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Abstract
Background—More than one-quarter of Americans are hypercholesterolemic and/or being
treated with cholesterol-lowering medications. Given the systemic nature of hypercholesterolemia
and remaining questions regarding its effect on tendons at a local level, we sought to assess the
utility of small versus large animal model systems for translational studies by exploring the effect
of hypercholesterolemia on supraspinatus tendon elastic mechanical properties in mice, rats, and
monkeys. We hypothesized that stiffness and elastic modulus would be increased in tendons
across species due to hypercholesterolemia.

Materials and Methods—Supraspinatus tendons from normal (CTL) and high-cholesterol (HC)
mice, rats, and monkeys were used in this study. Following dissection, tendons were geometrically
measured and tensile tested with tissue strain measured optically.

Results—Overall, HC animals had significantly altered plasma lipid profiles. Biomechanical
testing showed a significant increase in stiffness compared to CTL in HC mice and rats, as well as
a non-significant trend for HC monkeys. Elastic modulus was also significantly increased in HC
mice and monkeys, with HC rats showing a trend.

Conclusions—The consistency of the present findings across species and between small and
large animals, combined with the fact that the aged mice were exposed to lifelong
hypercholesterolemia (compared with rats and non-human primates which were fed high-
cholesterol diets) suggests that these increased properties may be inherent to the effect of
hypercholesterolemia on supraspinatus tendon rather than due to an effect of cumulative exposure
time to the effects of high cholesterol. Further investigation is needed to confirm this concept.
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Background
As of 2008, more than one-quarter of the adult U.S. population was either
hypercholesterolemic or had been hypercholesterolemic prior to being treated with
cholesterol-lowering medications.11 The detrimental effects of elevated plasma levels of
total cholesterol, triglycerides, and low density lipoprotein cholesterol (LDL) on
cardiovascular health are well-documented13 and from an orthopaedics perspective, they
have also been linked to the formation of Achilles tendon xanthomas,6,18 which increase the
risk of tendon rupture.21,22 Our own clinical data have correlated hypercholesterolemia and
rotator cuff tears in orthopaedic patients presenting with full-thickness tears;1 however,
another clinical study suggests no relationship between serum cholesterol and triglycerides
and rotator cuff tears.15

The tendons comprising the rotator cuff are routinely subjected to tensile loads and can
become pathologic when loads are excessive, repetitive, or otherwise abnormal. In the
laboratory setting, it is useful to perform tensile tests on tendons to measure the structural
and material properties of these tissues in both their physiologically normal (stiffness/
modulus of elasticity) and excessive (maximum load/stress) ranges. Stiffness and elastic
modulus are representative of the amount of stretch that a tendon undergoes for an applied
load or stress within normal usage. Experimentally, we have shown that native rat
supraspinatus tendon stiffness and modulus are increased following exposure to two
different high-cholesterol diets for a period of three months.4 This result was surprising
based on our previous work in a mouse patellar tendon model, which showed reduced
modulus in mice exposed to lifelong hypercholesterolemia.3 Even in the presence of these
previous studies, biomechanical data related to high plasma cholesterol in the rotator cuff
remains scarce.

Small animal models are critical for a large number of fundamental and basic investigations;
however, given the systemic nature of hypercholesterolemia and further questions regarding
its effect on tendons at a local level, we sought to compare biomechanical results from small
animals to those of a large animal model to assess the utility of the small model systems for
further, more translational studies in the rotator cuff. Therefore, the objective of this study
was to explore the effect of hypercholesterolemia on supraspinatus tendon mechanical
properties in mouse, rat, and non-human primate models. Given our previous findings in the
rat,4 we hypothesized that elastic mechanical properties would be increased in supraspinatus
tendons across species due to high plasma cholesterol.

Materials and Methods
Mouse

Ten male C57BL/6 control (CTL) mice and ten C57BL/6 mice deficient for apolipoprotein
E (APOE) representing a high-cholesterol (HC) group were used with Institutional Animal
Care and Use Committee (IACUC) approval. These mice have markedly elevated plasma
total cholesterol (TC) levels as well as increased TC-to-high-density lipoprotein cholesterol
ratios (TC/HDL).17 All mice were allowed food and water ad libitum and sacrificed at 10
months of age.

Rat
Twenty male Sprague-Dawley rats were obtained at 400–450 grams with IACUC approval.
Ten rats received a high-cholesterol diet consisting of 4% cholesterol and 1% sodium
cholate (HC) which has been shown by us and others to produce elevated TC values after
three months.4,14 The other ten rats received standard chow and served as controls (CTL).
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All rats were allowed food and water ad libitum for 6 months and were then sacrificed.
Blood was drawn immediately following sacrifice and plasma lipid profiles were obtained.

Monkey
Supraspinatus tendons from ten male vervet (African green) monkeys were used as
byproducts from a separate study with IACUC approval. The monkeys were fed diets
containing 35% of energy as monounsaturated fat supplemented with cholesterol at 0.002
mg/kcal (CTL, n=5) and 0.4 mg/kcal (HC, n=5). At the end of the 2.5-month treatment, all
monkeys were sacrificed and plasma lipid profiles were determined.

For all animals, supraspinatus tendons were dissected free from all muscle tissue, while
leaving the bony insertion to the humerus intact. For mouse and rat specimens (animal
masses on the order of 30 and 700 g, respectively), a stereomicroscope was used to ensure
complete removal of peritendinous tissue. There were no noted differences in the amount of
extraneous tissue removed from or remaining on tendons from normal and
hypercholesterolemic animals. With an average animal mass of 6.7 kg, monkey fine
dissections did not require magnification.

Local tissue strain was optically tracked7 using Verhoeff’s stain lines placed on the tendon
at three locations – one at the humeral insertion and two others in the tendon midsubstance10

(Fig. 1). A fourth stain line was used to mark the position of the grip and was used to assess
slippage from the grips during testing.

Tendon cross-sectional area was calculated using a custom laser-based device,9 which
measured tendon thickness at each stain line by scanning over the tendon using translational
stages. Two orthogonal linear variable differential transformers (LVDTs) were used for
position measurement and a charge-coupled device laser was used for thickness
measurement. Using custom measurement and analysis software, an average cross-sectional
area measurement was calculated for the tendon between the insertion site and the third stain
line. Reported measurements of overall tendon stiffness and elastic modulus were also
calculated between the stain lines at the insertion site and the upper-most stain line in the
tendon midsubstance.

The tendon end was fixed between two layers of sandpaper using a cyanoacrylate adhesive
and clamped with custom grips. The remaining portion of the humeral diaphysis was potted
in poly(methyl) methacrylate with its longitudinal axis aligned with the pot and placed in a
base fixture. For all species, the supraspinatus tendon was loaded in the direction on the long
axis of the humerus rather than in its physiologic orientation of wrapping around the
humeral head. This orientation was chosen based on previous work in our lab showing no
differences in rat supraspinatus mechanical properties between these two orientations. In
addition, this orientation would allow for comparisons with future data evaluating
quantitative polarized light during mechanical testing, which requires light to be able to pass
through the tendon.

Specimens were submerged in a 37°C PBS bath and tensile tested to failure in an Instron
5543 mechanical test frame (Instron Corp., Norwood, MA, USA) using a standard protocol.
Briefly, tendons were preloaded to remove slack, followed by ten cycles of preconditioning
between two species-scaled loads, and a 300 s hold. Next, a stress relaxation test was
performed by ramping to 5% strain at 5%/s and relaxing for 600 s. Specimens were then
returned to initial gauge length, held for 60 s, and finally ramped to failure at 0.1–0.3%/s.
Data from mechanical testing (e.g., stiffness/ modulus, maximum load/stress, percent
relaxation) between CTL and HC for each species was evaluated using t-tests. Significance
was set at p≤0.05 and trends were noted when p≤0.1.
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Results
There were no noted differences in activity level between normal and hypercholesterolemic
animals for any species. Plasma lipid analysis for mice (from those used in a previous
study17), rats, and monkeys showed that all HC animals had significantly increased TC and
TC/HDL cholesterol (Table 1). Overall, no differences were noted in animal mass between
groups for any species. Similarly, no differences were noted in tendon size as assessed by
cross-sectional area (Table 2).

Biomechanical testing showed a significant increase in stiffness compared to CTL in HC
mice and rats as well as a trend (p=0.1) in HC monkeys (Table 3). Elastic modulus (Fig. 2)
was also increased in HC mice and monkeys, with HC rats exhibiting a trend (p=0.08). From
the stress-relaxation test, peak load and peak stress showed a trend toward being increased in
the HC rats, but not in other species. There were no differences in equilibrium load/stress or
percent relaxation between groups for any species. Since failure occurred by tendon rupture
at the grip interface for the majority of specimens, failure properties were not reported.

Discussion
In this study, we have shown increased stiffness and modulus due to hypercholesterolemia
in supraspinatus tendons of three different species of small and large animals, in support of
our hypothesis. Previous work in our lab has demonstrated a variety of findings depending
on species and tendon type, potentially due to differences in location and function (e.g.,
intrinsic/extrinsic, intra/extra-synovial, etc.). In particular, high plasma cholesterol was
shown to reduce elastic modulus in mouse patellar tendons,3 decrease stiffness and modulus
in pig biceps tendons,5 and increase stiffness and modulus in rat supraspinatus tendons.4

Aside from the difference in species, the discrepancy between the shoulder tendons (biceps
and supraspinatus) results may be due to the different functions performed by the tendons.
As one example, the biceps remains relatively static within the joint during shoulder
abduction and rotation, sliding passively within the bicipital groove.2 By contrast, the
supraspinatus is subjected to a greater degree of motion as a result of its insertion directly on
the humerus and is subjected to a different intrinsic and extrinsic loading environment.20

As mentioned previously, the present study has shown consistent results to our previous rat
study4, even after extending the rat diet time course from 3 to 6 months. Additionally, the
present results show consistency not only across species, but also between small and large
animal models. As an example, elastic modulus values varied less than 5% across species,
demonstrating that the native tissue quality is similar. This consistency combined with the
fact that the aged mice in our current work were exposed to lifelong hypercholesterolemia
(as compared to the rats and monkeys which were subjected to high-cholesterol diets) lends
support to the notion that these increased properties may be inherent to the effect of
hypercholesterolemia on the supraspinatus tendon rather than due to an effect of length of
time exposed to the cumulative effects of high plasma cholesterol. Further investigation is
needed to confirm this concept.

The current study found no differences in cross-sectional area comparing supraspinatus
tendons from normal and hypercholesterolemic animals. This seems to be in contrast to
clinical findings which report increased Achilles tendon thickness and cross-sectional area in
patients with familial hypercholesterolemia8 as well as those which have correlated
thickening of the Achilles tendon with carotid atherosclerosis in similar patient
populations.12 There are no studies, however, demonstrating similar changes in geometry in
the supraspinatus tendon.
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A limitation of this study is the variations in aspects of the study designs for the different
species of animals. For instance, the APOE knockout mice were subjected to lifelong
genetic hypercholesterolemia and euthanized at a relatively advanced age, whereas monkeys
were fed a high-cholesterol diet for less than three months and euthanized at the end of that
treatment. This disparity stemmed from the study being conducted in phases and, in the case
of the monkeys, the tissue being obtained as a byproduct from separate study. Although all
methods and lengths of treatments resulted in hypercholesterolemic animals, these
differences in methods inherently reduced the consistency of the study across species.
Nonetheless, the statistical findings were focused on within-species comparisons;
relationships across species were made only on a more global level to describe overall
consistency in findings.

Another limitation is the degree to which the hypercholesterolemia was achieved in some
animals. Mouse plasma lipid panels were not assessed as part of our study; however, from
the literature, this strain of APOE knockout mice has been shown to have TC levels between
4.3–6.5 times that of control mice.17,19 Similar increases were seen in the diet-fed rats in this
study, while the monkeys saw a 2.4-fold increase in TC. We acknowledge that these levels
can be considered to be severely hypercholesterolemic and would correspond to profound
cardiovascular risk in a clinical setting. However, it should be noted that the animals on the
diet studies were only on the altered diet on the order of months, while clinically, a high-
cholesterol diet might be present for much longer such that the relative exposures could be
somewhat similar. While a direct clinical parallel could be advantageous in drawing
conclusions and expanding results to clinical scenarios, our focus in the current work was at
the basic science level to provide data to address our fundamental research question and to
give direction for future studies with more explicit clinical relevance.

At present, it is not completely clear how changes in stiffness and/or modulus may affect the
overall performance of the tendon based on its particular function. In predominantly load-
bearing applications, a higher stiffness would appear to be advantageous not only from an
engineering perspective, but also to aid in the prevention of joint laxity. Conversely, an
increased stiffness would also allow less stretching of the tendon prior to rupture at its
ultimate load. In the case of the rotator cuff, increased stiffness of the individual tendons
contributing to overall shoulder stiffness is generally considered to be detrimental to the
range of motion and function of the joint overall; however, aiding in joint stability is a
primary role of the rotator cuff tendons, which would tend to be improved with increased
stiffness.

A large number of orthopaedic patients are unaware of their lipid profile as these patients
sometimes present to the orthopaedist with joint complaints prior to ever having had a
cholesterol screening by their primary care physician or internist. In fact, one study of
patients presenting for Achilles tendon ruptures reported that, of the 83% who were
hypercholesterolemic, only 23% were aware of this health condition.16 The correlation of
hypercholesterolemia and Achilles tendon ruptures generally agrees with our previous
clinical finding relating hypercholesterolemia to rotator cuff tears;1 however, there are other
rotator cuff data suggesting no connection.15 The discrepancy between these findings in the
rotator cuff could potentially be due to differences in initial screening methodology (e.g.,
imaging, arthroscopy, etc.). Ultimately, the knowledge that alterations in tendon function are
an indication of hypercholesterolemia could provide orthopaedic clinicians with an
opportunity to proactively obtain lipid screenings for at-risk patients at the onset of
abnormal tendon function and prior to any cardiovascular manifestations. Further clinical
and basic science studies will be needed to address the mechanisms governing how the
relationships between hypercholesterolemia and tendon mechanical properties uncovered in
this study, manifest themselves for ultimate effect on specific joint function.
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Conclusions
In summary, we have demonstrated increased supraspinatus stiffness and modulus in three
different species of hypercholesterolemic animals. The overall consistency across species
lends support to the use of small animal models in addressing future questions in this
specific area due to their ease of use and practical considerations for many studies.
Concurrent work is actively focusing on the effect of hypercholesterolemia on the healing
response to injury in the rat as well as additional immunohistochemical and organizational
assays to help uncover mechanisms involved in these findings.
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Figure 1.
Supraspinatus tendons with stain lines applied from the (a) mouse, (b) rat, and (c) monkey.
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Figure 2.
Moduli were increased in HC tendons compared to CTL across species.
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Table 3

Overall stiffness and elastic modulus changes due to high plasma cholesterol.

Mouse Rat Monkey

Stiffness ⬆ ⬆ ↑

Modulus ⬆ ↑ ⬆

⬆ = significant increase; ↑ = trend.
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