
The effect of adipose-derived stem cells on
enthesis healing after repair of acute and chronic
massive rotator cuff tears in rats

Benjamin B. Rothrauff, MD, PhDa, Catherine A. Smithb, Gerald A. Ferrer, BSb,
João V. Novaretti, MDa, Thierry Pauyo, MDa, Tom Chao, MDa, David Hirsch, MDa,
Mason F. Beaudry, BSa, Elmar Herbst, MDa, Rocky S. Tuan, PhDa,b,
Richard E. Debski, PhDa,b, Volker Musahl, MDa,b,*

aDepartment of Orthopaedic Surgery, University of Pittsburgh, Pittsburgh, PA, USA
bDepartment of Bioengineering, University of Pittsburgh, Pittsburgh, PA, USA

Background: Chronic massive rotator cuff tears heal poorly and often retear. This study investigated the
effect of adipose-derived stem cells (ADSCs) and transforming growth factor-β3 (TGF-β3) delivered in
1 of 2 hydrogels (fibrin or gelatin methacrylate [GelMA]) on enthesis healing after repair of acute or chronic
massive rotator cuff tears in rats.
Methods: Adult male Lewis rats underwent bilateral transection of the supraspinatus and infraspinatus
tendons with intramuscular injection of botulinum toxin A (n = 48 rats). After 8 weeks, animals received
1 of 8 interventions (n = 12 shoulders/group): (1) no repair, (2) repair only, or repair augmented with (3)
fibrin, (4) GelMA, (5) fibrin + ADSCs, (6) GelMA + ADSCs, (7) fibrin + ADSCs + TGF-β3, or (8)
GelMA + ADSCs + TGF-β3. An equal number of animals underwent acute tendon transection and im-
mediate application of 1 of 8 interventions. Enthesis healing was evaluated 4 weeks after the repair by
microcomputed tomography, histology, and mechanical testing.
Results: Increased bone loss and reduced structural properties were seen in chronic compared with acute
tears. Bone mineral density of the proximal humerus was higher in repairs of chronic tears augmented
with fibrin + ADSCs and GelMA + ADSCs than in unrepaired chronic tears. Similar improvement was
not seen in acute tears. No intervention enhanced histologic appearance or structural properties in acute
or chronic tears.
Conclusions: Surgical repair augmented with ADSCs may provide more benefit in chronic tears com-
pared with acute tears, although there was no added benefit to supplementing ADSCs with TGF-β3.
Level of evidence: Basic Science Study; Biomechanics and Histology; In-vivo Animal Model
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Surgical treatment of chronic massive rotator cuff tears
remains a challenge, with repair failure reported in excess of
79% of the most severe cases.15,28,38 Most rotator cuff tears
occur near the tendon-to-bone interface (ie, enthesis), where
a gradient of mineralized fibrocartilage normally functions
to dissipate the stress concentrations otherwise inherent when
compliant tendon attaches to stiff bone.19,56 The native enthesis
structure is not regenerated after surgical repair43,58; instead,
collagen fibers of the tendon insert directly into bone, pre-
disposing the repair site to failure.29,35 The repair site of chronic
massive cuff tears is further challenged by increased repair
tension secondary to muscle degeneration (ie, increased fi-
brosis and fatty infiltration)13,23 and reduced bone mineral
density (BMD) in the greater tuberosity due to chronic
unloading.5,42

The delivery of growth factors or cells to the repair site
during rotator cuff repair has been investigated in animal
models in an effort to restore the structure and function of
the native enthesis.34 Because isoforms of the transforming
growth factor-β (TGF-β) family are known mediators of
enthesis development and healing,14,16,18 the effect of deliv-
ering exogenous TGF-β to the healing site was previously
investigated. In a rodent repair model of an acute supraspi-
natus tear, controlled release of TGF-β3 from an interpositional
scaffold accelerated the healing process, thereby improving
mechanical strength at later time points.39 However, the native
fibrocartilage interface was not regenerated, a finding similar
to an independent study in which the repair site was aug-
mented with exogenous TGF-β1.3

Parallel studies investigated the effect of augmenting
rotator cuff repairs with cell-based therapies. The mesenchy-
mal stem cell (MSC) has been most commonly used because
it can be isolated from autologous tissues and may contrib-
ute to tissue regeneration by differentiating into the appropriate
cell phenotype or secreting paracrine factors that enhance
healing.7,54 The effect of MSCs on enthesis regeneration of
the rotator cuff has been equivocal,24,25 with a comprehen-
sive review of preclinical studies suggesting that MSC therapies
may be most efficacious when combined with biochemical
cues involved in enthesis development, including chondro-
genic factors.45

To date, most of the studies investigating the effect of
growth factors or cells on rotator cuff healing have used a
rodent model in which the supraspinatus is acutely transected
and immediately repaired, with or without biological aug-
mentation. Although the rodent shoulder most closely matches
the anatomy of the human shoulder compared with other
quadrupeds,53 the acute model does not mimic most chal-
lenging clinical cases in which tears are chronic.34 Rodent
models of chronic rotator cuff tears, with associated tendon
disorganization,22 muscle degeneration,33,37,47 bone loss at the
humeral head,17,55 and increased repair tension,21 were re-
cently developed. As in humans, tear size and chronicity are
associated with worsening tissue quality and poorer healing
in rats.30,31,33 Although augmentation of rotator cuff repairs
with MSCs and growth factors has shown promise in acute

tear models, similar investigations in chronic tear models are
largely absent.

The purpose of this study was to evaluate the effect of
adipose-derived MSCs (ADSCs), with or without TGF-β3
supplementation, on enthesis healing when augmenting the
repair of a chronic massive rotator cuff tear in rats. Aug-
mented repairs of acute tears were performed for comparison.
ADSCs and TGF-β3 were localized to the repair site using
1 of 2 hydrogels, fibrin or gelatin methacrylate (GelMA), both
of which have been shown to support chondrogenic and
tenogenic differentiation of seeded MSCs.3,4,36 As evaluated
by microcomputed tomography (µCT), histology, and me-
chanical testing, we hypothesized that (1) repair augmentation
with combined ADSCs and TGF-β3 would promote superi-
or healing compared with augmentation with ADSCs alone,
(2) ADSC-augmented repairs would promote superior healing
compared with nonaugmented repairs, and (3) repair aug-
mentation would provide greater benefit in chronic tears
compared with acute tears. No differences between repairs
augmented with fibrin compared with GelMA were expected.

Materials and methods

Experimental design

Adult, male Lewis rats (n = 110 animals) were used. In a pilot study,
4 rats underwent unilateral shoulder surgery and an equal number
underwent bilateral shoulder surgery. Because there were no group
differences in postoperative feeding, grooming, or signs of dis-
tress, all subsequent animals used in this study underwent bilateral
shoulder surgery. We evenly distributed 96 animals to the chronic
(n = 48) or acute condition (n = 48), resulting in 96 shoulders per
condition.

Animals in the chronic condition initially received bilateral
shoulder surgery in which massive rotator cuff tears were
created (as described below). After 8 weeks, animals underwent a
second operation during which 1 of 8 interventions was
performed (n = 12 shoulders/group): (1) no repair, (2) repair
only, or repair augmented with (3) fibrin, (4) GelMA, (5)
fibrin + ADSCs, (6) GelMA + ADSCs, (7) fibrin + ADSCs + TGF-
β3, (8) GelMA + ADSCs + TGF-β3. At 4 weeks postoperatively,
animals were humanely killed, and enthesis healing was evaluated
by µCT (micro CT), histology, and mechanical testing, as detailed
below (Fig. 1). Six rats (12 shoulders) were used as healthy con-
trols and as the source of syngeneic ADSCs.

ADSC isolation and characterization

The rat has 3 principal fat depots: abdominal, testicular, and ingui-
nal (Fig. 2, A, B). Inguinal fat was collected from 6 rats and washed
in 1× phosphate-buffered saline (Gibco, Gaithersburg, MD, USA).
The fat was finely minced with scissors. Approximately 10 cm3 of
fat was placed in a 50-mL conical tube to which was added 40 mL
of Hank’s Balanced Salt Solution (containing calcium; HyClone,
Logan, UT, USA) supplemented with 100 mg of collagenase type
I (Worthington Biochemical, Lakewood, NJ, USA) and 100 mg of
trypsin IIS (Sigma-Aldrich, St. Louis, MO, USA). Fat was di-
gested for 3 hours at 37°C in an orbital shaker.
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The digest was passed through a 250-µm filter then centri-
fuged at 400g for 5 minutes. The resulting pellet was suspended in
25 mL of growth medium consisting of Dulbecco’s modified Eagle
medium (Thermo Fisher, Pittsburgh, PA, USA), 10% volume/
volume (v/v) fetal bovine serum (Thermo Fisher), and 1% v/v
antimycotic-antibiotic (Thermo Fisher). The cell suspension was
passed through a 100-µm filter and centrifuged at 400g for 5 minutes.
The pellet was suspended in 3 mL of red blood cell lysis buffer
(Sigma-Aldrich) for 10 minutes at room temperature. Then, 47 mL
of growth medium was added, the cell suspension centrifuged for
5 minutes at 400g, and the resulting pellet was suspended in 25 mL
of growth medium supplemented with 1 ng/mL fibroblast growth
factor-2 (RayBiotech, Norcross, GA, USA).

Cells were plated in a T150 flask with medium changes every
3 days. At 80% to 90% confluence, cells were passaged. Passage 2
(P2) cells were evaluated for colony-forming capacity and
multipotency (ie, adipogenic, chondrogenic, osteogenic
differentiation) according to established protocols,59 with the fol-
lowing modifications: for chondrogenic differentiation, cells
were grown in monolayer, as opposed to pellet culture, and the

chondrogenic medium was supplemented with human recombi-
nant 10 ng/mL TGF-β3 (PeproTech, Rocky Hill, NJ, USA) rather
than TGF-β1.

Hydrogel fabrication

GelMA and a visible-light photoinitiator (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate [LAP]) were made as previously
described.36 GelMA was suspended in Hank’s Balanced Salt Solu-
tion at 10% weight/v. After titrating the pH to 7.4 with 1 N NaOH,
0.15% weight/v LAP and 1% v/v antimycotic-antibiotic were added.
The GelMA solution was frozen until use. At the time of the surgery,
GelMA was warmed to 37°C. Where indicated, P2 ADSCs were sus-
pended in GelMA at a final concentration of 20 × 106 ADSCs/mL.
Similarly, human recombinant TGF-β3 was added to the desig-
nated hydrogels at a final concentration of 2.0 µg/mL. At implantation,
50 µL of GelMA construct was pipetted between the tendon and
greater tuberosity and exposed to ultraviolet light (390-395 nm, 0.5
W) for 2 minutes to induce in situ gelation.

Figure 1 Experimental design. Botox, Allergan, Dublin, Ireland; GelMA, gelatin methacrylate; ADSCs, adipose-derived stem cells; TGF,
transforming growth factor.

Figure 2 Isolation and characterization of adipose-derived stem cells. Fat depots in rats are found in the (A) abdominal, testicular, and
(B) inguinal region. (C) Primary (passage 0 [P0]) stromal vascular cells isolated from inguinal fat showed heterogeneous morphologies.
(D) Spindle-shaped cells at passage 2 (P2) suggested an mesenchymal stem cell phenotype. (E) Passage 2 adipose-derived stem cells formed
colonies, as shown by crystal violet staining.

656 B.B. Rothrauff et al.



Plasminogen-depleted fibrinogen (EMD Millipore, Billerica, MA,
USA) was suspended in 1× phosphate-buffered saline to a final con-
centration of 20 mg/mL. As with GelMA constructs, ADSCs or TGF-
β3, or both, were suspended in fibrinogen at the time of surgery.
To induce in situ gelation, an initiator solution of thrombin (10 U/mL)
and CaCl2 (6.9mM) was added. Then, 50 µL of the activated fi-
brinogen solution was pipetted into the repair site and given 2 minutes
to polymerize before sutures were tightened.

Surgical procedure

The surgical procedure was adapted from previous reports.30,31 To
create massive chronic rotator cuff tears, general anesthesia was
induced with 4% isoflurane carried by oxygen and maintained
with 2% isoflurane. Skin of the shoulders was shaved and
sterilized with sequential ethanol and Betadine (Purdue Pharma
LP, Stamford, CT, USA) solutions. A 2-cm craniolateral incision
was made over the shoulder with a No. 15 blade. The insertions of
the supraspinatus and infraspinatus tendons into the greater
tuberosity were visualized through a deltoid-splitting approach.
Then, 2.5 U (~6 U/kg) Botox (Allergan, Dublin, Ireland) was in-
jected into the muscle bellies. Tendons were sharply transected off
the bone by a No. 11 blade, and their retraction under the acro-
mion was visually confirmed. Any remaining insertional fibrocartilage
was removed with a burr. Removal of fibrocartilage was con-
firmed by histology in the pilot study (Supplemental Fig. S1). The
deltoid and skin were sequentially closed with 4-0 Vicryl (Ethicon,
Somerville, NJ, USA).

During recovery under heat lamps, rats were injected subcuta-
neously with 0.05 mg/kg buprenorphine, which was subsequently
administered every 12 hours for 3 days. Rats were allowed free cage
activity and ad libitum diet for 8 weeks, when surgical repair was
performed.

Access to the supraspinatus and infraspinatus tendons was gained,
as described above. Adhesions between the tendons and surround-
ing structures were removed. An anteroposterior bone tunnel was
drilled through the humeral head just deep to the greater tuberos-
ity using a 22-gauge needle. Both tendons were grasped with a
single 5-0 Prolene suture (Ethicon) using a modified Mason-Allen
stitch. The suture was then passed through the bone tunnel and
partially tightened. If the shoulder was designated for augmented
repair, the hydrogel was localized between the tendon and bone,
as described above. After gelation, the suture was fully tightened
to appose the tendon and greater tuberosity, with or without the
interpositional hydrogel. The same surgical approach was used for
all animals in the acute condition, excluding the initial surgery to
create the iatrogenic massive chronic rotator cuff tear. The postop-
erative course was the same as previously described. All animals
were humanely killed at postoperative week 4 by carbon dioxide
asphyxiation.

Shoulders were isolated for further analysis. The supraspinatus
and infraspinatus muscles were dissected away from the
scapula, and the humeral head was cleaned of all soft tissues, with
care taken to preserve the healing tendon-to-bone insertion. Al-
though the supraspinatus and infraspinatus tendons were
enveloped in an interdigitated scar mass in all specimens, the
native supraspinatus and infraspinatus tendons could be identified
and were separated by careful dissection. Bone morphometry of
all shoulders (n = 12 shoulders/group) was evaluated by µCT. Of
the 12 specimens per condition, 4 were fixed in 10% formalin for

histology, and 8 were frozen at –20°C until mechanical testing
was performed.

Bone morphometry

Bone morphometry of the proximal humeral epiphysis was evalu-
ated, including the region proximal to growth plate but excluding
cortical bone. Bone morphometry specifically at the tendon inser-
tion sites could not be consistently performed with this methodology
given the small size of the insertion site, the nominal bone loss that
could occur with burring, and the robust scar formation after injury.
Measured parameters included BMD, bone volume (BV) percent-
age (BV/total volume [TV]), and trabeculae number (TbN), thickness
(TbTh), and spacing (TbS), and were determined using a µCT 40
system (Scanco USA Inc., Wayne, PA, USA) with 20-µm voxel size
at 45 kV/177 µA and 300 ms integration time, as previously
described.30,31

Histology

Formalin-fixed specimens (n = 4 shoulders/group) were decalci-
fied in formic acid with ethylenediaminetetraacetic acid
(Formical2000, Thermo Fisher), serially dehydrated, paraffin em-
bedded, and sectioned in the coronal plane (6 µm thickness) with
a Leica RM2255 microtome (Leica Biosystems, Buffalo Grove,
IL, USA). Four to 5 sections of each specimen, from anterior to
posterior, were rehydrated and stained with hematoxylin and eosin
(H&E; Sigma-Aldrich), then imaged using an Olympus SZX16
stereomicroscope (Olympus, Center Valley, PA, USA). Stained
sections were evaluated for cellularity, vascularity, foreign
bodies, interface disruption, enthesis structure, and collagen
(tendon) structure using a semiquantitative scale (see H&E Scoring
Parameters in the Supplemental Material) adapted from previ-
ously established criteria.30,31 Samples were scored in a blinded
fashion by 2 orthopedic surgeons (T.P., E.H.) familiar with enthesis
histology.

Mechanical testing

Fresh frozen specimens (n = 8 shoulders/group) were thawed over-
night at room temperature. Specimens were kept moist with
physiologic saline solution to prevent dehydration during prepara-
tion and testing. Each humerus was potted using epoxy putty and
secured in a materials testing machine (Model 5965; Instron,
Norwood, MA, USA) equipped with a 50-N load cell. To prevent
humeral head avulsion, a cerclage with surgical steel monofila-
ment was performed on the humeral head. To prevent slippage of
the supraspinatus tendon during testing, the supraspinatus tendon
was superglued in a Kimwipe (Kimberly-Clark Professional, Roswell,
GA, USA) and gripped with a custom soft tissue clamp.30,31,41 The
supraspinatus tendon was tested with uniaxial tension, simulating
90° of abduction, ensuring that all fibers were aligned to maxi-
mize fiber recruitment.

Before testing, a preload of 0.2 N and preconditioning from 0.2
to 1 N for 10 cycles were applied to the supraspinatus tendon to
minimize soft tissue viscoelastic effects. Loading levels used were
determined during preliminary tests using intact, healthy tendons.

Enthesis healing in repaired cuff tears 657



Finally, a load-to-failure test was performed. All testing occurred
at an elongation rate of 5 mm/min. Structural properties (ultimate
load, ultimate elongation, stiffness, and energy absorption to failure)
were determined from the load-elongation curve of the load-to-
failure test. Ultimate load and elongation were determined as the
maximum load and elongation achieved during the load-to-failure
test. Stiffness of the linear region was calculated by iteratively re-
moving the first and last data points of the load-elongation curve
until a linear regression fit of r2 ≥ 0.9 was achieved. Energy ab-
sorption to failure was calculated using trapezoidal numerical
integration. Failure modes (enthesis, midsubstance, clamp, or humeral
head avulsion) were recorded for each specimen.

Statistical analyses

Statistical analyses were performed using SPSS 22.0 software (IBM,
Armonk, NY, USA). A 2-way analysis of variance (2-factor chro-
nicity [acute or chronic] × 8-factor experimental groups) was
performed to evaluate for main and interactive effects for param-
eters of bone morphometry, histology, and structural properties. To
corroborate main effects within a chronicity group (acute or chronic),
a 1-way analysis of variance with a post hoc Bonferroni correction
was performed. A 2-tailed independent t test was performed to
compare chronic and acute groups. A χ2 test was performed to eval-

uate the effect of the hydrogel construct (ie, fibrin vs. GelMA) on
failure mode. Significance was set at P < .05.

Results

Characterization of ADSCs

The stromal vascular cells isolated from inguinal fat
initially demonstrated heterogeneous morphology (P0; Fig. 2,
C) but possessed spindle-shape morphology consistent with
MSCs by P2 (Fig. 2, D). P2 ADSCs also demonstrated colony-
forming capacity (Fig. 2, E) and multipotency by differentiating
into adipogenic, chondrogenic, and osteogenic lineages (Fig. 3).

Validation of rodent model of chronic massive
rotator cuff tear

Pilot studies confirmed degenerative changes of the tissues
comprising the rotator cuff organ, as previously reported.
Namely, the supraspinatus and infraspinatus muscles of animals
in the chronic condition demonstrated gross atrophy (Fig. 4,
A), histologic atrophy, and fatty infiltration (Fig. 4, B), and

Figure 3 Multipotency of adipose-derived stem cells at passage 2. Adipose-derived stem cells undergo adipogenic (Adipo), chondrogenic
(Chondro) , and osteogenic (Osteo) differentiation, as demonstrated by positive staining with (A) Oil Red O, (C) Alcian Blue, and (E) Aliza-
rin Red. (B, D, and F) Negative staining of cells cultured in control (growth) medium. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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significant reduction in wet weight (Fig. 4, C) compared with
healthy controls.

Bone morphometry

Compared with healthy controls, the acute and chronic ex-
perimental conditions both demonstrated significant reductions

in BMD and BV/TV, whereas only the chronic condition dem-
onstrated a significant reduction in TbN and an associated
increase in TbS (Table I). For all of these parameters (ie, BMD,
BV/TV, TbN, and TbS), the acute condition was signifi-
cantly different from the chronic condition. There were no
differences across any groups for TbTh. When specific in-
terventions within acute and chronic conditions were compared,

Figure 4 Validation of muscle degeneration in rodent model of chronic massive rotator cuff tear. (A) Gross atrophy of supraspinatus and
infraspinatus muscles as shown from posterior (top) and superior (bottom) views. (B) Hematoxylin and eosin (H&E) (left) and Oil Red O
(right) staining of muscle in cross-section showing muscle fiber atrophy, disorganization, and fatty deposits (red on bottom right). (C) Sig-
nificant reduction in wet weight of supraspinatus and infraspinatus muscles 8 weeks after botulinum toxin A injection and tendon transection
compared with sham controls (P < .05). Data are presented as the mean and standard deviation (error bars). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Table I Bone morphometry parameters in the control and the experimental groups at 4 weeks after repair with or without augmentation

Condition Group BMD*,† BV/TV*,† TbN†,‡ TbTh TbS†,‡

(µg/mm3) (1/mm) (mm) (mm)

Control 468.5 ± 14.0 0.428 ± 0.020 3.36 ± 0.4 0.116 ± 0.005 0.286 ± 0.042
Acute No repair 383.9 ± 30.6 0.324 ± 0.040 3.19 ± 0.20 0.101 ± 0.011 0.352 ± 0.060

Repair 367.7 ± 35.3 0.304 ± 0.049 3.01 ± 0.28 0.113 ± 0.004 0.347 ± 0.039
Fibrin 391.7 ± 41.6 0.365 ± 0.040 3.06 ± 0.63 0.108 ± 0.007 0.350 ± 0.092
GelMA 397.4 ± 28.0 0.333 ± 0.026 3.07 ± 0.56 1.115 ± 0.009 0.343 ± 0.081
Fibrin + ADSCs 378.7 ± 31.0 0.337 ± 0.027 2.77 ± 0.68 0.120 ± 0.008 0.347 ± 0.130
GelMA + ADSCs 389.0 ± 20.3 0.335 ± 0.016 3.13 ± 0.51 0.108 ± 0.012 0.336 ± 0.070
Fibrin + ADSCs + TGF-β 369.0 ± 25.7 0.295 ± 0.022 2.96 ± 0.41 0.115 ± 0.004 0.408 ± 0.102
GelMA + ADSCs + TGF-β 371.5 ± 55.1 0.321 ± 0.057 2.89 ± 0.77 0.113 ± 0.009 0.388 ± 0.139

Chronic No repair 284.6 ± 19.3 0.244 ± 0.018 2.11 ± 0.10 0.097 ± 0.011 0.468 ± 0.036
Repair 295.4 ± 24.1 0.243 ± 0.014 2.39 ± 0.26 0.091 ± 0.012 0.398 ± 0.015
Fibrin 310.9 ± 10.9 0.233 ± 0.017 2.23 ± 0.58 0.107 ± 0.020 0.476 ± 0.141
GelMA 320.9 ± 15.4 0.247 ± 0.008 2.28 ± 0.47 0.111 ± 0.011 0.466 ± 0.100
Fibrin + ADSCs 353.2 ± 18.1§ 0.256 ± 0.028 2.23 ± 0.31 0.107 ± 0.018 0.453 ± 0.078
GelMA + ADSCs 354.9 ± 23.5§ 0.280 ± 0.034 2.28 ± 0.20 0.115 ± 0.018 0.460 ± 0.061
Fibrin + ADSCs + TGF-β 329.3 ± 27.1 0.257 ± 0.030 2.48 ± 0.24 0.103 ± 0.003 0.416 ± 0.043
GelMA + ADSCs + TGF-β 339.2 ± 23.2 0.263 ± 0.012 2.23 ± 0.50 0.119 ± 0.008 0.493 ± 0.120

BMD, bone mineral density; BV/TV, bone volume/total volume; TbN, trabeculae number; TbTh, trabeculae thickness; TbS, trabeculae spacing; GelMA, gelatin
methacrylate; ADSCs, adipose-derived stem cells; TGF, transforming growth factor.
Data are presented as the mean ± standard deviation.
* Groups in both acute and chronic conditions were significantly different from healthy controls (P < .05).
†

Acute condition was significantly different from the chronic condition (P < .05).
‡ Groups in chronic condition were significantly different from healthy controls (P < .05).
§ Significantly greater than chronic “no repair” (P < .01).
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there was a significantly higher BMD in fibrin + ADSCs
(353.2 ± 18.1 µg/mm3, P = .011) and GelMA + ADSCs
(354.9 ± 23.5 µg/mm3, P = .016) compared with unrepaired
tears (284.6 ± 19.3 µg/mm3) in the chronic condition.

Histology

The histologic appearance of the enthesis structure was quite
variable within groups, limiting interpretation of between-
group differences (Supplemental Fig. S2). Compared with the
uninjured controls, the acute and chronic conditions were both
significantly different in all 6 histologic parameters (Table II).
The chronic condition showed significantly less cellularity
than the acute condition (P < .001). There were no other dif-
ferences across conditions or among specific interventions
within the acute or chronic conditions.

Structural properties

The most common failure mode among all groups was at the
enthesis or midsubstance. Repairs augmented with GelMA
had a higher failure rate (43.2%) at the enthesis than repairs
augmented with fibrin (23.4%, P = .045). Midsubstance failure
occurred in 44.7% of fibrin-augmented repairs and in 40.9%
of GelMA-augmented repairs. The other failures were due
to bony avulsions and miscellaneous failure modes. None of
the healthy controls failed at the enthesis.

When the chronic condition was compared with the acute
condition, chronic tears had significantly lower ultimate load

(P < .001) and energy absorption to failure (P = .005) com-
pared with acute tears. No difference between the experimental
groups in the chronic condition was found for ultimate load,
ultimate elongation, stiffness, or energy absorption to failure,
as shown in Fig. 5. Similar results were found in the acute
condition. Ultimate loads ranged from 10 to 13 N and ulti-
mate elongations from 3 to 4 mm. Stiffness did not exceed
6 N/mm for any experimental group, whereas energy ab-
sorption to failure was between 10 and 25 N/mm. Healthy
controls had a significantly greater ultimate load and stiff-
ness than all experimental groups. The ultimate load and
stiffness for controls were, respectively, 248% and 597%
greater than the mean values for the chronic condition (Fig. 5).
No difference was found between any experimental group and
controls for ultimate elongation and energy absorption to
failure.

Discussion

This study explored the effects of ADSCs and TGF-β3 de-
livered in 1 of 2 hydrogels (ie, fibrin or GelMA) on repairs
of acute and chronic massive rotator cuff tears in rats. The
hypotheses were partially supported, because ADSCs miti-
gated the loss of BMD in the humeral head in the context
of chronic tears, an effect not seen in acute tears. However,
ADSCs did not improve the histologic or structural proper-
ties of the healing enthesis after repair in acute or chronic
tears. Similarly, TGF-β3 supplementation did not further
mediate the effect of ADSCs on enthesis healing.

Table II Histologic parameters for healthy controls and acute and chronic rotator cuff repairs at 4 weeks after repair with or without
augmentation

Condition Group Cellularity*,† Vascularity* Foreign
body*

Interface
disruption*

Enthesis
structure*

Collagen
structure*

Control 0 0 0 0 0 1
Acute No repair 2.3 ± 0.8 0.7 ± 0.5 0 ± 0 2.5 ± 0.5 1.7 ± 0.4 2.8 ± 0.3

Repair 2.7 ± 0.5 1.1 ± 0.4 0 ± 0 2.5 ± 1.1 2.0 ± 0.8 2.8 ± 0.4
Fibrin 2.3 ± 0.7 0.7 ± 0.4 0.1 ± 0.3 2.7 ± 0.7 1.3 ± 0.6 2.2 ± 0.7
GelMA 2.3 ± 0.8 0.7 ± 0.4 0 ± 0 2.4 ± 0.7 1.4 ± 0.7 2.4 ± 0.6
Fibrin + ADSCs 2.8 ± 0.4 1.1 ± 0.4 0 ± 0 1.9 ± 1.1 1.4 ± 0.4 2.7 ± 0.5
GelMA + ADSCs 2.6 ± 0.5 0.9 ± 0.4 0.1 ± 0.3 2.2 ± 0.8 1.1 ± 0.7 2.2 ± 0.3
Fibrin + ADSCs + TGF-β 2.7 ± 0.4 0.6 ± 0.4 0.1 ± 0.4 2.6 ± 0.4 1.6 ± 0.6 2.6 ± 0.4
GelMA + ADSCs + TGF-β 2.6 ± 0.5 0.5 ± 0.4 0.1 ± 0.4 2.7 ± 0.5 1.8 ± 0.5 2.7 ± 0.5

Chronic No repair 1.4 ± 1.0 0.3 ± 0.4 0 ± 0 2.1 ± 0.7 1.6 ± 0.7 2.2 ± 0.6
Repair 1.6 ± 1.2 0.8 ± 0.8 0.2 ± 0.4 2.3 ± 1.2 1.3 ± 1.1 2.1 ± 0.8
Fibrin 2.2 ± 0.9 0.8 ± 0.3 0.9 ± 0.6 2.2 ± 0.9 1.6 ± 0.8 2.6 ± 0.5
GelMA 2.1 ± 1.0 0.6 ± 0.5 0.1 ± 0.3 1.8 ± 1.1 2.3 ± 0.6 2.4 ± 0.5
Fibrin + ADSCs 1.3 ± 1.2 0.7 ± 0.6 0 ± 0 2.8 ± 0.3 2.2 ± 0.3 2.2 ± 0.6
GelMA + ADSCs 1.9 ± 1.3 0.5 ± 0.5 0.2 ± 0.7 2.6 ± 0.7 2.1 ± 0.9 2.6 ± 0.7
Fibrin + ADSCs + TGF-β 2.2 ± 0.4 0.7 ± 0.4 0.6 ± 0.9 2.4 ± 0.5 2.0 ± 0.0 2.0 ± 0.0
GelMA + ADSCs + TGF-β 2.4 ± 0.7 0.9 ± 0.3 0.6 ± 1.4 2.4 ± 0.6 1.6 ± 0.5 2.5 ± 0.6

GelMA, gelatin methacrylate; ADSCs, adipose-derived stem cells; TGF, transforming growth factor.
Data are presented as the mean ± standard deviation.
* Groups in both acute and chronic conditions were significantly different from healthy control (P < .05).
† Acute condition was significantly different from chronic condition (P < .001).
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The rodent model of a chronic massive tear used in this
study developed many of the degenerative changes seen in
the corresponding clinical scenario, including decreased BMD
in the humeral head and atrophy, fibrosis, and fatty infiltra-
tion of the supraspinatus and infraspinatus muscles.44 These
degenerative changes seen in large-to-massive tears are as-
sociated with poor healing.31,38 Accordingly, clinical studies
have reported surgical failure rates ranging from 35% to
29% in small-to-medium tears and increasing to 41% to
100% in large-to-massive tears.11,38,40 Despite the greater
clinical need for therapies that improve healing after repair
of chronic tears spanning multiple tendons, investigations
on the benefits of regenerative strategies (eg, stem cells,
scaffolds, growth factors) have largely used animal models
in which a single tendon (ie, supraspinatus) is acutely
transected and repaired.8,34 No prior study has compared the
effect of MSCs on enthesis healing after repair of acute vs.
chronic rotator cuff tears.

At 4 weeks after surgical repair, the BMD of all groups
in the chronic condition was significantly reduced com-
pared with the corresponding intervention in the acute
condition. However, ADSCs partially mitigated this bone loss
in chronic tears. Although investigation of the mechanism by
which ADSCs exerted this protective effect was beyond the
scope of this study, MSCs are capable of differentiating into
osteoblasts or secreting anabolic and anti-inflammatory me-
diators, or both, that may blunt osteoclast activity at the healing
bone-to-tendon interface.6,26 Under inflammatory condi-
tions, MSCs have been shown to suppress osteoclast formation
through the secretion of antiosteoclastogenic factor
osteoprotegerin.51 Furthermore, the MSC secretome con-
tains myriad bioactive factors that modulate chemotaxis,
inflammation, cell survival, osteogenic differentiation, and
angiogenesis.2,7,52 ADSC-mediated maintenance of BMD was
not associated with improved histologic or structural prop-

erties, but these latter properties may have been improved at
longer time points. Notably, in a related study in which rats
were treated with a pharmacologic agent to activate
osteoblastogenesis, significant improvements in BMD and
structural properties were not seen until 8 weeks after sur-
gical repair.50 Additional time points will be explored in future
studies.

Although ADSCs mitigated bone loss in chronic tears, re-
gardless of delivery method (ie, fibrin vs. GelMA hydrogel),
repairs augmented with GelMA constructs failed at the tendon-
to-bone interface more frequently than fibrin constructs. This
finding was not expected, because fibrin and GelMA are both
cytocompatible hydrogels capable of supporting chondro-
genic differentiation of seeded MSCs.3,4,36 Furthermore, fibrin
and gelatin have both been used as interpositional scaffolds
to deliver cells or growth factors, or both, to the repair site.3,24,25

Previously, repairs augmented with fibrin clot were equiva-
lent to nonaugmented repairs of acute rotator cuff tears in a
rat model, but a similar comparison had not been
performed with GelMA hydrogels.57 During surgical imple-
mentation in this study, we observed that maintenance of the
GelMA constructs at the repair site after in situ gelation was
more challenging compared with fibrin hydrogels due to poorer
tissue adhesivity. The increased frequency of failure at the
enthesis in repairs augmented with GelMA constructs may
warrant caution if this biomaterial is used as an interpositional
scaffold. However, in the context of otherwise equivalent bone
morphometry, histology, and structural properties, when com-
paring repairs augmented with fibrin vs. GelMA constructs,
further investigation is needed. Determination of material prop-
erties may further clarify a putative advantage of one hydrogel
over another.

Contrary to the hypothesis, supplementation of ADSCs with
TGF-β3 did not enhance enthesis regeneration. Despite its
known role in enthesis development14 and its conspicuous

Figure 5 Structural properties of experimental groups in chronic condition. No differences were found between experimental groups with
regards to (A) ultimate load and (B) stiffness. *P < .05 indicating all experimental groups were significantly inferior to healthy controls.
Data are presented as the mean and standard deviation (error bars). GelMA, gelatin methacrylate; ADSCs, adipose-derived stem cells; TGF,
transforming growth factor.
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absence during intrinsic healing after repair,18 the augmen-
tation of rotator cuff repairs with exogenous TGF-β3 has
yielded equivocal results, including reports of benefit39 and
no effect.32 The mechanisms underlying the ineffectiveness
of TGF-β3 supplementation in this study are unknown but
may be attributable to insufficient dosing, poor interspecies
homology (ie, the use of human recombinant TGF-β3), the
innate, robust scar response in rodents, or the failure to re-
capitulate its developmental role, among others. TGF-β3 is
expressed in a unique temporospatial pattern among other mo-
lecular mediators during development. The absence of these
other mediators inherent in development, deviating in space
or time, or the presence of inflammatory mediators,1 may
negate the bioactivity of exogenous TGF-β3 applied at the
time of surgical repair.

Mechanical loading of the developing or healing enthesis,
as mediated by muscular contractions, is also known to
play a central role in enthesis maturation and healing.9,48,49

In larger animal models of chronic rotator cuff tears, includ-
ing rabbit20 and sheep,12 the detached tendon is often
wrapped in a bioinert sheath (eg, Gore-Tex; W. L. Gore &
Associates, Flagstaff, AZ, USA) to prevent scarring of the
tendon to adjacent tissues. This mimics the minimal healing
response seen in human shoulders, with resulting musculo-
tendinous unloading thought to be the principal cause of
muscle degeneration. Despite the robust fibrovascular scar
formation that occurs in the rat shoulder after tendon detach-
ment, few rodent models of chronic rotator cuff tears have
used a bioinert sheath. Surgical release of the rat tendon(s)
alone has been shown sufficient to induce reductions in
humeral BMD,10,17 loss of tendon organization,55 and in-
creased fibrosis and fatty infiltration of muscles.33,37 However,
these degenerative changes are further exacerbated by de-
nervation (by nerve transection33,37 or botulinum toxin
injection46,47) or the prevention of scar formation,27 suggest-
ing that the passive muscle tension subsequent to scar
formation mitigates the severity of musculotendinous degen-
eration and represents a limitation of the rodent model. For
that reason, tendon transection and chemical denervation
were concurrently used in the rodent model used in this
study, which successfully induced the histopathologic changes
seen in human patients. However, suprascapular neuropathy
is infrequently found in clinical cases of chronic massive
rotator cuff tears, highlighting an additional limitation of
this model.

In addition to the inherent limitations of this and other
animal models, this study had several limitations. Although
enthesis structure was evaluated by adopting an established
semiquantitative scoring system, additional measures to eval-
uate collagen organization (eg, polarized light microscopy)
and biochemical composition (eg, immunohistochemistry) at
the healing enthesis were not performed. Similarly, only struc-
tural properties were obtained. Secondly, ADSCs were not
labeled, which would have permitted the analysis of cell re-
tention at the healing site over time. Lastly, only a single time
point was used to analyze healing.

Conclusions

This study explored the effects of ADSCs and TGF-β3 de-
livered in 1 of 2 hydrogels (ie, fibrin or GelMA) on repairs
of acute and chronic massive rotator cuff tears in rats. Re-
gardless of delivery method, ADSCs mitigated bone loss
at the proximal humeral epiphysis in chronic as opposed
to acute tears in a rodent model; this suggests that tear chro-
nicity may mediate the efficacy of cell-based therapies.
Repairs augmented with GelMA constructs also failed more
frequently at the tendon-to-bone interface, warranting con-
sideration when using this material as an interpositional
scaffold to improve enthesis healing. No experimental in-
tervention significantly improved the histologic appearance
or structural properties in the acute or chronic condi-
tions. Further investigation is warranted to better understand
how stem cell therapies, with or without growth factor
supplementation, might be optimized to enhance healing
of chronic rotator cuff tears.
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