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Exercise protocol induces muscle, tendon, and
bone adaptations in the rat shoulder
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Summary
Background: a rat model of supraspinatus
overuse has suggested mechanisms governing
tendon degeneration; however, delineating which
changes are pathologic or simply physiologic
adaptations to increased loading remains a question. The objective of this study was to develop
and characterize a rat exercise model that induces systemic and local shoulder adaptations
without mechanical injury to the supraspinatus
tendon.
Methods: exercise rats completed a treadmill
training protocol for 12 weeks. Body, fat pad, and
heart weights were determined. Supraspinatus
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tendon collagen content, cross-sectional area,
and mechanical properties were measured.
Supraspinatus muscle cross-sectional area,
weight, and the expression of mitochondrial oxidative phosphorylation (OXPHOS) proteins were
measured. Humeri were analyzed with μCT and
mechanically tested.
Results: exercise decreased fat pad mass.
Supraspinatus muscle hypertrophied and had increased OXPHOS proteins. Humerus trabecular
bone had increased anisotropic orientation, and
cortical bone showed increased bone and tissue
mineral density. Importantly, the supraspinatus
tendon did not have diminished mechanical properties, indicating that this protocol was not injurious to the tendon.
Conclusion: this study establishes the first rat exercise protocol that induces adaptations in the
shoulder. Future research can use this as a comparison model to study how the supraspinatus
tendon adapts to loading and undergoes degeneration with overuse.
KEY WORDS: mechanics, rotator cuff, supraspinatus,
tendinopathy.

Introduction
Rotator cuff tendinopathy, which primarily affects the
supraspinatus tendon, is a frequent clinical condition.
This tendon degeneration accounts for 29% of reported shoulder complaints1 and is common in laborers
with jobs requiring repetitive overhead work and athletes. Supraspinatus tendinopathy in elite swimmers
correlated with the hours and kilometers swum per
week, highlighting the role of overuse in the development of the condition2. While late-stage tendinopathy
has been fairly well characterized, earlier stages of
tendon degeneration have not, partially due to the
lack of an appropriate comparison system. Early
stage tendinopathy is challenging to study because
patients do not seek invasive treatment prior to or at
the onset of symptoms, and defining the onset of tendon pathology is difficult. For these reasons, animal
models, which allow for controlled, repeatable injuries, are vital to learning about the pathogenesis of
tendon degeneration.
A rat model of supraspinatus overuse3 has suggested
mechanisms governing tendon degeneration; however, delineating which changes are pathologic or sim-
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ply physiologic adaptations to increased loading remains a question. The development of a non-injurious
exercise model to which the rat model of supraspinatus overuse can be compared is critical to the advancement of tendinopathy research; this model has
not been created previously. Such a model should
mimic the key adaptive properties of the shoulder to
exercise without injuring the supraspinatus tendon.
The objective of this study was to develop and characterize a rat exercise model that induces systemic and
local shoulder adaptations without mechanical injury to
the supraspinatus tendon. We hypothesized that a
mild treadmill training protocol would produce adaptations consistent with exercise in the supraspinatus tendon and muscle and the humerus. Specifically, aerobic
exercise is often associated with decreased body and
fat mass and increased capacity for aerobic metabolism within muscle. Highly aerobic activity can cause
heart hypertrophy. Resistance exercise can produce
muscle hypertrophy and increased bone properties,
such as density. Damaged, pathologic tendon has inferior elastic mechanical properties3, 4; therefore, we
sought to confirm that this beneficial exercise protocol
does not compromise the supraspinatus tendon’s mechanical integrity.

Materials and methods
Study design and treadmill protocol
This study was conducted in accordance with the ethical standards set by Padulo et al5. Sixteen adult, male
Sprague-Dawley rats were ordered by weight (400-450
g) and distributed evenly between exercise (EX; n = 8)
and control cage activity (CA; n = 8) groups following
approval from the university’s Institutional Animal Care
and Use Committee. To account for potential body
weight loading effects on musculoskeletal tissues, animals were ordered within a small weight range (rather
than age) that corresponds to ~15 weeks of age6. Exercise animals underwent two weeks of treadmill training and then walked on a flat treadmill at a constant
speed of 10 meters/minute for 1 hour per day during
normal work hours (between 8:00 am and 5:00 pm), 5
days per week, for 12 weeks7. The treadmill (Nordic
Track C2155, Logan, UT, USA) was custom-geared to
allow for slower speeds. The treadmill was kept flat
and the speed was checked with a digital handheld
tachometer (HT-346, Ono Sokki, Japan) during every
exercise session. At 10 m/min, the animals are walking
at only 10-15% of their galloping speed8, 9. Control animals maintained normal cage activity for the duration
of the study. The rats were housed in an AALAC accredited facility that maintained a 12/12 hour light/dark
cycle, temperatures between 20-26° C, and humidity
between 30-70%, as described in the Guide for Care
and Use of Laboratory Animals10. Rats were euthanized, weighed, and stored at -20° C. Percent body
weight change was calculated between the initial (arrival) and final (sacrifice) time points.
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Tissue harvest
Rats were thawed and the right supraspinatus muscle
and tendon were dissected free from the humerus
and weighed using a digital scale (Ohaus Corp., Pine
Brook, NJ, USA) with 0.01 g readability. Tendon at
the bony insertion site was isolated from the muscle
for o-Hydroxy-proline (OHP) assay. Muscle crosssectional area (CSA) was measured with a custom
laser device accurate to 0.05 mm2 (200 Hz sampling
rate) 11. The superficial region of the supraspinatus
muscle12 was collected for protein analysis. The heart
and retroperitoneal and epididymal fat pads were dissected and weighed.

Tendon mechanics
Rats were thawed, and the left supraspinatus tendon and humerus were dissected and prepared for
tensile, elastic mechanical testing, as previously described 13. Briefly, tendons were finely dissected to
remove muscle and excess connective tissue, and
Verhoeff’s stain lines for optical strain measurements were applied at the bony insertion site and 2,
4, and 8 mm proximally. Tendon cross-sectional
area was measured with a custom laser device 11 .
Cyanoacrylate was used to fix the tendon between
two pieces of sandpaper at the 8 mm stain line, and
the sandpaper was subsequently gripped with an
aluminum alloy custom screw clamp. Humeri were
potted in polymethyl methacrylate, and a custom fixture secured the potted humerus for testing with a
universal testing machine (Instron, Norwood MA,
USA) affixed with a 100 N load cell (accurate to
0.25% of the reading). Tendons were submerged in
a 39° C phosphate-buffered saline solution bath and
underwent preconditioning (preload to 0.1 N, 10 cycles from 0.1 to 0.5 N at 1%/s, hold at 0.1 N for 300
s, hold at 5% strain for 600 s, hold at 0.1 N for 60 s)
prior to a ramp to failure at an applied rate of
0.3%/s. Local 2D Lagrangian strain of the tendon
during the ramp to failure was measured by tracking
the stain lines using a custom texture-tracking program (MATLAB, Natick, MA, USA). Elastic modulus
was calculated as the slope of the linear region of
the stress-strain curve.

Tendon collagen
OHP, a measure of total collagen content, was determined for supraspinatus tendon samples as previously described 14, 15 and normalized to tendon wet
weight. Briefly, tendons were dried and digested in
proteinase K solution. Hydrolysis with HCl was performed in heated glass vials. Samples were lyophilized and re-suspended in water. A colorimetric reaction was used to determine the OHP content, which
was converted to total collagen using a 1:14 ratio of
OHP to collagen.
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Muscle protein
A western blot was performed to quantify supraspinatus muscle mitochondrial proteins. Supraspinatus
muscle superficial region samples were homogenized
with RIPA buffer plus EDTA-free protease inhibitor
(Roche Diagnostics, Indianapolis, IN, USA) and phosphatase inhibitor (Roche Diagnostics, Indianapolis, IN,
USA). Tissue homogenates were centrifuged for 10
minutes at 4° C (12,000 x g). Total protein was quantified using a BCA protein assay kit (Pierce, Thermo
Scientific, Rockford, IL, USA). From each sample, 20
μg of total protein was loaded into a well of a 4-15%
gradient TGX precast SDS-PAGE gel (Bio-Rad, Hercules, CA, USA) and electrophoresed. Proteins were
blotted into a PVDF membrane (Bio-Rad, Hercules,
CA, USA), blocked for non-specific binding sites, and
probed for oxidative phosphorylation (OXPHOS) complexes I-V using Total OXPHOS antibody cocktail (MitoSciences, Eugene, OR, USA). After incubation with
a specific HRP-conjugated antibody, bands were visualized by chemiluminescence (C-DiGit, LI-COR, Lincoln, NE, USA). Integrated optical density of each
band was calculated with commercial software. Membranes were stripped and re-probed with an antibody
against α-tubulin for normalization. The relative quantity of normalized target protein in the exercise group
compared to cage activity was calculated.

plate structure to 3 for an ideal rod structure. Second
moment of area (I) of the humeral shaft was calculated from custom software analysis of μCT images.

Bone 3-point bending
Following μCT scanning, symmetric 3-point bending
was performed to determine mechanical properties of
humerus cortical bone. Humeri were dissected free of
all soft tissue. A custom fixture attached to a universal testing machine (Instron, Norwood MA, USA) created a 3-point bend in the humeral shaft until fracture
using a protocol adapted from Raab et al.17. Briefly,
the humeri were centered on two 3.175 mm diameter
pins spaced 11 mm apart with the deltoid tuberosity
pointing upwards. A similar pin was affixed to the
crosshead, which moved at a constant velocity of 5
mm/min until fracture occurred. The bones were kept
hydrated throughout the course of testing by spraying
them with phosphate-buffered saline solution. Bending modulus (E) was calculated as FL3/48δI, where F
is the failure load, L is the distance between the two
base pins (11 mm), δ is the deflection, and I is the
second moment of area. Flexural rigidity was calculated as EI. The max flexural stress was calculated as
(F/2)*(L/2)*γ/I, where γ is the perpendicular distance
to the neutral axis determined from μCT images.

Bone micro-Computed Tomography (μCT)

Statistics

μCT (VivaCT40, ScancoMedical AG, Brüttisellen,
Switzerland) was used to determine trabecular and
cortical humerus bone structure. For trabecular bone,
a 2 mm region just distal to the humeral head growth
plate was scanned (15 μm isotropic voxels), followed
by a semi-automatic segmentation of trabecular bone
compartment from cortex. For cortical bone, a 1.5 mm
region at 60% of the humerus length was scanned (35
μm isotropic voxels). Then, bone tissue was thresholded from marrow using a global thresholding technique and subjected to standard microstructural analysis with Scanco software16. Upon blinded visual inspection of all samples, a threshold value of 849
mgHA/ccm was chosen for trabecular analysis, and
979 mgHA/ccm was chosen for cortical analysis. Both
cortical and trabecular bone mineral density (BMD)
were quantified as the total bone content divided by
the bulk volume. Cortical and trabecular bone tissue
mineral density (TMD) were calculated as the total
bone content divided by the bone volume. The parameters that evaluate the quantity of trabecular bone,
including trabecular bone volume, number, thickness,
and spacing were derived. Degree of anisotropy reflects the orientation of the trabecular bone network.
Connectivity density quantifies trabecular connectivity
by calculating the number of handles or closed loops
in a trabecular network. Structure model index (SMI)
estimates, on average, the plate versus rod characteristics of trabecular bone, ranging from 0 for an ideal

Comparisons between exercise and cage activity
groups were made with 1-tailed t-tests. Significance
was set at p ≤ 0.05 and trends at p ≤ 0.1. At a power
of 80% and the given sample size of 8 specimens per
group, we can use a one-tailed t-test to measure a
significant difference (α = 0.05) of an effect size Cohen’s δ equal to 1.3.
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Results
Exercise animals trended toward reduced body weight
gain over the course of the study (p = 0.07) and had
significantly decreased retroperitoneal (-45%,
p = 0.00004) and epididymal (-39%, p = 0.0001) fat pad
masses (Fig. 1). An 8% increase in supraspinatus muscle mass was measured (p = 0.008), and no change
was detected in heart mass (Fig. 1). Supraspinatus
muscle cross-sectional area significantly increased
10% with exercise (p = 0.008) (Tab. 1).

Tendon mechanics
Supraspinatus tendon cross-sectional area and elastic modulus were not different between groups (Tab.
1). Failure load significantly increased with exercise
(p = 0.04), and failure stress trended toward increased (p = 0.09) (Tab. 1).
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Figure 1. Consistent with exercise,
treadmill-trained rats trended toward
decreased body weight over time
and had significantly decreased fat
pad weight, increased supraspinatus
muscle weight, and no change in
heart weight. Mean + SEM. % Coefficient of Variation: body weight
change = 26% CA, 27% EX;
retroperitoneal = 15% CA, 26% EX;
epdidymal = 13% CA, 24% EX; muscle = 3% CA, 6% EX; heart = 4%
CA, 9% EX.

Table 1. Shoulder adaptations to exercise protocol. Treadmill-trained rats showed adaptations consistent with exercise in supraspinatus tendon and muscle, and trabecular (Tb) and cortical (Ct) humerus bone.
Tissue

Measurement
(mm2)

CA

EX

p-value

Mean

SD

%CV

Mean

SD

%CV

Muscle

CSA

34.3

3.9

11

37.7

2.6

7

*0.04

Tendon

CSA (mm2)
Failure Load (N)
Failure Stress (MPa)
Modulus (MPa)
Collagen/Wet Weight (%)

1.97
22.3
11.6
100
25

0.42
5.8
3.4
42
5

21
26
29
42
20

1.97
26.8
14.0
101
28

0.28
3.0
3.2
24
1

14
11
23
24
5

0.5
*0.04
+0.09
0.5
+0.07

Bone

Tb Connective Density (1/mm3)
Tb Number (1/mm)
Tb Spacing (mm)
Tb Degree of Anisotropy
Ct Thickness (mm)
Ct BMD (mgHA/cm3)
Ct TMD (mgHA/cm3)

60
3.1
0.34
1.79
0.77
1116
1212

12
0.7
0.09
0.07
0.02
12
18

20
21
27
4
3
1
1

70
3.5
0.28
1.86
0.80
1126
1227

12
0.4
0.04
0.07
0.03
10
7

17
11
14
4
4
0.9
0.6

+0.07
+0.10
+0.08

*0.03
*0.05
*0.05
*0.02

SD = standard deviation, %CV = % coefficient of variation, * = significant, + = trend

Tendon collagen
Collagen content of the supraspinatus tendon normalized to wet weight trended toward increased in the
exercise group (p = 0.07) (Tab. 1).

(Fig. 2). These proteins included significantly increased presence of OXPHOS complexes I-III, and
trends toward increased presence of OXPHOS complexes IV and V.

Bone μCT
Muscle protein
The superficial region of the supraspinatus muscle
had increased oxidative phosphorylation proteins
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Trabecular bone in the exercise group demonstrated
trends toward increased trabecular number (p = 0.1)
and connectivity (p = 0.07) and decreased spacing (p
Muscles, Ligaments and Tendons Journal 2014; 4 (4): 413-419
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= 0.08). Trabecular bone had significantly greater degree of anisotropy in the exercise group (p = 0.03)
(Tab. 1). No differences were found in trabecular
bone volume, SMI, thickness, bone mineral density
(BMD), or tissue mineral density (TMD) (Tab. 2).
Cortical bone in the exercise group had significantly increased thickness, BMD, and TMD (Tab. 1) with no
changes in volume or second moment of area (Tab. 2).

Bone 3-point bending
No differences were found for max load, modulus,
flexural rigidity, or max stress (Tab. 2).

Discussion
After 12 weeks of a mild treadmill protocol, rats
showed systemic and local shoulder changes consistent with exercise. The animals had reduced fat pad
mass and trended toward reduced body weight gain.
Heart mass did not change, indicating that this protocol does not tax the cardiovascular system. Locally,
the rat shoulder showed adaptations to this exercise
protocol. As a result of treadmill walking, the
supraspinatus muscle hypertrophied (increased crosssectional area and mass), consistent with a response
to increased loading, and had increased oxidative
phosphorylation proteins, consistent with a response

Figure 2. Consistent with adaptations
to aerobic exercise, treadmill-trained
rats had increased expression of oxidative phosphorylation proteins. Relative quantity of exercise to cage activity after normalizing by tubulin.
Mean + SEM. % Coefficient of Variation: Complex I = 21% CA, 58% EX;
Complex II = 24% CA, 85% EX;
Complex III = 46% CA, 80% EX;
Complex IV = 32% CA, 97% EX;
Complex V = 38% CA, 67% EX.

Table 2. Humerus Bone Measurements Unchanged with Exercise. Insignificant results of μCT and 3-point bend
testing of trabecular (Tb) and cortical (Ct) humerus bone.
Assay

Measurement

μCT

Tb Bone Volume (mm3)
Tb Structure Model Index
Tb Thickness (mm)
Tb BMD (mgHA/cm3)
Tb TMD (mgHA/cm3)
Ct Bone Volume (mm3)
Second Moment of Area (mm4)

CA

EX

p-value

Mean

SD

%CV

Mean

SD

%CV

5.45
1.52
0.09
308
875
8.86
5.0

1.08
0.40
0.01
48
7
1.06
1.3

20
26
8
16
0.8
12
27

6.02
1.57
0.09
325
871
8.70
4.7

1.08
0.12
0.01
30
11
0.49
1.0

18
8
7
9
1
6
21

0.2
0.4
0.4
0.2
0.2
0.4
0.3

43
18
0.52
530

17
8
25
5

238
224
2.19
9860

18
32
0.52
790

8
14
24
8

0.2
0.5
0.3
0.3

3-Point
Max Load (N)
255
Bending of Max Stress (MPa)
224
Humeral
Bending Modulus (GPa)
2.05
Shaft
Flexural Rigidity (N-mm2)
9700
SD = standard deviation, %CV = % coefficient of variation.
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to endurance training. Humerus trabecular bone had
increased anisotropic orientation, consistent with loadinduced bone remodeling. Cortical bone showed increased bone and tissue mineral density, with no
change in volume, suggesting that changes in bone
mass are due to increased tissue mineralization. Importantly, the supraspinatus tendon did not have diminished mechanical properties, indicating that this
protocol was not injurious to the tendon.
Although the adaptations to exercise found in this
study are mild, they are consistent and present across
multiple tissues using multiple assays. This was the
first study that sought to develop and validate a beneficial exercise protocol that could be directly compared
to the established rat supraspinatus overuse protocol3. The rat overuse model has been used in several
experiments and replicates many of the changes seen
in human tendinopathy, including alterations in mechanical properties, collagen organization, proteoglycans, cell stress, and matrix degrading enzymes. In
this study, we confirm that rats undergoing a mild
treadmill protocol can also replicate many of the
changes seen in human adaptation to beneficial exercise. As with all animal models, the rat may not fully
replicate the human condition; however, it has been
shown that the supraspinatus in the rat passes under
an enclosed arch and has bony architecture similar to
humans, replicating the structure and function of the
human supraspinatus18. This study is further limited
by the quality of tissue available, small sample size,
and single time point investigated. Additionally, we focused only on the beneficial exercise protocol compared to normal cage activity and did not make any
comparisons to the overuse protocol.
In this study, body weight gain decreased, though not
significantly, in exercising animals. Although reduced
body weight is commonly seen in animals and humans with endurance training, sometimes this change
is not detected17, 19, 20, often due to increased food intake21. In this study, food was provided to the animals
ad libitum, and intake was not measured. The response of tendon to non-injurious exercise is debated,
with some studies reporting increased elastic mechanical properties and cross-sectional area22, 23 and other
studies reporting no change24, 25. In this experiment,
we detected no change in tendon cross-sectional area
or elastic modulus; however, we found significantly increased failure load and trends toward increased failure stress and collagen content, suggesting that the
supraspinatus tendon is responding beneficially to this
exercise protocol. Increased collagen content is consistent with other studies that have reported increased
collagen mRNA with exercise22, 26. In contrast to some
studies that have reported trends toward increased
bone strength with exercise17, 20, other studies, including this one, found no changes in humerus mechanics
following moderate treadmill training27, despite beneficial bone structure and mineralization changes detected by μCT. The lack of changes found with 3-point
bend testing may be due to the small sample size and
relatively high variation in mechanical testing outcomes compared to μCT.
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We validated that a mild treadmill training protocol induces systemic and local shoulder adaptations consistent with beneficial exercise without injuring the
supraspinatus tendon. This is the first study that establishes a non-injurious rat exercise protocol for the
shoulder. Future studies can use this new model to
compare to the established rat supraspinatus overuse
model to differentiate beneficial adaptations and maladaptations to loading over time.
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