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Summary

Background: reduced mass (atrophy) and in-
creased fat content (fatty infiltration) of rotator
cuff muscles are common complications of large
or massive rotator cuff (RC) tears, and are be-
lieved to be irreversible even after tendon repairs.
Clinically, both muscle atrophy and fatty infiltra-
tion are important factors contributing to poor
functional outcomes after tendon repairs. The
molecular mechanism of RC muscle atrophy and
Fl remains undefined. In this study, we investigat-
ed the role of bone morphogenetic proteins (BMP)
signaling in RC muscle atrophy and fatty infiltra-
tion using a rat model.

Methods: unilateral massive RC tears was induced
in adult rats. RC muscles were harvested at 2 and 6
weeks after injury for BMP signaling analysis. In a
separate experiment, BMP inhibitor (LDN-193189)
was injected to rats through daily intraperitoneal
injection. RC muscles from rats in the treated and
control groups were harvested at 6 weeks after in-
jury for biochemistry and histology analysis.
Results: we found significantly increased BMP-14
and BMP-7 expression in rotator cuff muscles af-
ter RCT. Inhibiting BMP signaling resulted in in-
creased muscle atrophy and reduced fatty infiltra-
tion in rotator cuff muscle after RC tears.
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Conclusion: this result suggests that BMP signal-
ing inhibits RC muscle atrophy but promotes fatty
infiltration.

KEY WORDS: atrophy, BMP, fatty infiltration, muscle, rota-
tor cuff tear.

Introduction

Rotator cuff tears (RCTs) are the most common up-
per extremity injury seen by orthopaedic surgeons
and primary care physicians, and the incidence of ro-
tator cuff surgery continues to rise'. The outcome of
repairing small RCTs is good, but there has been lim-
ited success in the surgical treatment of massive
RCTs. Clinically, both muscle atrophy and fatty infil-
tration, have been correlated with poor functional out-
come following large RCT repair2. The natural history
of muscle atrophy and fatty infiltration in the rotator
cuff has been well studied in the last few years. In a
series of retrospective reviews, Melis et al. performed
a review of 1688 patients with rotator cuff tears to de-
termine the natural history of fatty infiltration and atro-
phy3-5. Fatty infiltration was related to increased pa-
tient age, larger tears, and delay between onset and
diagnosis. In a recent study, Chung et al. demonstrat-
ed that higher fatty infiltration of the infraspinatus
muscle was the single most important factor nega-
tively affecting cuff healing after arthroscopic repair of
massive rotator cuff tears®.

The underlying molecular mechanisms that lead to the
development of rotator cuff muscle atrophy and fatty
infiltration remain undefined. Thus, there is no effec-
tive treatment for rotator cuff muscle pathology at this
time. Bone morphogenetic proteins (BMPs) are a sub-
group of the transforming growth factor beta (TGFp)
super family and have been extensively studied in
their role in bone formation. Although some studies
suggest BMP signaling regulates embryonic muscle
development, current research provides limited insight
into whether BMP signaling operates in post mitotic
myofibers to regulate skeletal muscle phenotype.
BMPs engage serine/threonine kinase receptors that
phosphorylate Smad1/5/8, which promotes binding of
Smad4 and subsequent nuclear translocation which
governs gene expression in a cell- and context- de-
pendent manner. Winbanks et al. recently reported
that BMP pathway is a positive regulator of muscle
mass’. Similarly, Sartori et al. determined that inhibi-
tion of BMP signaling causes muscle atrophy through
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the regulation of the ubiquity in ligase family8. Howev-
er, the role of BMP signaling pathway in rotator cuff
muscle pathology has not been identified.

In this study, we investigated the role of BMP signal-
ing in rotator cuff muscle atrophy and fatty infiltration
using a rat RCT model. We hypothesize that BMP
signaling contributes to rotator cuff muscle atrophy
and fatty infiltration after RCT.

Materials and methods

Our study meets the ethical standards of the Journal®.

Animal Surgery and tissue process

Adult female Sprague Dawley rats (Charles River Labo-
ratories Inc., Wilmington, MA) weighed 200-250g were
used for surgeries. A combined supraspinatus and in-
fraspinatus tendon transection and SSN transection
surgery (TT+DN) was performed on the right shoulder
as previously described in order to simulate a massive
RCT accompanied with nerve injury®. Sham surgery
was performed on the contralateral side to serve as an
internal control. All procedures were approved by San
Francisco Veterans Affairs Medical Center (SFVAMC)
Institutional Animal Care and Use Committee (IACUC).
Rats were sacrificed 2 weeks or 6 weeks after surgery
(N=6 at each time point). Supraspinatus muscles from
both surgical and sham sides were harvested and the
remaining tendon and scar tissue were removed at the
muscle/tendon junction. The wet weight of supraspina-
tus muscles of both surgery and sham sides were mea-
sured immediately for analysis of muscle atrophy'°.
Muscles were subsequently divided in half for protein
and RNA extraction (N=6 in each group) by homogeniz-
ing in T-PER solution (Pierce Biotechnology Inc. Rock-
ford, IL.) with a protease inhibitor cocktail (Sigma-
Aldrich Inc. St Louis, MO) or Trizol® reagent (Invitrogen
Inc. Carlsbad, CA)'1. 12,

BMP inhibitor treatment

Twenty-four rats were used for inhibitor experiments.
Rats were randomly divided into treatment and control

Table 1. Experimental Set-up & Animal Number.

groups (N=12 in each group) (Tab. 1). A combined
supraspinatus and infraspinatus tendon transection and
SSN transection surgery (TT+DN) described above
was performed on the right shoulder. Sham surgery
was performed on the contralateral side. Rats in the
treatment group received daily intraperitoneal injection
of LDN-193189 (Sellect Chem Inc. Houston, TX) at a
dose of 5mg/kg. Rats in the control group received dai-
ly intraperitoneal injection of vehicle (0.1% DMSO in
saline). Rats were sacrificed at 6 weeks after surgery.
Supraspinatus muscles from both surgical and sham
sides were harvested and weighted immediately. Mus-
cles from six rats in each group were used for histology
analysis. Muscles from the remaining rats were divided
for protein and RNA extraction, respectively.

Histologic analysis

Muscle samples for histology analysis were flash
frozen and were sectioned at -20° C at a thickness of
10 ym. Only sections at the belly of the muscles were
used for histological analysis. Oil-red O staining was
performed to identify fatty infiltration in muscles. In
brief, frozen sections were fixed in 3.7% formalde-
hyde for one hour and then stained with a working
Oil-Red-O solution 30 minutes. Slides were then
mounted in a 10% glycerol solution. Pictures of the
samples were taken using an Apotome fluorescence
microscope (Zeiss Apotome 2 with Axiovert 200M,
Carl Zeiss Inc.Thornwood, NY) with Axio Cam MRm
camero (Zeiss Inc.).The area of fat (stained in red
with Oil-red O) on each section was measured using
Image J (NIH) and were calculated as the percent-
ages of fat area over the cross-sectional area of the
muscle section. All slides were reviewed by two blind-
ed researchers.

Western-blot analysis

After determining protein concentration with a bicin-
choninic acid (BCA) Protein Assay Kit (Thermo Sci-
entific Inc. Rockford, IL), 40 ug of protein was loaded
on 10% NUPAGE Bis-Tris gels and transferred to Im-
mobilon-FL PVDF membranes (Millipore Inc., Billeri-
ca, MA) that were blocked and incubated in primary

No BMP Inhibition:
TT+DN Sham
2 & 6 weeks following RCTs (N=6/time-point) Western Blotting Western Blotting
gRT-PCR gRT-PCR

6 weeks of BMP Inhibitor Administration:

Treatment Group

Vehicle Group

(N=12) (N=12)
Biochemical Analysis (western blotting & qRT-PCR) N=6 N=6
Histological Analysis N=6 N=6
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and secondary antibodies. The following rabbit-anti-
rat primary antibodies were used at the given dilu-
tions: phospho-SMAD-1/5/8 (1:250) (Cell Signaling
Technology Inc., Danvers, MA) and sterol regulatory
element-binding protein 1 (SREBP-1) (1:200) (Santa
Cruz Biotechnology Inc. Santa Cruz, CA). A fluores-
cent IRDye 800 CW Goat anti-Rabbit IgG secondary
antibody (LI-COR Biosciences, Lincoln, NE) was
used at a dilution of 1:10,000. Blots were imaged us-
ing the Odyssey Infrared Imaging System (LI-COR
Biosciences) and quantified using Image J Software
(NIH).

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was isolated from muscle with Trizol
reagent as previously described. One microgram of
total RNA from each sample was used to synthesize
cDNA using a Transcriptor First Strand cDNA Synthe-
sis Kit (Roche Applied Bioscience Inc., Indianapolis,
IN.). Quantitative PCR was performed to quantify the
expression of BMP-1,2,3,4,5,6,7,13 and 14, MuRF-1,
MAfbx and FOXO3 in our muscle samples using a
Light Cycler 480 SYBR Green | Master kit (Roche Ap-
plied Bioscience Inc.). Amplification reactions were
performed with 40 cycles of (95° C for 10 min; 58° C
for 30 s; and 72° C for 1 min). Primers was synthe-
sized by Elim Biopharm Inc. (Hayward, CA) and se-
quence of each primer was listed in Table 2. Each
gene was run in triplicates for each sample. Ct values
was calculated as the mean of triplicates and normal-
ized to that of GAPDH. Fold change in mRNA expres-
sion was calculated by using AACt method as de-
scribed previously'3. In the non-inhibitor treatment
experiment, the gene expression level in muscles
from the surgery side was normalized to those from
the sham side in each animal. In BMP-inhibitor treat-

Table 2. Primer Sequences.

ment experiment, the gene expression level in mus-
cles from the surgery side in the treated group was
compared to that in muscles from the surgery side in
the control groups.

Statistical analysis

A paired T-test was used to compare differences be-
tween surgery and sham side for the animals without
inhibitor/vehicle treatment. For inhibitor experiment,
an unpaired T-test was used to compare the differ-
ence between the treated and control groups. Signifi-
cance was defined as a p value of less than 0.05. Da-
ta is presented as the mean + standard error.

Results

Increased gene expression BMP-7 and BMP-14 in
supraspinatus muscle after RCT

Real-time RT-PCR demonstrated that among the
BMP family panel tested, the expression of BMP-14
significantly increased at 2 weeks after surgery (com-
pared to sham). At six weeks after surgery, the ex-
pression level of BMP-14 was consistently up-regulat-
ed. The expression of BMP-7 was also significantly
up-regulated at 6 weeks after surgery. There was no
significant change in expression in the remainder of
the BMP panel we tested (Fig. 1).

Increased canonical BMP pathway in supraspina-
tus muscle after RCT

Western-blot analysis showed that the level of phos-
phorylated (active) Smad1/5/8, the immediate down-
stream effector of the canonical BMP pathway was

Gene Forward (5’—3’) Reverse (5°—>3’)

BMP-1 CAATGGCTACTCTGCCCACA CAACCCAATTGCTGCTGCTT
BMP-2 GCAGCTTCCATCACGAAGA GATGTGAGAAACTCGTCACTGG
BMP-3 TGGGGCCGAGTATCAGTACA ACTTTAAGGTACCTGCGGGC
BMP-4 TTCCGTAGTGCCATTCCGAG ACGACCATCAGCATTCGGTT
BMP-5 ATCGCTGTGCTCCACTTCA ATGTCAACGCTCTCACCCAG
BMP-6 AGCAACAATCGCAACAGACG GATCCAGCATGAAGAGCGGA
BMP-7 AGCTTCGTCAACCTAGTGGAAC CTGGAGCACCTGATAGACTGTG
BMP-13 AAGACTTACTCCATTGCCGAGA TCGTCCAGTCCTCTGTCTACAA
BMP-14 ATGCTGACAGAAAGGGAGGTAA GCACTGATGTCAAACACGTACC
MuRF-1 ACCTGCTGGTGGAAAACATC CTTCGTGTTCCTTGCACATC
MAFbx GCAAACACTGCCACATTCTCTC CTTGAGGGGAAAGTGAGACG
FOX03 ACTTCAAGGATAAGGGCGACAGCA CTTCATTCTGAACGCGCATGAAGC
GAPDH CACCATCTTCCAGGAGCGAG CCTTCTCCATGGTGGTGAAGAC
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significantly up-regulated at both 2 and 6 weeks after
surgery compared to sham (Fig. 2).

LDN 193189 reduced phosphorylated Smad level
in supraspinatus muscle after RCT

After 6 weeks of treatment of LDN 193189, a potent
inhibitor of BMP signaling by adhering to the ALK-1
receptor, the level of phosphorylated (active)
Smad1/5/8 significantly decreased in supraspinatus
muscles at the surgery side (Fig. 3). This suggested
that daily injection of LDN 193189 effectively inhibited
the canonical BMP signaling in rotator cuff muscle af-
ter RCT.

Inhibiting BMP signaling leads to increased
supraspinatus muscle weight loss

Six weeks of LDN 193189 treatment, there was not
significantly difference on body weight between the
animals in treated group (282 + 16.9 g) and those in
the vehicle treated control group (273 + 15.49)
(p=0.62). However, there was 12.5% of reduction of
normalized supraspinatus muscle weight (weight of
supraspinatus/body weight) in LDN-193189 treated
group (0.049 + 0.0031 g/kg) compared to that of ve-
hicle-treated control group (0.056 + 0.0029 g/kg)

2 weeks after surgery 6 weeks after surgery
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Figure 1. Fold change of BMP1-7, 13 and 14 in supraspina-
tus muscles at 2 and 6 weeks after surgery. (*, p<0.05 com-
pared to sham side).
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(p=0.005) (Fig. 4). LDN 193189 also significantly in-
creased the expression of MuRF-1 (p=0.013) and
MAFbx (p=0.017), two muscle atrophy specific genes
that activate the ubiquity in ligase protein degrada-
tion pathway in supraspinatus muscles after RCT
(Fig. 5).
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Figure 3. Typical images and band intensity quantification
of Western-blot of phosphor-Smad1/5/8 in supraspinatus
muscles after RCT with 6 weeks treatment of LDN193189
or vehicle. (*, p<0.05 compared to vehicle treated control
group).
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Figure 2. Typical images and band intensity quantification
of Western-blot of phosphor-Smad1/5/8 in supraspinatus
muscles at 2 and 6 weeks after surgery. (*, p<0.05 com-
pared to sham side).
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Figure 4. Six weeks treatment of LDN193189 induced re-
duction of relative weight of supraspinatus muscle (normal-
ized to body weight). (*, p<0.05 compared to vehicle treat-
ed control group).
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Inhibiting BMP signaling reduces supraspinatus
muscle fatty infiltration

Oil-red O staining showed that LDN 193189 treatment
significantly reduced fatty infiltration in supraspinatus
muscles after RCT compared to vehicle-treated con-
trols (Fig. 6). The average relative fat area percent-
age (fat area/muscle cross section area x 100%) re-
duced 6 fold in the LDN 193189 treated group com-
pared to vehicle treated control group (p=0.009).
Western-blot showed that the expression level of
SREBP-1, a critical transcription factor in adipogene-
sis, was significantly decreased by LDN 193189 in
supraspinatus muscles after RCT (Fig. 7). These data
demonstrated that inhibition BMP pathway significant-
ly reduced fatty infiltration in supraspinatus muscle
after RCT.
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Figure 5. Six weeks treatment of LDN193189 causes in-
creased expression of MuRF-1 and MAFbx in supraspina-
tus muscle (*, p<0.05 compared to vehicle treated control
group).
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Figure 6. Typical images of Qil-red O for supraspinatus
muscles after RCT with 6 weeks treatment of LDN193189
or vehicle. LDN193189 significantly reduced fat deposition
in muscle (*, p<0.05).
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SREBP-1 Western-blot
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Figure 7. Typical images and band intensity quantification
of Western-blot of SREBP-1 in supraspinatus muscles af-
ter RCT with 6 weeks treatment of LDN193189 or vehicle.
(*, p<0.05 compared to vehicle treated control group).

Discussion

The purpose of this study was to evaluate the role of
the BMP signaling pathway in rotator cuff muscle at-
rophy and fatty infiltration after massive rotator cuff
tears. Our results suggest that BMP signaling plays
an important role in rotator cuff muscle atrophy and
fatty infiltration after massive RCT.

BMP is well known for its role in bone development.
Thus, most previous work on muscle BMP signaling
focuses on heterotopic ossification (abnormal bone
development in soft tissue). In our previous work in
trauma'#4 and spinal cord injury'® induced heterotopic
ossifications, we found that BMP-2, 4, 7 and 9 are up-
regulated in muscle during heterotopic ossification.
BMP signaling in muscle atrophy and fatty infiltration
is poorly understood. Recently, Sartori et al. demon-
strated that BMP-14 has an important role in dener-
vation-induced hind limb muscle atrophy in mice8.
BMP-14 gene expression was up-regulated over 300
fold as early as 3 days after denervation and re-
mained persistently upregulated. Knocking out BMP-
14 gene resulted in increased muscle atrophy after
denervation. Winbanks et al. also showed that mus-
cle hypertrophy can be induced with over expression
of BMP-716. Multiple previous studies also demon-
strated that BMP-7 has an important role in regulating
stem cell adipogenesis'”- 18, Interestingly, among the
BMP ligands panel we tested, we only observed sig-
nificantly increased BMP-7 and BMP-14 in rotator
cuff muscle after RCT in this study. This data implies
that BMP-7 and -14 may play a specular role in rota-
tor cuff muscle atrophy and fatty infiltration. Future
work is needed to identify the role of BMP-7 and
BMP-14 in rotator cuff muscle pathophysiology after
massive RCT.
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BMP signaling activate downstream effectors through
both the Smad1/5/8 mediated canonical pathway and
Smad1/5/8 independent non-canonical pathways. In
this study, we blocked BMP signaling using
LDN193189, a small molecular BMP type | receptor
inhibitor. Significantly reduced phosphorylated
Smad1/5/8 expression afterLDN193189 treatment
showed that this inhibitor successfully blocked canon-
ical BMP pathway in rotator cuff muscle in our rat
model. LDN193189 treatment caused increased mus-
cle atrophy and decreased fatty infiltration in rotator
cuff muscles, suggesting BMP signaling may con-
tribute to rotator cuff atrophy and fatty infiltration
through the Smad1/5/8 mediated canonical pathway.
In spite of reducing fatty infiltration, non-selective
blocking canonical BMP signaling with LDN193189
exaggerates rotator cuff atrophy. Thus, pan-BMP in-
hibitors, LDN193189 may not be optimal treatment
option for rotator cuff atrophy and fatty infiltration af-
ter RCT. Future works are needed to dissect fine
mechanisms responsible for rotator cuff muscle atro-
phy and fatty infiltration respectively.

Previous works, including our own work in different
animal models have shown rotator muscle structure
and component changes after tendon injury. A recent
study from human muscle biopsy showed increased
muscle stiffness after rotator cuff tendon injury1.
Biopsies of the supraspinatus muscle from full-thick-
ness and massive rotator cuff tear showed upregula-
tion of fibrotic and adipogenic genes29. A previous
work on rat rotator cuff muscle showed increased
miRNA expression and autophagy activity following
massive tendon tears?'. In our recent work, we have
discovered significantly upregulated TGF beta signal-
ing in rotator cuff muscle after tendon tears. In this
study, we are reporting the role of BMP signaling in
rotator cuff muscle atrophy and fatty infiltration. Dis-
covery of novel pathways in rotator cuff muscle
pathophysiology may lead to lead to new treatment
for this disorder in the future.

There are several limitations in this study. First,
BMPs signaling also has been reported to act through
Smad independent non-canonical pathways, includ-
ing p38 MAPK and Akt/mTOR. In this study, we on-
ly investigated canonical BMP signaling pathway in
rotator cuff muscle atrophy and fatty infiltration. Non-
canonical BMP signal pathway was not examined in
this study. Second, this experiment was concluded at
6 weeks after RCT. We did not conduct long term fol-
low-up for the BMP inhibitor treatment. Third, we only
evaluated BMPs and genes expression using RT-
PCR. Gene expression change may not proportional-
ly reflex the protein expression function changes of
those molecules. The last but not least, though
LDN193189 is a commonly used selective BMP in-
hibitor, it can also inhibits other kinases?2. The possi-
ble “off-target” effect of LDN193189 should be con-
sidered. BMP knockout mice may be used to verify
the results in this study in the future.

In summary, we observed significantly increased
canonical BMP signaling in rotator cuff muscles after
RCT in this study. Inhibiting canonical BMP signaling
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results in increased muscle atrophy but reduced mus-
cle fatty infiltration after RCT. Future works are need-
ed to distinguish the possible different role of BMP
signaling in rotator cuff muscle atrophy and fatty infil-
tration after RCT.
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