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Abstract

Background: The muscle quality of the rotator cuff (RC), measured by atrophy and fatty 

infiltration (FI), is a key determinant of outcomes in RC injury and repair. The ability to regenerate 

muscle after repair has been shown to be limited.

Purpose: To determine if there is a source of resident endogenous stem cells, fibroadipogenic 

progenitor cells (FAPs), within RC injury patients, and if these cells are capable of adipogenic, 

fibrogenic, and pro-myogenic differentiation.

Study Design: Controlled laboratory study.

Methods: A total of 20 patients between the ages of 40 and 75 years with partial- or full-

thickness RC tears of the supraspinatus and evidence of atrophy and FI Goutallier grade 1, 2, or 

3 were selected from 2 surgeons at an orthopaedic center. During the surgical repair procedure, 

supraspinatus muscle biopsy specimens were obtained for analysis as were deltoid muscle biopsy 

specimens to serve as the control. FAPs and satellite cells were quantified using fluorescence-

activated cell sorting. Muscle FI and fibrosis was quantified using Oil Red O and Masson 

trichrome staining. FAP differentiation and gene expression profiles were compared across tear 

sizes after culture in adipogenic, fibrogenic, and beta-3 agonist (amibegron) conditions. Analysis 

of variance was used for statistical comparisons between groups, with P < .05 as statistically 

significant.

Results: Histologic analysis confirmed the presence of fat in biopsy specimens from patients 

with full-thickness tears. There were more FAPs in the full-thickness tear group compared with 

the partial-thickness tear group (9.43% ± 4.25% vs 3.84% ± 2.54%; P < .01). Full-thickness tears 

were divided by tear size, with patients with larger tears having significantly more FAPs than 

those with smaller tears. FAPs from muscles with full-thickness tendon tears had more adipogenic 

and fibrogenic potential than those with partial tears. Induction of a beige adipose tissue (BAT) 
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phenotype in FAPs was possible, as demonstrated by increased expression of BAT markers and 

pro-myogenic genes including insulin-like growth factor 1 and follistatin.

Conclusion: Endogenous FAPs are present within the RC and likely are the source of FI. These 

FAPs were increased in muscles with in larger tears but are capable of adopting a pro-myogenic 

BAT phenotype that could be utilized to improve muscle quality and patient function after RC 

repair.
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Rotator cuff (RC) injuries are the most common upper extremity cause for physician visits 

in the United States, ranking only behind back pain and neck pain for musculoskeletal 

physician visits.51 As the RC ages, it becomes susceptible to degenerative tears, which 

can lead to shoulder pain and dysfunction. Secondary muscle degradation after RC tears, 

including atrophy and fatty infiltration (FI), has been shown to directly determine the 

clinical outcome of patients with this injury.13,23,24 Up to 60% to 70% of patients with large 

and massive RC tears fail surgical repair, and 60% of anterior supraspinatus tears develop 

muscle degeneration, suggesting that muscle degeneration is more common than initially 

suspected.35

Despite the known importance of muscle degeneration after RC tears, relatively little is 

known about the cellular pathophysiology that occurs in patients with RC tears. In small-

animal models, it has been shown that fibroadipogenic progenitor (FAP) cells are the key 

cell that mediates the transition to FI within RC muscle after injury.32 It has recently been 

determined that this cell line expands after RC injury, that it co-localizes to fat deposits 

within the muscle, and that outcomes of RC injury and repair are dependent on FAP 

presence in a small-animal model.6,50

Despite the correlation of FAPs with the development of FI, it does not suggest that 

the presence of FAPs is entirely deleterious. Recently, FAPs have been demonstrated to 

possess the capacity to transition to a beige fat phenotype both within RC tissue and in 

other muscle injury models. Brown and beige adipose tissue (BAT) serve a unique role in 

thermogenesis and energy production.17,40 The discovery of BAT as a potential metabolic 

source has gained considerable interest for the treatment of a variety of conditions, including 

diabetes.4,37 Unlike white adipose tissue that secretes primarily adipokines, BAT has been 

found to secrete factors that have a prominent role in promoting muscle growth and satellite 

cell (SC) population expansion.40,43 Putting these 2 bodies of research together, it stands 

to reason that if there are FAPs present within human RC tears, there may be an inducible 

source of stem cells that can be driven to a beige fat phenotype, improving muscle quality 

after RC injury and repair.

The purpose of this study was to evaluate the FAP cell population, gene expression, and 

differentiation capability in patients with RC tears. We hypothesized that patients with 

partial and small tears would have higher numbers of FAPs, and patients with large tears 

would not have significant numbers of FAPs.
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METHODS

Patient Recruitment and Biopsy

The institutional review board (IRB) approved the study before commencement (IRB No. 

18–26760). Patients were selected from 2 surgeons (B.T.F., C.B.M.) in the University of 

California, San Francisco Sports Medicine Clinic between June 2019 and October 2019. 

Inclusion criteria were patients aged 45–76 years with a partial- or full-thickness tear of the 

supraspinatus (SS) tendon, and the presence of atrophy and FI Goutallier grade 1, 2, or 3. 

Grade 4 was excluded, as a majority of these patients undergo reverse shoulder arthroplasty. 

Tear size was measured on the coronal T2-weighted magnetic resonance imaging (MRI) 

slice at the greater tuberosity footprint. Patients were divided into the following groups: 

partial-thickness, small (0–1 cm), medium (1–3 cm), and large (3–5 cm) tears. A total of 20 

patients were enrolled. Patient data are shown in Table 1.

Patients gave consent in the clinic or on the day of surgery to the research coordinator or 

attending surgeon. At the time of surgery, the muscle belly of the SS was identified after the 

procedure (RC repair) was completed. The biopsy specimen was obtained from the superior 

aspect of the SS muscle, approximately 2 to 3 cm from the muscle-tendon junction, using a 

pituitary rongeur (Figure 1). The samples were approximately 5 to 7 mg each. As a control, 

a similar-sized sample of deltoid muscle was obtained from each patient. The sample was 

placed on ice and transferred for histologic or cell processing.

Histologic Processing

Muscle specimens were flash frozen by immersion in isopentane cooled with liquid nitrogen 

and sectioned (10 μm) with a cryostat. For immunofluorescence staining, sections were fixed 

with 2% paraformaldehyde for 10 minutes, washed in phosphate-buffered saline (PBS) and 

Triton (1× PBS/0.1% Triton X-100), blocked in 5% bovine serum albumin for 1 hour, and 

then incubated with primary antibodies at 4°C overnight.49 Slides were then washed in PBS 

and incubated with secondary antibodies (1:200) for 1 hour at room temperature. Tissue 

sections were mounted with VectaShield with DAPI. For evaluation of fibrosis, staining was 

carried out using a Masson trichrome kit (American Mastertech) per the manufacturer’s 

instructions. FI was assessed with Oil Red O staining.31

Immunofluorescence Staining

Samples were fixed in 4% paraformaldehyde for 30 minutes, rinsed 3 times in PBS for 

10 minutes, placed in 0.1 M glycine (Fisher Scientific; diluted in PBS) for 30 minutes, 

and washed again 3 times in PBS for 10 minutes. They were then immersed in 100% 

methanol for 5 minutes at –20°C, rinsed 3 times in PBS for 10 minutes, and covered with 

blocking solution (0.2% Triton X-100, 2% bovine serum albumin in PBS) for 1 hour at 

room temperature. Primary antibodies (Developmental Studies Hybridoma Bank) against 

uncoupling protein 1 (UCP-1) were diluted in a block mix and added to the sections 

for overnight incubation at 4°C.2 The next day, samples were rinsed 3 times in PBS for 

10 minutes and incubated in a mixture containing rhodamine-conjugated α-bungarotoxin 

(T0195; Sigma-Aldrich; diluted 1:200) and fluorescein isothiocyanate–conjugated donkey 

anti-mouse immunoglobulin (ab150 109; Abcam; diluted 1:250) at room temperature for 
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120 minutes. Sections were then rinsed for 20 minutes in PBS and mounted with coverslips 

using VectaShield with DAPI (H-1200; Vector Laboratories).

Image Capture and Quantification

Histology images were observed on an optical microscope (Axio Imager; Zeiss), and 

fluorescent images were acquired using an Axio Observer D1 fluorescence microscope. 

Pictures were analyzed using image analysis software (ImageJ; National Institutes of 

Health). All pictures were assessed by 2 blinded reviewers (M.L, O.A.). The area fraction of 

fibrosis was calculated by dividing the Aniline Blue staining collagenous fibrotic area by the 

entire sample area. Similarly, the area fraction of FI was assessed by dividing the Oil Red O 

staining fat area by the entire sample area.

Fluorescence-Activated Cell Sorting Analysis

Muscle was digested with 0.2% collagenase for 90 minutes followed by 0.4% dispase for 

30 minutes. FAPs were isolated from human specimens using Beckton Dickinson Aria II 

with propidium iodide (PI) live and dead staining, and further isolated using CD31–, CD45–, 

CD184–, CD29–, CD56–, CD34+, and PDGFRα+ markers.46 SCs were sorted with PI live 

and dead staining, and further isolated using CD31–, CD45–, CD184+, CD29–, CD56+, 

CD34–, and PDGFRα– markers.6 Cell numbers for FAPs and SCs were reported as a 

percentage of live cells. The cells were then used for either polymerase chain reaction (PCR) 

analysis or differentiation evaluation.

Cell Differentiation

To determine if there are differences in the ability of FAPs to differentiate, cells from 

partial-thickness and full-thickness tears were placed in appropriate media conditions. FAPs 

were cultured in 24-well cell culture plates in standard media (F10 + 20% fetal bovine serum 

+ 1% anti-biotics), fibrogenic media (10 ng/mL transforming growth factor [TGF]-β1), or 

adipogenic media (StemPro kit; Thermo Fisher) for 2 weeks. To test the ability of these cells 

to undergo BAT differentiation, they were also treated with the beta-3 adrenergic agonist 

amibegron. Cells in this group were treated with adipogenic media with 10 μM amibegron 

(Sigma) for 2 weeks. At 2 weeks, cells were assessed for fibrogenesis and adipogenesis by 

fixation with 4% paraformaldehyde and stained for collagen 1 for quantification of a fibrosis 

index and perilipin A for an adipogenic index.

Gene Expression

Total RNA for the samples was extracted using Trizol reagent (Fisher Scientific) according 

to the instructions. The Transcriptor First Strand cDNA Synthesis Kit (Roche Applied 

Bioscience Inc) was applied to synthesize cDNA. We performed reverse transcription 

PCR to quantify the expression of genes using SYBR Green Detection and an Applied 

Biosystems Prism 7900HT detection system (Applied Biosystems Inc). Sequences of the 

primers for target genes were summarized (Table 2). The expression level of each gene was 

normalized to that of the housekeeping gene of S26. Fold changes relative to sham controls 

were calculated using ΔΔCT.
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Statistical Analysis

The study was powered to determine differences in FAPs between deltoid muscle and 

full-thickness tears. On the basis of animal studies and preliminary data, 10 patients were 

required to detect a significant difference between groups.25,26,39 To determine differences 

in tear types, additional patients were added to the study. Analysis of variance was used 

for statistical comparisons between groups, with P < .05 as statistically significant. Data are 

presented as mean ± SD.

RESULTS

Histologic Evaluation of RC Tears

Histologic staining with Masson trichrome and Oil Red O demonstrated that there was 

significantly more fibrotic tissue and fat present in patients with medium and large tears 

than in patients with partial and small tears (Figure 2). Fat quantification showed that 

full-thickness tears had approximately 25% fat on histology (range, 14%−44%), compared 

with less than 10% in partial tears (range, 3%−13%), and there was no fat present within the 

deltoid muscle. Importantly, the biopsy technique was able to preserve muscle architecture. 

Immunofluorescent staining demonstrated that FAP cells were more prevalent in patients 

with full-thickness tears, with the cells localized outside the myotubes (Figure 2E).

FAPs, but Not SC Number, Increase With Tear Size

While there was no significant difference in RC SC number in different tear sizes (0.19% 

± 0.02% in partial tear vs 0.35% ± 0.21% in full-thickness tear; P = .066), there were 

significantly more RC FAPs in patients with full-thickness tears when compared with 

patients with partial-thickness tears (9.43% ± 4.25% vs 3.84% ± 2.54%; P < .01). When 

patients with full-thickness tears were divided by tear size, there was also a significant 

difference in FAPs between small and large tears, with larger tears consistently having more 

FAPs present (Figure 3). There was also a significant correlation with FAP number and 

Goutallier grade (R2 = 0.74; P < .01). In comparison, there was no difference in deltoid FAP 

percentage among all RC tear thicknesses (0.41% ± 0.11% partial vs 1.00% ± 1.01% full; P 
= .336) or sizes (0.73% ± 0.26% small vs 0.58% ± 0.08% medium vs 1.34% ± 1.38% large; 

P = .484). The same was true for deltoid SC percentages across tear thicknesses (0.11% ± 

0.02% partial vs 0.19% ± 0.16% full; P = .413) and sizes (0.25% ± 0.19% small vs 0.33% ± 

0.21% medium vs 0.10% ± 0.00% large; P = .403).

FAPs From Muscles With Full-Thickness Tears Are More Inducible to Fibrotic Tissue and 
Adipogenic Tissue

To determine the cellular plasticity of FAPs and to confirm their ability to differentiate, FAPs 

from partial tears and full-thickness tears were placed in either fibrogenic or adipogenic 

media for 2 weeks. In fibrogenic media, 68.2% ± 5.5% of the FAPs from partial-thickness 

tears expressed the fibrotic marker a-smooth muscle actin, compared with more than 90.2% 

± 7.6% of the FAPs from full-thickness tears (P < .05). Similarly, FAPs from partial-

thickness tears had less adipogenic differentiation compared with FAPs from full-thickness 

tears (32.9% ± 3.7% vs 60.7% ± 10.1%; P < .05) (Figure 4). To test the ability of FAPs 

Feeley et al. Page 5

Am J Sports Med. Author manuscript; available in PMC 2022 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to differentiate into beige fat, FAPs were obtained from partial- and full-thickness tears and 

treated with either adipogenic or adipogenic and amibegron-induced media. In both partial- 

and full-thickness tears, there was increased UCP-1 expression compared with adipogenic 

media alone (Figure 4, D and E), confirming that these cells can differentiate into beige fat, 

but more so in patients with full-thickness tears.

Gene Expression in FAPs

To test the ability of FAPs from partial- and full-thickness tears to differentiate into 

BAT, FAPs from both the RC and deltoid were treated with amibegron for 2 weeks, and 

gene expression was tested. The results are summarized in Figure 5. After treatment with 

amibegron, there was a significant increase in adipogenic genes in the RC FAPs, including 

PPARγ and FABP4, compared with those from the patient’s deltoid. There was no increase 

in fibrogenic genes. There was a marked increase in beige fat genes including UCP-1 

and PR/Set Domain 16 (PRDM-16), both specific to BAT. Most importantly, there was a 

significant increase in pro-myogenic genes including both types of follistatin (F288, F315) 

and insulin-like growth factor 1 (IGF-1). Both F315 and IGF-1 were significantly increased 

with amibegron treatment in FAPs from both partial- and full-thickness tears compared with 

adipogenic media treatment alone.

DISCUSSION

In this study, we confirmed that FAPs are a stem cell population that is present in patients 

with RC tears and, contrary to our initial hypothesis, that there are more FAPs present 

in patients with larger, full-thickness tears. Importantly, these cells have the capability 

to differentiate into white fat, which suggests that these are the primary cell source for 

FI. They also represent an endogenous stem cell source that is capable of induction to a 

beige fat phenotype, as demonstrated by increased expression of UCP-1 and PRDM-16. 

Furthermore, these cells displayed drastically increased follistatin and IGF-1 with amibegron 

treatment, suggestive of their potential to drive RC regeneration with either pharmacologic 

or transplantation techniques.

Several studies have evaluated muscle architecture and cell type in patients with RC 

tears. Gibbons et al12 evaluated 23 patients with RC tears. They found that a significant 

amount of the muscle was replaced with connective tissue, with increased vascularity and 

inflammatory cells, but did not specifically evaluate stem cell populations. In this study, 

we specifically evaluated for the presence of SCs and FAPs, and the amount of FI was 

quantified as well. The degree of FI was consistent with that found in other studies and 

correlated with the number of FAPs present as well as FI present on MRI as measured 

by Goutallier grade. While the overall number of SCs did not change significantly with 

tear size, it is important to know that there are SCs present, as this suggests that there 

is still a cell population capable of myogenic differentiation even in patients with large 

full-thickness tears. Another study found that SCs from muscles with full-thickness tears 

had differentiation capability but limited regeneration ability.33 This study did not evaluate 

regenerative potential specifically but supports the notion that SCs are present in patients 

with cuff tears. Meyer et al33 found that SCs obtained from human cuff tears are able to 
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grow in culture and engraft when injected into injured mouse muscle, and they were able 

to contribute to muscle hypertrophy and regeneration regardless of tear severity. Thus, the 

presence of SCs suggests that muscle in the RC retains its regenerative capacity given the 

proper activation.

FAPs were originally described by Uezumi et al.47 They defined a collection of muscle 

resident progenitor cells that were able to differentiate into both adipocytes and fibroblasts. 

Subsequent studies have shown that these cells have a role in pathologic muscle processes, 

including muscular dystrophy.46,48 In animal models of RC injury, these cells have been 

found to be present as well, as identified by the marker PDGFRα/β, and were shown to 

expand after RC injury and co-localize to fat deposits within the muscle.6,9,50 Inhibition of 

TGF-β resulted in a decrease in FI because of FAP cell apoptosis, confirming the importance 

of these FAP cells in FI.7 Conditional cellular depletion of FAPs has been shown to decrease 

FI in animal models, further supporting the role of these cells in the development of FI.27

The presence of FAPs within RC muscle has not previously been described in humans, 

although there is convincing data from the animal studies described above that this stem cell 

type would be present.6,7 Given what is known of the pattern of FAP rapid expansion after 

muscle injury followed by cell number contraction, we hypothesized that chronic tear states, 

which often result in larger tears, would further deplete the FAP pool.20,47 SCs have also 

been shown to deplete over time.5,8 Contrary to our hypothesis, however, FAPs increased 

with tear size, which suggests that while they have an active role in the development of FI, 

they do not deplete in the setting of a chronic tear. It could be possible in patients with 

massive tears with more chronicity that FAPs do become depleted, but these patients were 

not included in the study, as advanced FI is more likely to not be repairable and thus these 

patients are more likely to undergo a reverse shoulder arthroplasty.

The fact that FAPs are present and increase with larger tear sizes suggests that these cells 

are the primary source for FI, as FI increases with tear size. To test the cellular plasticity 

of FAPs, cells were treated with specific media conditions in vitro. Stimulation of FAPs 

from muscles with partial tears with adipogenic media resulted in a significant increase in 

adipogenic differentiation, but not as much as with FAPs from muscles with full-thickness 

tears. A study that examined FAP populations across multiple uninjured muscle groups in 

mice found that FAPs in the RC were of highest concentration and displayed the greatest 

proliferative and adipogenic capacity.25 However, our study demonstrates that there is also 

a spectrum of FAP quantity and differentiation profiles within the RC across different tear 

sizes. This suggests a difference in gene expression and epigenetic changes in FAPs in 

partial- and full-thickness tears that result in a difference in their ability to differentiate into 

white fat, consistent with other studies of beige fat differentiation.17 These differences in 

FAP behavior may be a contributing factor for the profound fatty degeneration often seen in 

massive RC tears. However, the mechanism that governs these changes is not known at this 

time and will be the subject of additional studies.

Additionally, the role of fibrosis in the pathogenesis of RC disease is also not well-studied. 

While fibrosis is a clear pathologic mechanism in other muscle disease states,10,15,36 its role 

in RC disease is unclear, possibly due to the fact that it is not as easy to measure on clinical 
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MRI scans as fat quantity is. Thus, while we see increased fibrosis and more fibrogenic 

potential in FAPs from muscles with full-thickness tears, the clinical significance of this 

finding at this time is not clear. Previous studies have demonstrated the ability to reduce 

FAP-derived fibrosis in in vitro and in vivo animal studies using small molecule inhibitors, 

which may be of some benefit to RC muscle quality and function.7,19,30 Utilization of 

animal gait analysis and isolated muscle force measurements may help delineate the effects 

of RC fibrosis from those of FI.

The functional purpose of FAPs also is not well-defined, but their presence and 

differentiation capabilities may indicate that there is a resident stem cell population 

that could function to assist in muscle regeneration given the proper stimulus. While 

adipose deposits within and surrounding muscle are thought to be an entirely deleterious 

process, recent studies highlight the metabolic importance of brown and beige adipose 

tissue. Beige fat was recently found to resemble classic brown fat, although it shares 

developmental origins with white fat and has been found to be present in the supraclavicular 

region in humans.43 The best-known function of brown and beige fat is its thermogenic 

capacity, enabled by the selective expression of UCP-1, which stimulates thermogenesis 

by uncoupling cellular respiration and mitochondrial adenosine tri-phosphate (ATP) 

synthesis.1,22,45 Recent studies have suggested other important roles of beige fat beyond 

thermogenesis, including a role in regulating muscle quality.17,21,37

Brown and beige fat have been shown to secrete anabolic and myogenic factors, such as 

follistatin.2,29,38,41,42,44,52 Mice FAPs have demonstrated the ability to adopt a beige fat 

phenotype characterized by elevated expression of UCP-1.14,49 Meyer et al34 showed that 

RC epimuscular fat displayed a beige fat signature and increased myotube formation in 

co-culture experiments. Transplantation of BAT into RC muscles after cardiotoxin injury 

increased muscle mass, contractile force, and fiber cross-sectional area.3 Beigelike FAPs 

transplanted into the RC in a delayed mouse RC repair model improved shoulder gait 

function, increased RC vascularity, and diminished muscle atrophy, FI, and fibrosis.26 

Furthermore, Wang et al49 showed that reversal of RC FI in mice after suprascapular nerve 

compression and release likely involved the “browning” of white adipocytes.

In this study, we demonstrated that human FAPs obtained from patients with partial- and 

full-thickness RC tears were able to be stimulated into beige fat with the administration 

of amibegron, a potent beta-3 adrenergic agonist. FAPs treated with amibegron expressed 

factors consistent with beige fat, including UCP-1 and PRDM-16. Interestingly, pro-

myogenic genes such as IGF-1 and follistatin (expressed through its 2 subtypes) were 

markedly upregulated. These findings confirm previous studies’ demonstration of beige fat 

follistatin expression.2,44 These data suggest a possible functional role of FAPs in the ability 

to improve muscle quality after RC repair if directed toward a more beneficial phenotype as 

opposed to their usual white adipocyte and fibroblast fates. In muscles with a full-thickness 

tear state, FAPs may proliferate and differentiate eventually into white adipose and result in 

FI if no beige fat stimulus is received. However, given the correct stimulus, through either 

pharmacologic modification or beige fat transplantation, FAPs, from either white fat or the 

dedifferentiated FAP pool, may be able to differentiate into beige fat to provide the local 

gene and protein expression necessary for muscle regeneration after RC repair.
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There are several weaknesses of this study. First, the overall sample size is relatively small. 

While a larger patient study has considerable benefits, the current sample size is consistent 

with other published literature, and the study was powered to detect a difference in FAP 

number between deltoid muscle and SS muscle in full-thickness tears. Second, the location 

of the sample may not be representative of the entire stem cell population. Currently, we are 

not aware of studies that have observed regional differences in FAP numbers or phenotype 

within entire muscle samples or how these cells are distributed throughout the muscle. Other 

studies have suggested that FAPs are localized in the perivascular area, but this would lead to 

a generalized distribution.18 Future studies will investigate how location within the muscle 

can affect FAP number and phenotype. Third, there was not a quantitative measure of FI 

on MRI with an advanced sequence such as iterative decomposition of water and fat with 

echo asymmetry and least-squares estimation (IDEAL).28 While this would improve the 

correlation of fat seen on histologic analysis with quantitative MRI measures, it was not 

the primary goal of the study, and IDEAL is not able to differentiate between fat types. To 

determine BAT quantity, positron emission tomography MRI would need to be performed, 

which is beyond the scope of this current study.11,16 Finally, the mechanism by which FAPs 

appear to proliferate and differentiate is not elucidated in this study. This is primarily an 

observational study, and therefore the underlying change, whether from altered mechanical 

forces, use, or changes in inflammation, oxygenation, or innervation to RC muscles, is 

not defined in this study. Currently, animal models are being utilized to determine the 

underlying cause of FAP changes after RC tears.

CONCLUSION

In conclusion, we found that human RC tears result in an increase in the number of FAPs 

that correlates with larger tears, contrary to our hypothesis. FAPs increased with tear size, 

but importantly, even FAPs from patients with large tears were inducible to either adipogenic 

or fibrogenic cells, suggesting that these cells retain their ability to differentiate. Treatment 

with amibegron, a beta-3 agonist, allowed FAPs to differentiate into beige fat, with increased 

expression of UCP-1. These cells were able to secrete several factors important for muscle 

regeneration, including IGF-1 and follistatin. Thus, RC muscle has an endogenous, inducible 

stem cell source that can be utilized to improve muscle quality and patient function after RC 

repair.
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Figure 1. 
Arthroscopic supraspinatus biopsy with a pituitary rongeur.
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Figure 2. 
(A) Representative trichrome straining of supraspinatus (SS) and deltoid (DL) biopsy 

specimens. (B) There was a higher percentage of collagen staining in the full-thickness 

tears compared with the partial tear and DL. (C) Oil Red O evaluation of fatty infiltration 

(FI) of full-thickness and partial-thickness tears in the SS compared with the control DL. 

(D) Quantification of FI with significantly more fat in the full-thickness than the partial-

thickness tears. (E) Typical immunostaining of full-thickness tears compared with partial 

tears. Green stains are laminin and red is stained for fibroadipogenic progenitors. *P < .05.
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Figure 3. 
Fibroadipogenic progenitor (FAP) cell counts from supraspinatus biopsy specimens from 

different size rotator cuff (RC) tears using fluorescence-activated cell sorting. *P < .05 

compared with partial tears; **P < .05 compared with small tear size.
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Figure 4. 
(A) Treatment with fibrogenic and adipogenic media led to more fibrogenic and adipogenic 

differentiation in fibroadipogenic progenitor from full-thickness tears compared with 

partial tears. (B) Quantification of fibroblastic cells. (C) Quantification of adipocytes. 

(D) Treatment with amibegron results in increased beige fat differentiation, more so in 

FAPs from full-thickness tears compared with partial tears. (E) Quantification of beige fat 

differentiation. *P < .05.
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Figure 5. 
Reverse transcription polymerase chain reaction analysis of gene expression of 

fibroadipogenic progenitors (FAPs) obtained from partial rotator cuff (RC) tears (top graph) 

and full RC tears (bottom graph) compared with FAPs obtained from the patient’s deltoid 

muscle after 2 weeks of treatment with either adipogenic media alone (black bars) or 10 μM 

amibegron (gray bars). Y axis represents logarithmic scale. *P < .05.
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TABLE 1

Descriptive Data of Included Patients and Tear Size

Variable Value

Mean age, y (range) 59.5 (45–76)

Sex, n

 Male 14

 Female 6

Tear size

 Partial 4

 Small 4

 Medium 5

 Large 7
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