showed a positive effect on tendon-bone healing in a chronic RCT model with SN injury;
therefore, ADSC injection possibly accelerates recovery in large RCT repair.

Background
Arthroscopic rotator cuff repair (ARCR) mostly produces acceptable clinical outcomes.17 However, ARCR
in chronic massive rotator cuff tears (RCTs) remains challenging, with a high structural failure rate
between 34% and 94%.4 Ladermann et al. have reported that recurrence rates of massive RCTs are as
high as 80% because of tendon retraction, muscle atrophy, fatty in�ltration, and osteoporosis.14

Additionally, Choi et al. have reported that recurrence rates of massive RCTs were 53.3% (8/15 patients),
which was signi�cantly more common in patients with preoperative fatty degeneration.2

Previous studies have indicated a signi�cant association between suprascapular nerve (SN) injuries and
rotator cuff (RC) muscle fatty degeneration in the high recurrence rates of massive RCTs.22 26 Mallon et
al. reported that all patients presenting with massive cuff tears (n = 8) had SN neuropathy in the
supraspinatus (SSP) and/or infraspinatus (ISP) muscles, as shown by electromyography analysis.16
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Albritton et al. reported that the degree of RC muscle atrophy frequently observed after a massive tear
may be explained by increased tension on the nerve due to muscle retraction in freshly frozen cadavers.1

Large or massive RCTs cause the SN tract to become strangulated. SN injury subsequently causes
atrophy and fat in�ltration of the RC, which results in a lack of healing at the repair site.

Mesenchymal stem cells (MSCs) are commonly used in tissue engineering for the treatment of various
diseases. Among the bene�cial effects of MSCs is that they can be readily isolated from autologous
tissues.27 Jo et al. evaluated the safety and e�cacy of an intra-tendinous injection of adipose-derived
stem cells (ADSCs) for the treatment of partial-thickness RCTs and showed that no treatment-related
adverse events occurred at a 2-year follow-up.10 The intra-tendinous injection of ADSCs reduced shoulder
pain by approximately 90% at 1 and 2 years in the mid- and high-dose groups. Additionally, the strength
of the SSP, ISP, and teres minor increased by greater than 50% at 2 years post-injection in the high-dose
group. Pauyo et al. reported on the effect of ADSCs on healing of a chronic massive RCT rodent model
and showed that ADSCs may have a greater effect on chronic tears, as shown by improvements in bone
morphometric parameters.19 In that study, patients treated with ADSCs showed signi�cant clinical
improvements compared to patients treated with corticosteroid injection at 6 and 12 months post-
treatment.

MSCs have the potential to become a variety of adult tissue cells, including tenocytes, chondrocytes, and
osteoblasts.9 Additionally, they are a source of multiple growth factors that aid in the establishment of an
environment conducive to soft and hard tissue generation. Recently, ADSCs have become increasingly
used due to their minimal damage, low cost, and ubiquity. Furthermore, they can be isolated from various
tissues, including bone marrow, the umbilical cord, and the placenta.15 In the �eld of RC surgery, basic
studies have begun to evaluate the effects of ADSCs on RC regeneration.9

SN injury due to massive tears is closely associated with the development of fatty degeneration and/or
muscle atrophy.25 5 The chronic RCT model has been used in previous studies; however, none have used
chronic tear models accompanied with nerve injury. In this study, we established a rodent model of
chronic RCT repair with SN injury, mimicking a clinical setting. We hypothesized that the administration
of ADSCs could decrease fatty in�ltration and enhance tendon-bone healing in this model. The aim of
this study was to evaluate the e�cacy of ADSC injection for regenerating chronic RCTs.

Materials And Methods
All efforts were made to minimize the number of animals used and minimize the suffering of all animals.

Experimental design

A total of 36 adult male Sprague-Dawley rats (mean body weight: 344 ± 19 g) were divided into two
groups: the ADSC (+) (n = 18) and ADSC (-) (n = 18) groups. Both groups underwent massive SSP
detachment in the right shoulder, and the untreated left shoulder in the ADSC (-) group was used as a
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control. To establish a chronic tendon tear, a thermo-setting polyurethane moldable resin was placed
between the tendon edge and the tendon footprint. SN injury was achieved by applying a vascular clip for
20 s (clipping power 120 g/mm2).3 Additionally, the ADSC (+) group underwent abdominal operation to
collect fat tissue for cell expansion. 

Six weeks after surgery, the ADSC (+) group underwent tendon repair treatment with ADSC injection, and
the ADSC (-) group underwent tendon repair treatment with saline injection. At 10, 14, and 18 weeks post-
operation, the specimens were harvested and subjected to histological analysis, immuno�uorescent
staining, and mechanical testing. Details are summarized in Figure 1 and Figure 2.

Isolation of MSCs 

Abdominal and inguinal fat was collected from the ADSC (+) group and washed with 1× phosphate-
buffered saline (PBS). This fat was minced using scissors and subsequently placed in a 50-mL conical
tube containing 40 ml of Dulbecco’s modi�ed Eagle’s medium (DMEM) supplemented with 0.075%
collagenase type 1 and 2% penicillin/streptomycin. The fat was digested in a shaker for 1 h at 37°C, and
the digest was passed through a 70-μm �lter. The solution was centrifuged at 500 g for 5 min, and the
pellets were washed with PBS twice. The resulting pellet was resuspended and expanded in DMEM with
10% fetal bovine serum in T300 tissue culture �asks at 37°C in a humidi�ed atmosphere containing 5%
CO2. Semi-con�uent MSCs from passage 2 to 5 were used for subsequent experiments. Con�uent MSCs

were used for implantation, and the concentration used was 3.78×107 cells.

Surgical procedure

All rats were treated according to the guidelines of the Institutional Animal Care and Use Committee. They
were anesthetized with iso�urane at a high oxygen �ow rate. A middle longitudinal skin incision was
made, and the subcutaneous tissue was divided to expose the deltoid. After exposure of the SSP tendon,
the tendon insertion was detached and resected using a #11 scalpel blade, and the cartilaginous portion
was protected at its insertion. The SN was pinched by the vascular clip for 20 s (clipping power 120
g/mm2) just anterior to the suprascapular notch. After the deltoid muscle incision was closed, the ADSC
pellet was injected at the repair site using an 18G needle. The wound was then closed at each layer, and
the animals were allowed to move freely in their cages after the operation. The surgical protocol was
similar to that described in a previous report.12

Histological analysis

Axial sections of 5-μm thickness at the muscle belly (SSP) were processed from frozen sections and
stained with hematoxylin and eosin and oil red. To observe fatty tissue, �xed specimens were frozen
brie�y with iced 99.5% ethanol and cut axially into 10-μm-thick sections. The specimens were visualized
under a light microscope (BZ-X710; Keyence, Osaka, Japan), and photomicrographs were obtained.
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Muscle atrophy was identi�ed by a few suggestive �ndings, such as an angular shape of muscle �bers
rather than a round shape, decreased distance between myonuclei, and centralization of myonuclei. The
muscle �ber size was not measured.

Immuno�uorescence staining

Fatty in�ltration was identi�ed using Perilipin’s methods. Muscle belly samples were �xed, embedded in
para�n, and sectioned at a thickness of 5 μm. Sections were stained with a guinea pig anti-perilipin
antibody, followed by staining with a goat anti-guinea pig Alexa Fluor 488 secondary
antibody. The sections were examined via �uorescence.

Mechanical testing at the tendon-bone insertion

All biomechanical testing specimens were dissected, stored at -80°C, and thawed the day before
biomechanical testing. Except for the SSP tendon-humerus complex, soft tissues over the humerus were
removed. The SSP tendon was secured to a screw grip using sandpaper and ethyl
cyanoacrylate. Specimens in saline were subjected to micro-CT (R-mCT2; Rigaku Corporation, Tokyo,
Japan) on the day of testing. Each sample was placed in a holder and scanned at 90 kV and 160 μA.
Following micro-CT scanning, the specimens were placed in a tensile testing machine (TENSILON RTE-
1210; Orientec, Tokyo, Japan). The humerus was secured to a custom-designed pod using a capping
compound. The SSP tendon-humerus complex was positioned to allow tensile loading in the longitudinal
direction of the SSP tendon-humerus interface. The specimens were preloaded to 0.1 N for 5 min,
followed by �ve cycles of loading and unloading at a cross-head speed of 5 mm/min. Samples were then
loaded to failure at a rate of 1 mm/min, and mechanical properties were calculated. Failure modes were
recorded for each specimen. The linear stiffness was calculated by determining the slope of the linear
portion of the load-elongation curve. The ultimate stress was calculated by dividing the ultimate load-to-
failure by the cross-sectional area of the repaired tendon-bone interface, obtained from the axial section
of the micro-CT image. Young’s modulus was calculated by determining the slope of the linear portion of
the stress-strain curve. The strain was calculated by dividing the elongation by the initial length obtained
from the coronal section of the micro-CT image. This testing protocol was similar to that described
previously.12

Statistical analysis

Statistical analysis was performed using JMP version 16 (SAS Institute Inc., Cary, NC, USA). A Mann–
Whitney test was used to compare the ADSC (+) vs. ADSC (-) group, the ADSC (+) vs. control group, and
the ADSC (-) vs. control group at each time point by comparing the mechanical properties. Then, the
Holm–Bonferroni sequential correction method was used to adjust the p values for multiple
comparisons. Data are expressed as the mean ± standard deviation. Statistical signi�cance was set at p
< 0.05.

Results
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Histological observation of the muscle belly and enthesis

In the ADSC (+) group, muscle �bers were slightly atrophic, with a regular nuclear arrangement. These
changes were similar throughout the experimental period. In contrast, in the ADSC (-) group, the muscle
�bers showed more advanced atrophy with irregular nuclear arrangement, and the changes became more
prominent over the experimental period (Figure 3).

Histology at the tendon-bone insertion

The tendon-bone junction was reconstructed using granulated tissue in both groups. A �rm enthesis was
observed in the ADSC (+) group, including dense mature �brocartilage and well-aligned cells. In the ADSC
(-) group, the enthesis had a relatively decreased cell density and immature �brocartilage (Figure 4).

Immuno�uorescence staining

At week 18, there was some fatty in�ltration at the muscle belly in the ADSC (-) group. Conversely, lower
fatty in�ltration was found in the ADSC (+) and control groups (Figure 5).

Biomechanical testing

The mean maximum stress in the control, ADSC (+), and ADSC (-) groups were 3.47/1.40/1.02 N/m2 at
10 weeks, 3.21/1.79/0.81 N/m2 at 14 weeks, and 2.87/2.64/0.87 N/m2 at 18 weeks, respectively. There
was a signi�cant difference between the ADSC (+) and ADSC (-) group at both 14 and 18 weeks. The
linear stiffness was 61.3/23.5/21.5 N/mm at 10 weeks, 44.2 /28.8 /22.0 N/mm at 14 weeks, and
38.0/30.4/16.0 N/mm at 18 weeks, respectively. There was a signi�cant difference between the ADSC
(+) and ADSC (-) groups at 18 weeks. The mean Young’s modulus was 11.3/2.11/1.99 MPa at 10 weeks,
7.21/2.19/1.56 MPa at 14 weeks, and 5.93/3.53/1.48 MPa at 18 weeks, respectively. There was no
signi�cant difference between the ADSC (+) and ADSC (-) groups. The cross-sectional area was
9.20/25.5/28.1 mm2 at 10 weeks, 14.0/28.2/35.2 mm2 at 14 weeks, 15.7/ 39.5 /21.0 mm2 at 18 weeks,
respectively. There was no signi�cant difference between the ADSC (+) and ADSC (-) groups (Figure 6).

Discussion
Compared to other sources, adipose tissue is a useful stem cell source because of its accessibility,
abundance, and less painful collection procedure. ADSCs can be maintained and expanded in tissue
culture for long periods without losing their differentiation capacity, leading to large cell quantities.6 A
systematic review reported on the therapeutic advantages of ADSCs in comparison to bone marrow and
umbilical cord-derived MSCs.15  Indeed, ADSCs have shown signi�cant chondrogenic potential for use in
tissue engineering. These cells are now widely accepted for use in bone and cartilage regeneration and
repair. Thus, a notable �nding of this study was that in the chronic RCT model with SN injury, ADSC
transplantation improved tendon-bone healing, as well as fatty degeneration and atrophy in the involved
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muscles. This led to enhanced biomechanical properties and granulation maturity at the repair site. To
our knowledge, no such studies have been published thus far.

In clinical settings, the re-tear rates of massive RCT are as high as 80%14 due to tendon retraction, muscle
atrophy and fatty in�ltration. Several researchers have reported a relationship between SN injury and
RCTs.22 5 In fresh-frozen cadavers, the degree of RC muscle atrophy observed after a massive tear was
explained by increased tension on the nerve due to muscle retraction.1 In large or massive RCTs, tract-
strangulated SN injury causes atrophy and fat in�ltration of the RC muscle and a lack of healing at the
repair site.13 In the present study, we established a chronic RCT model with SN injury pinched by the
vascular clip to mimic the clinical setting and then examined the effects of ADSC transplantation on the
repaired enthesis in this model.

Benjamin et al. have also examined the effect of ADSCs on the healing of chronic massive RCTs.21 In
their model, SSP transection and intramuscular botulinum toxin injection were performed, and 8 weeks
after index surgery, surgical repair was supplemented with ADSCs + �brin, gelatin methacrylate, or TGF-
β3. They found no signi�cant difference among any groups at 4 weeks after the delayed repair.21 In a
chronic RCT rabbit model, Oh et al. performed 1) repair only, 2) repair + ADSCs, 3) ADSCs only, or 4) repair
+ saline 6 weeks after they cut the SSC for the index procedure. There were no signi�cant differences in
the biomechanical testing between the ADSC + repair and repair + saline groups, although the
average load-to-failure of the ADSC + repair group was higher than that of the saline + repair group. They
concluded that the negative effect of ADSCs may be attributed to a single time point observation (4 to 6
weeks after delayed repair). 18 In the present study, the effects of ADSCs on the repaired enthesis became
clear at 8 weeks or more after delayed repair. These results indicate that a longer observational period is
needed to con�rm the effect of ADSC transplantation on delay-repaired enthesis in chronic RCT models.

Kaizawa et al. compared the effects of ADSCs (4 x 106 cells) with or without scaffold on tendon healing,
but no apparent advantage of scaffold use was observed. 11 Rak Kwon et al. evaluated the e�cacy of
MSCs (1M cells) with three-dimensional bio-printed scaffolds for regeneration in a chronic RCT rabbit
model and concluded that there was no signi�cant difference in the gross tear size between patients
with and without scaffolds. Thus, previous studies have consistently failed to con�rm the advantage of
scaffold use in chronic cuff repair models.20

Jo et al. reported that in a dose-escalation human clinical trial, the amount of ADSCs administered is an
important factor in regenerating the RC and that intra-tendinous ADSC injection without scaffolds
reduced shoulder pain by approximately 90% and muscle strength increased by greater than 50%.10

Shoulder function measured with six commonly used scores improved for up to 2 years in all dose
groups. Structural outcomes evaluated with magnetic resonance imaging showed that the volume of
bursal-sided defects in the high-dose group nearly disappeared at 1 year and did not recur for up to 2
years. In the present study, ADSCs were directly injected at 2–40 times the concentration in previous
reports using MSCs with scaffolds.20 7,21 Moreover, ADSCs were injected after the deltoid suture to
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reduce out�ow loss. Consequently, in terms of biomechanical testing and histological aspects, we
con�rmed better results in the ADSC (+) group than in the ADSC (-) group.

Although our results successfully indicate the effects of ADSC injection without a scaffold in a chronic
cuff repair model, several reports have shown a high initial cell loss (approximately 75%) over 24 h after
MSC injection without a scaffold.23 As described above, in previous studies that examined the effects of
ADSC injection with scaffolds, no apparent effect was observed because of the insu�cient number of
ADSCs used. The resolution of these issues remains to be elucidated in future studies.

The conditions of the RC parenchyma, enthesis, and nerve are the major factors in�uencing postoperative
prognosis in RCTs. Speci�cally, impaired condition of the SN compromises the RC enthesis structure. In a
rodent model with SN transection, Gereli et al. demonstrated that SN injury impaired the enthesis by
reducing cellularity at all entheseal zones and diminished the collagen bundle in the tendon zone.5 Sun
et al. evaluated the histomorphology of the �brocartilage area of bone-tendon junction formation in a
rodent model and reported that there was less cellularity and cell maturity in the group with SN
transection.25 The present study showed that regenerated enthesis with SN injury was relatively more
mature in the ADSC (+) group compared to that in the ADSC (-) group, with signi�cant improvements in
both biomechanical and histological parameters. We postulate the following two possibilities: ADSCs
lead to enthesis healing and then, transmission of suitable biomechanical stimulation via this healed
enthesis secondarily caused recovery of the damaged nerve and muscles; alternatively, ADSCs lead to
enthesis healing, and extra-articular recruitment of ADSCs to the SN simultaneously improved this
damaged nerve. The detailed mechanisms by which ADSCs lead to improvements in enthesis repair
following SN injury are subjects of ongoing research in our laboratory.

 Some limitations of the current study should be acknowledged. First, the anatomy and function of the rat
shoulder differs from those of the human shoulder. In particular, the acromial arch in quadrupedal
animals is different because it involves reduced coverage of the subscapularis compared to bipedal
animals.8 However, the anatomy of the rat is more similar to that of the human shoulder joint.24 Second,
ADSCs were not labeled, which would have permitted the analysis of cell retention at the healing site over
time.

Conclusion
We evaluated the effect of ADSCs on the repair site in a chronic RCT model with SN injury. The ADSC (+)
group exhibited better results than the ADSC (-) group in terms of mechanical and histological
parameters. In addition, in the ADSC (+) group, the repaired enthesis had better �brocartilage maturity
with increased cell density, and the muscle �bers showed less atrophy in this group. Thus, ADSC
treatment has a positive effect on the tendon-bone healing in a chronic RCT model with SN injury.

Abbreviations
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ADSC             Adipose-derived stem cell

ARCR             Arthroscopic rotator cuff repair

DMEM           Dulbecco’s modi�ed Eagle’s medium

ISP                  Infraspinatus

MSC                Mesenchymal stem cells

PBS                 Phosphate-buffered saline

RC                   Rotator cuff

RCT                Rotator cuff tears

SN                   Scapular nerve

SSP                 Supraspinatus
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Figure 1

RCT: rotator cuff tear, SN: scapular nerve, ADSC: adipose-derived stem cell
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Figure 2

Flow diagram of the study design, illustrating how the rats were divided into groups for the three time
points. SSP: supraspinatus, PO: postoperative, SN: suprascapular nerve

Figure 3

Histological findings (hematoxylin and eosin stain). ADSC: adipose-derived stem cell
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Figure 4

Histological findings (hematoxylin and eosin stain).

ADSC: adipose-derived stem cell, T: tendon, B: bone, I: tendon-bone interface
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Figure 5

Immuno�uorescence staining of the muscle belly at 18 weeks. ADSC: adipose-derived stem cell

Figure 6

The results of biomechanical testing; there were signi�cant difference between ADSC(+) group and
ADSC(-) group in the mean maximum stress at 8 weeks and 12 weeks and the linear stiffness at 12
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weeks. ADSC: adipose-derived stem cell


