
Muscles, Ligaments and Tendons Journal 2014; 4 (3): 275-279 275

Exploring the role of hypercholesterolemia 
in tendon health and repair

Michael W. Hast1

Joseph A. Abboud2

Louis J. Soslowsky1

1 McKay Orthopaedic Research Laboratory, Universi-

ty of Pennsylvania, Philadelphia, PA, USA
2 Rothman Institute, Thomas Jefferson University,

Philadelphia, PA, USA 

Corresponding author:

Louis J. Soslowsky

McKay Orthopaedic Research Laboratory, Depart-

ment of Orthopaedic Surgery, University of Pennsyl-

vania

424a Stemmler Hall, 36th St. and Hamilton Walk,

Philadelphia PA 19104-6081 USA

E-mail: soslowsk@upenn.edu

Summary 

High cholesterol remains a significant healthcare

problem, as more than 13% of adults in the U.S.

are affected by hypercholesterolemia. The detri-

mental effects the disease has on cardiovascular

health are well-documented, but the effects on

the musculoskeletal system, and more specifical-

ly on tendons, have not been thoroughly exam-

ined. This paper provides an overview of work

performed in our lab with various animal models

to elucidate the relationship between high cho-

lesterol and tendon biomechanical integrity and

ability to heal. These studies highlight the com-

plexity of relationships between multiple factors

that influence tendon biomechanics, and it has

offered a better understanding of the implica-

tions of high cholesterol on healthy and healing

tendons.

KEY WORDS: animal model, high cholesterol, hyper-

cholesterolemia, tendon.

Introduction

High cholesterol represents a significant healthcare

problem both in the United States and throughout

the world. More than 13% of adults in the U.S. are

affected by hypercholesterolemia1, and the detri-

mental effects the disease has on cardiovascular

health have been well-documented2,3. In regard to

tendon health, several clinical studies have demon-

strated an association between familial hypercholes-

terolemia and Achilles tendon xanthomas and sub-

sequent ruptures4,5. Our own clinical work has also

suggested that there is a link between rotator cuff

tears and high cholesterol in shoulder patients6. De-

spite these findings, the effects hypercholes-

terolemia on tendon properties has, until recently,

not been studied. 

Given the seemingly systemic nature of hypercholes-

terolemia, our group has sought to further assess the

effect of high cholesterol in regard to the biomechani-

cal integrity of tendons through the use of a series of

IACUC-approved animal models that also meet the

ethical standards of the Muscles, Ligaments and Ten-

dons Journal7. We have been specifically interested

in determining how high cholesterol impacts the me-

chanical properties of otherwise healthy tendons, and

whether the disease impairs the tendon’s ability to

heal after acute injury. This manuscript reviews the

work we have performed in regard to determining the

effects of hypercholesterolemia on healthy tendons

and tendon healing.

Summary and review of previously published studies

Pig study

Our first animal study focusing on hypercholes-

terolemia utilized a porcine model and consisted of

seven male Yorkshire pigs (103 kg average) with a

control group (n=3) and a high cholesterol group

(n=4) that received a high cholesterol diet for 5

months8. At the end of the five month treatment, all

animals were sacrificed and the previously described

mechanical testing protocol was performed with a

gauge length of 30 mm (Fig. 1). The specimen was

subjected to a preload, preconditioning, and ramp to

failure at 0.1%/s. Mean cholesterol levels at the time

of sacrifice were 290 mg/dL for the hypercholes-

terolemic (HC) group and under 100 mg/dL for the

control (CTL) group. No differences were noted in

tendon size as measured by cross-sectional area, but

biomechanical testing revealed significantly reduced

stiffness (p<0.002) and Young’s modulus (p<0.0001)

in the HC group compared to CTL tendons. This find-

ing was present for both tendon midsubstance and in-

sertion site properties, and this was the first study re-
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porting effects of hypercholesterolemia on native ten-

don mechanical properties. The finding of substantial-

ly reduced mechanics supported our clinical observa-

tions relating high cholesterol and the incidence of ro-

tator cuff tendon tears6. 

Mouse studies

We performed several subsequent studies that uti-

lized a murine knock out model to examine the cumu-

lative effects of hypercholesterolemia9-11. Based on

the results of our porcine biceps investigation, we ini-

tially hypothesized that tendons from hypercholes-

terolemic mice would exhibit inferior baseline and

healing mechanical properties compared to controls.

The first study we would like to highlight consisted of

forty male C57BL/6 CTL mice and 40 male C57BL/6

mice deficient for Apolipoprotein E (APOE) represent-

ing a hypercholesterolemic group11. To investigate
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Figure 1. (a) Porcine biceps tendon placed in test fixture, sub-

merged in a PBS bath at 37°C, and (b) an example of an im-

age captured during tensile testing8.

Figure 2. Biomechanical

properties of tendon in unin-

jured CTL and APOE mice.

Elevated cholesterol levels

have a significant effect (p =

0.02) on elastic modulus of

the tendon in the aging

group11. Reprinted with per-

mission from the Journal of

Orthopaedic Research.

the effects of an accumulation of exposure to high

cholesterol, half of the animals were sacrificed at 14

weeks while the other animals were sacrificed at 40

weeks. Half of the animals in each group received a

0.75 mm punch biopsy defect to the central third of

the left patellar tendon, while the right patellar tendon

received a sham operation. The other half of the ani-

mals had no injury in order to serve as controls. Unin-

jured data showed no differences between groups in

regards to cross-sectional area, maximum stress, or

percent relaxation (Fig. 2). However 10-month 40-

week-old APOE mice showed a decrease in elastic

modulus (p<0.02), indicating a detrimental cumulative

effect of hypercholesterolemia on tendon properties

in this model. Surprisingly, tensile testing of patellar

tendons from 14-week-old APOE mice receiving a

unilateral full-thickness central defect resulted in nor-

malized (comparing injured to contralateral sham)

cross-sectional areas closer to baseline (p<0.02)

compared to controls.
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The objective of another study in knockout mice was

to evaluate tendon healing in normal and hypercho-

lesterolemic mice using our patellar tendon injury

model10. We hypothesized that tendons from aging

hypercholesterolemic mice would exhibit inferior

baseline mechanical properties and tendon healing

compared to normal controls. Twenty-four male

C57BL/6 CTL mice and 24 male C57BL/6 mice APOE

mice were used. For each group, ten animals were

sacrificed without injury to provide baseline, uninjured

data. Patellar tendons from the remaining 28 animals

were injured as described previously. All animals

were sacrificed at 43 weeks of age (3 weeks post-in-

jury for operated animals). The tendon was then

stamped into a dumbbell shape and cross-sectional

area was again measured for use in calculation of

material properties. Tensile testing progressed as fol-

lows: preload, preconditioning, stress relaxation for

10 minutes at 5% strain, return to gage length, and

ramp to failure (0.1%/s). 

Again, uninjured patellar tendons from APOE mice

showed a significant decrease in elastic modulus

(p=0.02) but this time we noted a trend toward in-

creased cross-sectional area (p=0.1) compared to

control as well. It was found that normalized maxi-

mum stress was significantly lower in the APOE

group than in the controls (p=0.05) and there were no

differences in normalized area or modulus. As hy-

pothesized, APOE tendons exhibited reduced healing

strength and baseline elastic modulus compared to

controls. The results from this second knock out

study are contrary to our initial finding with 14-week-

old mice using similar methods9. It should be noted

that the mice in the current study were appreciably

older than in the former study. The reduction in ten-

don healing in aging hypercholesterolemic tendons

may be linked to the cumulative effects of intratendi-

nous cholesterol deposition or relative tissue is-

chemia due to vascular compromise, as seen clinical-

ly in older patients. Although the results of these

knock out studies are certainly intriguing, it must be

noted that they were in genetically altered mice, and

the implications of these results may be limited by po-

tential compensatory mechanisms associated with

such an approach. Additionally, the knockout mouse

model used in this approach is more comparable to

the less-common condition of familial hypercholes-

terolemia seen in humans and does not clinically

replicate the condition of mixed dyslipidemia seen by

most patients suffering from hypercholesterolemia.

Therefore, further work was performed to address the

translational potential of this research direction.

Rat studies

To further model the human condition of diet-induced

high cholesterol, we studied the effects of diet-in-

duced hypercholesterolemia on rotator cuff tendon

mechanics in a rat model12,13. The objective of our

first study utilizing this model system was to evaluate

tendon mechanical properties in our existing rat rota-

tor cuff model following three months of exposure to

two high-cholesterol diets12. We formulated two high

cholesterol diets and hypothesized that both would in-

duce hypercholesterolemia in the rats. We further hy-

pothesized that supraspinatus tendons from hyperc-

holesterolemic rats would exhibit reduced mechanical

properties compared to rats fed a normal diet. Thirty

male Sprague-Dawley rats (400-450 grams) were

used in this study, with ten rats receiving a high-cho-

lesterol diet consisting of 4% cholesterol and 1%

sodium cholate (HC1 group) another group of ten rats

receiving a different diet formulation consisting of 2%

cholesterol (HC2 group), and the remaining ten rats

receiving standard chow to serve as controls (CTL

group).

Following sacrifice, lipid analysis confirmed that both

high-cholesterol diets produced increased TC levels

as well as TC:HDL ratios. Rats in the HC2 group also

demonstrated a decline in HDL levels. Triglycerides

were decreased in the HC1 rats. Biomechanical test-

ing of supraspinatus tendons showed consistent in-

creases in stiffness and elastic modulus in both high

cholesterol rat groups.The findings of increased stiff-

ness and modulus in hypercholesterolemic rats were

in direct contrast to the previous results found in the

previously discussed porcine (biceps) and murine

(patellar) experiments. This may be due to the differ-

ences in type, location, and function of the different

tendons and how these relate to various intrinsic and

extrinsic factors. While both three-month diet courses

did produce marked increases in cholesterol as mea-

sured in the blood, this time frame may not have

been long enough for the deleterious cumulative ef-

fects of hypercholesterolemia seen in our previous

work.

The objective of our second study involving rats on a

HC diet was to evaluate the time course of healing of

supraspinatus tendons in our rat rotator cuff injury

model13. Sixty-four Sprague Dawley rats (400-450 g)

were used in this study, with 32 of the animals receiv-

ing a high cholesterol diet over the course of 6

months. All animals were subjected to a unilateral

supraspinatus detachment and repair surgery, with

contralateral limbs serving as within-animal compara-

tive data. Animals continued their respective diet

courses, and their supraspinatus tendons were bio-

mechanically or histologically evaluated at 2, 4, and 8

weeks postoperatively. Biomechanical testing re-

vealed a significant reduction in normalized stiffness

in hypercholesterolemic rats compared with controls

at 4 weeks after injury (Fig. 3), whereas histologic

analyses showed no significant differences in colla-

gen organization, cellularity, or cell shape between

groups.

Animal model comparisons

Given the conflicting nature of the results we have

discovered, we also sought to assess the utility of

small versus large animal model systems for transla-

tional studies by exploring the effect of hypercholes-

Muscles, Ligaments and Tendons Journal 2014; 4 (3): 275-279 277

Hypercholesterolemia and tendons

© C
IC

 E
diz

ion
i In

ter
na

zio
na

li



terolemia on supraspinatus tendon elastic mechanical

properties in mice, rats, and monkeys14. We hypothe-

sized that stiffness and elastic modulus would be in-

creased in tendons across species due to hypercho-

lesterolemia. Supraspinatus tendons from normal and

HC mice, rats, and monkeys were used in this study.

Cholesterol levels were manipulated for the mice

through the previously described knock out model,

and hypercholesterolemia for the rat and monkey

models was investigated through changes in diet. Af-

ter sacrifice and dissection, tendons from the different

species underwent the mechanical protocol previous-

ly described. 

Overall, HC animals had significantly altered plasma

lipid profiles. Biomechanical testing showed a signifi-

cant increase in stiffness compared with control in HC

mice and rats, as well as a nonsignificant trend for

HC monkeys. Elastic modulus was also significantly

increased in HC mice and monkeys, with HC rats

showing a trend (Fig. 4). There was a strong consis-

tency across species and between small and large

animals. This was a bit surprising, as the aged mice

were exposed to lifelong hypercholesterolemia while

the rats and nonhuman primates only experienced in-

creased cholesterol levels once they began their

high-cholesterol diets. This suggests that these in-

creased mechanical properties may be inherent to

the effect of hypercholesterolemia on supraspinatus

tendon rather than due to an effect of cumulative ex-

posure time to the effects of HC. 

Conclusions

Although many authors have theorized that tendon

disease is multifactorial, relevant factors must be

evaluated one by one in a systematic manner with

the goal of reducing the impact of such costly muscu-

loskeletal problems. The information gained from

these ongoing studies will continue to affect the field

of tendon biology and biomechanics through the fur-

Muscles, Ligaments and Tendons Journal 2014; 4 (3): 275-279278

M. Hast et al.

ther identification of intrinsic risk factors for tendon

disease. The studies have provided a better under-

standing of the implications of mixed hyperlipidemia

on the long term structure and function of tendons. If

a mechanistic cause of hypercholesterolemia induced

tendon disease is identified, then potential therapeu-

tic interventions such as the use of pharmacotherapy

may be targeted to help combat this problem.
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