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Abstract

Background—Rotator cuff tendon tears represent a major component of reported orthopaedic
injuries. In addition, more than one quarter of U.S. adults either currently have high cholesterol
levels or have reduced their previously high cholesterol levels through the use of pharmaceuticals.
Our clinical data have already linked hypercholesterolemia to full-thickness rotator cuff tears, and
experimental data from our laboratory have shown effects on native tendon properties in multiple
species. The objective of this study was to evaluate healing of supraspinatus tendons in our rat
rotator cuff injury model. We hypothesized that tendon healing would be inferior in rats receiving
a high-cholesterol diet for 6 months compared with those receiving standard chow.

Methods—All animals were subjected to a unilateral supraspinatus detachment and repair
surgery, with contralateral limbs serving as within-animal comparative data. Animals continued
their respective diet courses, and their supraspinatus tendons were biomechanically or
histologically evaluated at 2, 4, and 8 weeks postoperatively.

Results—Biomechanical testing revealed a significant reduction in normalized stiffness in
hypercholesterolemic rats compared with controls at 4 weeks after injury, whereas histologic
analyses showed no significant differences in collagen organization, cellularity, or cell shape
between groups.

Conclusion—On the basis of our findings, hypercholesterolemia may have a detrimental
biomechanical effect on tendon healing in our rat rotator cuff injury and repair model.

Level of evidence—Basic Science Study, Animal Model.
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In 2005 alone, more than 100 million American adults reported myriad musculoskeletal
disorders.10 Rotator cuff tendon tears represent a major component of these disorders, with
up to half of the population older than 50 years being afflicted.22 Moreover, more than 27%
of the U.S. population aged 20 years or older have diagnosed hypercholesterolemia or have
reduced their previously high cholesterol level with statins or other lipid-lowering
medications.® The detrimental effects of high total cholesterol (TC), triglyceride (TG), and
low-density lipoprotein (LDL) concentrations on cardiovascular health are well
documented.13 From an orthopaedics perspective, hypercholesterolemia has also proved to
be a risk factor for tendon rupture because of its link to Achilles tendon thickening,
tendinopathy,12 and rupturel® and the formation of Achilles tendon xanthomas.:12:17.20,21

Often, patients presenting to orthopaedic surgeons have little or no knowledge about their
serum lipid profiles. One study has reported that orthopaedic patients with often unknown
familial hypercholesterolemia typically present with Achilles tendon pain more than 20
years before being referred to a lipid clinic.® Further, another study of patients presenting for
Achilles tendon ruptures reported that 83% of those patients were hypercholesterolemic, and
more than three quarters of those were unaware of this fact.16

Our previously reported clinical data have linked hypercholesterolemia to full-thickness
rotator cuff tears,! in that patients with full-thickness tears also tended to have increased
concentrations of TC, TG, and LDL as well as decreased concentrations of high-density
lipoprotein (HDL), commonly known as good cholesterol. Another clinical study,1®
however, showed the opposite result of no clear correlation between patients’ plasma
cholesterol level and rotator cuff tears.

Experimental data from our laboratory have shown effects on native tendon properties in the
mouse,? rat,3 pig,® and nonhuman primate.* Our mouse patellar tendon and pig biceps
tendon studies in this area showed reduced stiffness and elastic modulus due to high
cholesterol levels; however, in the rat, we found increased values for these measurements in
the supraspinatus tendon after the completion of high-cholesterol diets.34

Despite this body of relevant knowledge, the effect of hypercholesterolemia on healing
properties in the rat rotator cuff model remains unknown. Therefore, the objective of the
current study was to evaluate healing of supraspinatus tendons with this model.18 We
hypothesized that tendon healing as assessed through mechanical testing and histologic
analysis would be inferior in hypercholesterolemic rats compared with normal controls.

Materials and methods

Of the 64 male Sprague-Dawley rats (400-450 g) procured for the study, 32 rats received a
high-cholesterol diet consisting of 4% cholesterol and 1% sodium cholate (HC group). This
experimental diet (Research Diets, Inc, New Brunswick, NJ, USA) was formulated as a
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modification of the standard rat chow and has been shown by us and others to produce
elevated TC values in Sprague-Dawley rats after 3 months.314 The other 32 rats received the
standard chow and served as controls (CTL group). During a period of 6 months, all rats
were allowed food and water ad libitum and were weighed weekly. After the initial 6-month
treatment period, all animals were subjected to a standard, unilateral supraspinatus
detachment and repair surgery as described previously.1® Briefly, the supraspinatus tendon
was surgically exposed and sharply detached at the humeral insertion with a scalpel. After
detachment, the tendon was reattached to the greater tubercle of the humerus with a
modified Mason-Allen technique. Overlying musculature was sutured back, and skin
incisions were closed with staples. The contralateral limb remained uninjured and served as
within-animal comparative data. Postoperatively, animals continued their respective diet
courses and were allowed normal cage activity for 2 (n = 4 per group), 4 (n = 14), and 8
weeks (n = 14), at which points they were euthanized (Fig. 1). Immediately after sacrifice,
blood was collected and plasma lipid panels were measured and assessed for TC, HDL, and
TG. In addition, the ratio of TC to HDL (TC/HDL) was calculated as a clinically relevant
parameter.

For biomechanical evaluation (n = 10 per group), the supraspinatus tendon was finely
dissected from the muscle under a stereomicroscope while preserving the humeral insertion.
Verhoeff stain was placed on the tendon at the insertion as well as at 2 locations within the
tendon midsubstance for optical measurement of local tissue strain with custom texture-
correlation analysis software. Tendon cross-sectional area was measured near each stain line
location with a custom device equipped with translational stages, 2 orthogonal linear
variable differential transformers, and a charge-coupled device laser.8 The humeral
diaphysis and head were potted in poly (methyl methacrylate) while keeping the insertion
site undisturbed. The cylindrical potted end of the specimen was placed in a base fixture; the
tendon end was glued between 2 layers of sandpaper and clamped. Specimens were
submerged in a 37°C PBS bath and tensile tested with use of an Instron 5543 mechanical
test frame (Instron Corp, Norwood, MA, USA). Tendons were initially preloaded to 0.1 N,
followed by 10 cycles of preconditioning between 0.1 and 0.5 N at a strain rate of 0.4%/s.
After a 300-second hold to achieve equilibrium, a 600-second stress-relaxation experiment
began with a ramp to 5% strain at 5%/s, followed by a return to gauge length and 60-second
hold. Finally, specimens were quasi-statically tested to failure at a rate of 0.3%/s. Key
measurements included maximum (i.e., failure) load and stress, stiffness, elastic modulus,
and percentage relaxation (percentage difference between peak and equilibrium stresses over
the stress-relaxation).

For histologic assays (n = 4 per group), supraspinatus tendons were dissected, keeping the
proximal humerus intact to preserve the tendon-to-bone insertion. The specimens were
immediately fixed, decalcified, and processed with standard techniques. After paraffin
embedding, 7-um coronal sections were collected, dried, and stained with hematoxylin and
eosin. Photomicrographs were blindly graded by 3 observers for assessment of cellularity
and cell shape based on a scale of 0 (hormal), 1 (mild changes), 2 (moderate changes), and 3
(marked changes), as done previously.” The same images were also analyzed for collagen
organization with quantitative polarized light microscopy. With use of this technique,
angular deviation (a measure of disorganization) was calculated for each specimen.
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Data were evaluated for differences in tendon healing between cholesterol groups. To assess
healing in quantitative properties (i.e., biomechanical and organizational), each injured-limb
parameter was normalized to that of the uninjured contralateral limb such that a value of 1.0
would represent full recovery and values of more or less than 1.0 would indicate altered
healing. Comparisons were made between biomechanical and organizational data for CTL
and HC groups by use of one-tailed t tests. For histologic grading, a single composite grade
was derived from each set of 3 individual grades, as done previously.” To evaluate healing, a
change scores technique was employed, which calculated the difference between the injured
and uninjured contralateral limb grades for each animal. The resulting values were compared
between CTL and HC groups by a nonparametric Mann-Whitney test, except in cases in
which there was no variation among grades within a group. In these cases, a Wilcoxon
signed rank test was used in which the median of one group was compared with the value of
the nonvarying group. Significance for all statistical analyses was set at P < .05.

During the 6-month diet period, 2 animals (1 HC and 1 CTL) had to be euthanized for health
reasons unrelated to the study design, reducing the sample size for 2-week histology to 3 per
group. Lipid analysis (Table I) demonstrated that the HC diet produced significantly
increased TC, HDL, and TC/HDL at 4 and 8 weeks and increased TC and HDL at 2 weeks,
but there were no significant differences in TG. Animals in the HC group were significantly
lighter than CTL rats at the first week of diet initiation as well as in the final 3 weeks for the
animals in the 8-week postsurgical group (Fig. 2).

Geometrical and biomechanical results

Normalized (injured/native) cross-sectional area was closer to normal (1.0) in the HC group
for the 8-week animals. Mechanical testing revealed a significant reduction in normalized
stiffness compared with CTL rats at 4 weeks after injury but no difference at 8 weeks (Table
I1, Fig. 3). Because failure occurred at the insertion site for the injured limb and primarily at
the grip for the uninjured limb, true normalized failure properties were not able to be
reported.

Histologic results

Polarized light microscopy showed no difference in normalized angular deviation between
CTL and HC rats at 2 weeks after injury and repair. Collagen organization trended toward
being closer to normal in CTL rats at 4 and 8 weeks (Table I1); however, this finding was
not significant (P = .1). Results for cellularity and cell shape also showed no significant
differences between CTL and HC rats (Table I11).

Discussion

Mechanical properties, collagen organization, and cell number and shape were assessed in
healing supraspinatus tendons from normal (CTL) and high-cholesterol (HC) rats. As
hypothesized, healing tendons from the HC group had reduced normalized stiffness at 4
weeks after injury; however, this finding was not present in the 8-week group.

J Shoulder Elbow Surg. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Beason et al.

Page 5

Unexpectedly, the 8-week HC animals weighed significantly less than the CTL animals in
the 3 weeks before sacrifice. The difference in overall size of the animals at this time point
may have contributed to the lack of 8-week stiffness differences. This diet course combined
with this time point represents the farthest point to which our experiments have been carried
out in this model. It is difficult to speculate as to whether the separation in masses would
continue at a later time point or if the differences seen here were related to other more
specific factors (e.g., animal husbandry).

Our current findings are generally in agreement with our previous clinical findings,! which
correlated hypercholesterolemia with rotator cuff injury. There are other clinical data,1°
however, suggesting no relationship. This inconsistency in findings could potentially be due
to differences in initial screening methodology (e.g., imaging, arthroscopy) used between the
two clinical studies. The reduction in healing stiffness at 4 weeks is consistent with one of
our previous studies in the mouse patellar tendon,2 which showed reduced elastic modulus
due to lifelong exposure to high cholesterol.

Interestingly, tendon cross-sectional area was found to be significantly closer to normal in
HC animals at 8 weeks but not at 4 weeks. This suggests a reduced inflammatory fibrotic
response at 8 weeks or possibly reduced cell proliferation at 4 weeks, although these were
not detected histologically. More time points would be needed to determine if the cross-
sectional area measurements would continue to converge toward normal at a time point
longer than 8 weeks.

In this study, injured tendon data were normalized to the contralateral limb to provide
within-animal comparisons to preclude the need for analytical randomization techniques
(e.g., bootstrapping) and thereby minimize data variation. Nevertheless, contralateral limb
properties could have been affected by altered joint loading due to the injured limb and thus
may not represent normal properties. However, purely native properties were not necessary
to test our study hypothesis, which sought to assess the healing response of the tendon as
opposed to establishing baseline magnitudes.

The HC diet used in this study during the course of 6 months resulted in a marked increase
(roughly 300%) in TC concentration compared with normal. Levels of this magnitude would
likely represent profound cardiovascular pathologic effects in a patient. HDL (also known as
good cholesterol) was also significantly increased, resulting in a TC/HDL increase on the
order of roughly 150%. Also, the time scale during which the HC rats were on the altered
diet (6 months) could be considered much shorter in duration than that of a typical
hypercholesterolemic patient, resulting in the relative exposures potentially being similar.
Ultimately, although a direct clinical parallel could be beneficial in drawing conclusions and
translating results to patient care, our focus in the current basic science study was to test our
fundamental hypotheses related to healing ability in the presence of a high cholesterol level
and to provide data and background information for future studies with more direct clinical
parallels.

Although we did not collect blood for serum lipid profiles at the time of surgery, we are
confident that the striking differences seen at the time of sacrifice were already in place 2 to
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8 weeks earlier at the time of surgery. Previous work in our laboratory using this same
model has shown that rats euthanized after only 3 months on the same diet (as opposed to 6
months in the current study) showed similar marked alterations in lipid profiles.

Given that unsuspecting hypercholesterolemic patients often present to orthopaedists well
before being screened for or diagnosed with hypercholesterolemia, our hope is that
information gained from this study, future studies, and our overall body of work in this area
could be beneficial to patients with previously undiagnosed hypercholesterolemia by
providing their physicians an added opportunity for detection of this serious health condition
before the appearance of any associated adverse cardiovascular symptoms. Conversely,
knowledge that elevated serum cholesterol concentration could increase the risk or incidence
of tendon injury or reduce the healing ability of existing injuries could be extremely
valuable to patients with existing tendon injuries or noninjured high-risk patients who
perform repetitive tasks, eccentric loading activities, or motions outside the normal range
through occupational or other activities. Further clinical and basic science studies are
warranted to reveal the mechanisms that control the current finding of interactions between
tendon healing and hypercholesterolemia.

Conclusions

In summary, we have demonstrated decreased healing stiffness in hypercholesterolemic rats
at 4 weeks after supraspinatus injury and repair. On the basis of this finding,
hypercholesterolemia may have a detrimental effect on tendon healing in our rat rotator cuff
injury and repair model. Work is currently being conducted to address biochemistry,
vascularity, and other factors in these animals to elucidate the mechanisms involved in the
change in stiffness reported here in addition to investigating the effects of
hypercholesterolemia in a chronic rotator cuff injury model. Additional postinjury time
points (e.g., 16 weeks) are also of interest in future studies to investigate longer term healing
effects. Future work may also focus on the effect of statins and their potential for
minimizing the detrimental changes seen here.
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Figure 1.
Study design. CTL, control group; HC, high-cholesterol diet.
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Figure2.
Masses of rats during the course of the study. Significant differences (*) were noted at the

first week on the HC diet and in the final 3 weeks for the 8-week animals. CTL, control
group; HC, high-cholesterol diet.
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8-wk

Normalized stiffness was lower (i.e., farther from normal) at 4 weeks after injury in the
high-cholesterol diet (HC) group compared with the control (CTL) group but not at 8 weeks.
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Table |
Lipid panel results showing increased TC, HDL, and TC/HDL for HC groups at all time points

TC (mg/dL) HDL (mg/dL) TG (mg/dL) TC/HDL
2 weeks
CTL 106 +3 56.8 + 6.3 153 + 58 19+0.2
HC 688 + 329 121.1+16.0 253 + 180 59+34
Pvalue .02 .001 2 .06
4 weeks
CTL 102 + 22 52.3+134 195 + 97 20+0.2
HC 379+ 115 97.9+26.0 155+ 55 4111
Pvalue <.001 <.001 .09 <.001
8 weeks
CTL 128 + 36 542+16.4 208 £ 76 23+0.2
HC 577 £ 390 90.8 +30.0 221+ 200 65+26
Pvalue <.001 <.001 4 <.001

CTL, control; HC, high-cholesterol diet; HDL, high-density lipoprotein; TC, total cholesterol; TG, triglyceride.
Data shown as means + standard deviations.

Bold values in represent statistically significant P values.

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

J Shoulder Elbow Surg. Author manuscript; available in PMC 2014 June 01.



Page 13

Beason et al.

'sanfen d Jueayiubis Ajjeonsiiels Jussaidal sanfea pjog

'sted (7.1LD) 1043u0d yum patedwiod sies (QH) 191p [0481s3]0y9-ybiy 10} ase sanjea
d 'SUOIIBIASP pJepuels F sueaw Se ereq "Aunful Jalye sy9am g Je Sled DH Ul [ewIou 0) J3S0|d SeMm eale ‘Janamoy ‘Ainful Ja)e syaam ¢ 1e sjel 1.0 404 (0°'T) [ew.ou 03 48so|d Ajpuediyiubis pauinlal sseuyns

T 4 14 v ¥00" 8njeAnd
8/,'0¥99¢ LEO0OFTSO00 STOFEEO LEOFOLT G60FVI9€E OH
YT'TF0LT 0200F0700 600+TEO YE0FG9T 880FE6Y 119

S)9am 8

T 14 SO’ € ¥ eneAd
¢0'L¥809 [Z00F0¥00 900F020 YO+ vyl CST+.8V OH
OrV0+T.0 8000¥8£00 ET0*F8C0 6C0F9€T O9LTFTTS 110

S9aM
uolreinsp fejnbuy sninpo SBUHNS  Uolexep  afeiuso od Y

'Iep qui| painfuiun [eJaiejeaiuod 01 pazijew.lou suopual snjeuldseldns Jeu wody santadouad [euoneziuebio pue [eslueydswolg

Il a1geL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Shoulder Elbow Surg. Author manuscript; available in PMC 2014 June 01.



Page 14

Beason et al.

'sted (1.LD) 104302 yum pasedwiod sied (QH) 191p |04a1s310y9-ybiy 1o} ate sanjeA 4 abuel ajiurenbusiul F suelpaw se ereq

€ 9 anfeAd
00€EF050 O00TFO0ST 000F00Z 0S0F00Z O00EFOST 00TF0S0 OH
000F00T- 00ZF00T GZ0F00T O00TF0SZ 0S0F00C 0S0F00C 110
SY9aM 8
i 4 anjen d
00G+¥00¢ O00T+00€ O0S0+00C 000+00€ OST+000 0S0+000 OH
00TF002- 00TF00Z GZOF00T 000F00E€ 0S0FO00E 0S0F00T 10
SYooM {7
A T anjeA d
00€F00T 000F00Z 0S0F00Z 000F00€ O00TFO0T 000F00T OH
00ZF000 00TF00Z 000F00C 000F00€ 00TF00Z 0S0F00T 110
SY98M ¢
adeys |PO  Aureinjpd  adeus |pD  Aurenjpd  adeus PO Allen|pD
S8 1035 abueyd panlu panfuiun

sajdwies 2160011y JO Buipesb wouy synsal adeys |99 pue A1Lie|n||8)

lraiqeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Shoulder Elbow Surg. Author manuscript; available in PMC 2014 June 01.



