Clin Orthop Relat Res (2008) 466:1569-1576
DOI 10.1007/s11999-008-0265-9

SYMPOSIUM: MOLECULAR AND CLINICAL DEVELOPMENTS IN TENDINOPATHY
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Abstract Heat shock proteins (HSPs) are often upregu-
lated following oxidative and other forms of stress. Based
on reports of excessive apoptosis in torn supraspinatus
tendon and mechanically loaded tendon cells, we hypoth-
esized heat shock proteins may be present in rodent and
human models of tendinopathy due to their central role in
caspase dependent apoptotic cell signaling. We used a
running rat supraspinatus tendinopathy overuse model with
custom microarrays to investigate the process at a genetic
level. Additionally torn supraspinatus tendon and matched
intact subscapularis tendon samples were collected from
patients undergoing arthroscopic shoulder surgery. Control
samples of subscapularis tendon were collected from 10
patients undergoing arthroscopic stabilization surgery and
evaluated using semiquantative RT-PCR and immunohis-
tochemistry. We identified substantial upregulation of heat
shock proteins and apoptotic genes in the rodent model.
We further confirmed increased levels of heat shock pro-
tein and apoptotic regulatory genes in human supraspinatus
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and subscapularis tendon. This finding suggests heat shock
proteins play a role in the cascade of stress-activated pro-
grammed cell death and degeneration in tendinopathy and
may provide a novel target in preventing tendinopathies.

Introduction

Rotator cuff tears are an important cause of pain and
dysfunction in the adult shoulder [20]. They are common
and increase with age. Results from surgical repair of
full thickness tears are favorable; however, postoperative
imaging often reveals high retear rates. The retears usually
occur at the tendon-bone interface and suggest the suture
has pulled through the tendon before biological healing has
occurred at the tendon-bone interface [3, 5]. The torn
margin of the rotator cuff has been targeted as a potential
source of healing with studies implicating cytokines [7],
matrix metalloprotineases [15], oxygen free radicals [27]
and growth factors [4] in the pathophysiology of rotator
cuff tears.

Apoptosis or programmed cell death is mediated by the
activation of caspases (cysteine-containing aspartate pro-
teases, a group of proteolytic enzymes) and is involved in
the stress-induced cascade of tendinopathy [35]. Following
oxidative and other forms of stress, one family of stress
proteins that is often upregulated are heat shock proteins
(HSPs). HSPs play a protective role as molecular chaper-
ones in cells by facilitating the folding, intracellular
transport, assembly, and disassembly of other proteins [8].
In addition, HSPs protect cells from oxidative damage both
in vivo and in vitro and protect cells from either necrosis
or apoptosis [23]. They are potent activators of the innate
immune system capable of inducing proinflammatory
cytokine induction [29] and their circulating levels are
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increased in a number of pathological conditions including
atherosclerosis [33], cerebrovascular disease [31], and
rheumatoid arthritis [9].

Based on our previous observations of increased apop-
tosis in tendinopathy we hypothesized that due to their
central role in caspase dependent apoptotic cell signaling,
heat shock proteins may be present in rodent and human
models of tendinopathy.

Materials and Methods

Twenty-four male, 30-week-old Sprague-Dawley rats
weighing 342-388 g each were randomly divided equally
into exercise and control groups. The exercise group
underwent a daily treadmill running regimen to model
tendon overuse resulting in degeneration as previously
described. Rats initially underwent daily training increas-
ing in duration for 2 wk to accustom them to the exercise
and surroundings. Subsequent to this, rats were subjected
to exercise that consisted of running on a 10° decline at
17 m/min for 1 hour per day, 5 days per week. This regi-
men equates to ~7,500 strides/day. After 4 weeks of
running, rats were euthanized by CO, inhalation and both
supraspinatus tendons were collected. The control group
consisted of 12 nonexercised rats. All procedures and

Table 1. Patient details

protocols were approved by the Animal Care and Ethics
Committee of the University of New South Wales under
ACEC No. 99/101.

Seventeen supraspinatus tendon samples were collected
from patients with rotator cuff tears undergoing shoulder
surgery (Table 1). The mean age of the rotator cuff rup-
tured patients was 57 years (range, 39-75 years). The
rotator cuff repair surgery was performed via the standard
arthroscopic technique. The size of the tear was recorded at
the time of the operation. Samples of the subscapularis
tendon were also collected from the same patients. They
were only included if there was no evidence of subscapu-
laris tendinopathy on a preoperative MRI scan or
macroscopic damage to the subscapularis tendon at the
time of arthroscopy.

As an independent control 10 samples of subscapularis
tendon were collected from patients undergoing arthro-
scopic surgery for shoulder stabilization without rotator
cuff tears. The absence of rotator cuff tears was confirmed
by arthroscopic examination. The mean age of the control
group was 35 years (range, 2041 years).

The subscapularis tendon was harvested arthroscopically
from the superior border of the tendon 1 cm lateral to the
glenoid labrum. The supraspinatus tendon was harvested
from within 1.5 cm of the edge of the tear prior to surgical
repair. The harvest and use of human tissue was approved

Patient Age Duration of ~ History of  Pain intensity Pain frequency Supraspinatus Impingement Size of rotator
number (years) symptoms trauma score’ score strength (N) sign cuff tear (cm?)
(months)

1 58 5 Y 8 9 15 Y 2

2 46 3 Y 9 17 Y 2

3 50 5 N 7 6 21 Y 2

4 64 8 Y 11 10 48 Y 45

5 55 7 Y 7 9 38 Y 3

6 52 2 Y 20 Y 3

7 70 6 Y 11 10 26 Y 6

8 75 3 Y 8 29 Y 1

9 62 4 Y 6 38 Y 1

10 51 3 Y 12 12 13 Y 2

11 72 6 N 6 30 Y 3

12 60 4 Y 8 7 10 Y 5

13 39 3 Y 11 10 4 Y 1

14 40 5 Y 6 9 17 Y 3

15 51 4 Y 6 10 16 Y 4

16 64 7 N 8 10 27 Y 6

17 62 4 Y 5 8 0 Y 6

 Pain intensity at night, at rest, and with activities was scored as: 0 = no pain, 1 = mild pain, 2 = moderate pain, 3 = severe pain, and

4 = very severe pain, and the three scores combined (maximum, 12).

 The frequency of severe pain, pain at night, and pain with activities was scored as 0 = never, 1 = monthly, 2 = weekly, 3 = daily, and

4 = constantly, and the three scores combined (maximum, 12).
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by St. George Private Hospital/Health Care of Australia
and The St. George Hospital/South Eastern Sydney Area
Health Service. All specimens were immediately placed in
RNAlater solution (Ambion, Inc., Austin, TX) and stored at
—20°C until RNA extraction. For immunohistochemical
staining the tissue samples were immediately fixed in 10%
(v/v) formalin for 4 to 6 hours and then embedded in
paraffin.

Custom microarrays consisting of 5760 rat oligonu-
cleotide features in duplicate were provided by the
Ramaciotti Centre of the University of New South Wales
(Sydney, Australia). Fifteen to 20 pg of total RNA was
used to synthesize cDNA in which Cy3 or Cy5 fluorescent
dyes (Amersham Pharmacia Biotech, North Ryde, New
South Wales, Australia) were incorporated using an indi-
rect labeling method. Microarrays were scanned using an
Axon GenePix 4000B microarray scanner (Molecular
Devices, Union City, CA) and the resulting image analyzed
using GenePix prosoftware version 3.0. All genes were
represented by at least two independent targets on each
microarray (ie, at least six independent targets across three
microarrays) and the signal from each target was used to
calculate an average signal for each gene. A gene was
considered upregulated or downregulated if it had at least a
1.5-fold difference from controls.

Total RNA was isolated from tendon tissue using Trizol
reagent (Life Technologies, Grand Island, NY) as per the
manufacturer’s instructions. The RNA yield and integrity
was evaluated by spectrophotometry and agarose gel
electrophoresis, respectively. The OD 260/280 ratio was
maintained between 1.7 and 2.1, confirming the quality of
the RNA was satisfactory.

RNA extracted from tendon tissue was reverse tran-
scripted to generate the first strand of complimentary DNA
(cDNA) and subsequently amplified using PCR to produce
amplified targeted segments of cDNA using ImProm-II
Reverse Transcription System (Promega, Madison, WI).
All the RT steps were performed in a GeneAmp 2400

thermal cycler (Applied Biosystems, Foster City, CA). One
to 5 ng of total RNA was mixed with 0.5 pg of oligo dT
primer to make a 5-puL solution and denatured at 70°C for
5 minutes. The reaction mixture was then cooled to 4°C for
at least 5 minutes. Subsequently, a 15-uL reverse tran-
scription reaction mixture consisting of 1 pL. Improm-II
Reverse Transcriptase, 0.5 mM of dNTPs, 6 mM MgCl,,
4 pL. Improm-II 5x reaction buffer, 20 U Recombinant
RNasin ribonuclease inhibitor and nuclease-free water was
added to the target RNA and primer combination. The
reaction mix was heated to 70°C for 5 minutes to allow
annealing of oligo dT primers to the RNA. The mixture
was then incubated at 37°C for 1 hour in order to create the
cDNA. For each tested RNA sample, a control reaction was
run with MMLYV reverse transcriptase omitted from the
mixture to exclude false positive results from genomic
DNA contamination.

One microliter (100 ng) of each cDNA sample from the
above extractions was amplified by PCR (GeneAmp System
2400) in a total volume of 20 pL. Platinum Super Mix
[22 U/mL complexed recombinant Taq Polymerase with
platinum Taq antibody, 22 mH Tris-HCI (pH 8.4), 55 mM
KCl, 1.65 mM MgCl,, 220 pM dGTP, 220 uM dATP,
220 pM dTTP, 200 uM cCTP, stabilizers; Invitrogen
Life Technologies, Carlsbad, CA] and used together with
0.2 uM each of the specific oligonucleotide primers using
published sequences (Table 2). The thermal cycling pro-
gram consisted of an initial denaturation step of 95°C for
1 minute and 15 seconds, followed by 35 cycles of 95°C for
30 seconds, a 30-second annealing step at varying temper-
atures, and a 30-second extension step at 73°C. Reaction
products (12 pL) were analyzed by electrophoresis through
3% agarose gels stained with ethidium bromide and visu-
alized by transillumination under ultraviolet light at a
wavelength of 302 nM. Amplification of the mRNA of
B-actin was used as an internal control in all cases.

Paraffin sections were dewaxed with xylene and graded
ethanol. Sections were stained with hematoxylin and eosin

Table 2. Human-specific primer sequences and annealing temperatures for PCR reactions

Product size (bp)

Primer sequence

Annealing temperature (°C)

Forward TCG GTC TGG TAC AGA TGT CG 58

Reverse CAT ACA AGA AGT CGG CCT CC

Forward ACA GTG AAG TCT GGC CTC C 55

Reverse GCA GGT TCA TGT CAT CAT CC

Forward AAG AGG TAA GCT GTC TGT CGG 52

Reverse TCC TTG CTT ATC TTG CCT CG

Forward ACG AGC ATG GCT ACA TCT CC 57

Reverse CTT TAC TTG GCG GCA GTC TC

Caspase 3 398
Caspase 8 375
CFLIP 185
HSP 27 330
HSP 70 213

Forward CGA CCT GAA CAA GAG CAT CA 58

Reverse AAG ATC TGC GTC TGC TTG GT
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and toluidine blue. The presence or absence of edema and
degeneration was recorded, together with the degree of
fibroblast cellularity, amyloid deposition, and chondroid
metaplasia. Tendinopathy was assessed on a basic
histological scale derived from Khan et al. [12] (Grade
4 = marked degeneration, 3 = advanced degeneration,
2 = mild/moderate degeneration, 1 = normal tendon) by
two independent assessors(AQW, FB) who were blinded to
the results.

For immunohistochemical techniques antigen retrieval
was achieved using Dako target retrieval solution (Dako,
Carpinteria, CA) as per the manufacturer’s instructions.
Endogenous peroxidase activity was scavenged with 3%
(v/v) H,0,, and nonspecific antibody binding blocked with
10% (w/v) milk in TBS buffer for 15 minutes. Tissue slides
were incubated with primary antibody (HSP 27 and 70,
caspases 3 and 8, and cellular FLICE-inhibitory protein
[cFLIP]) diluted 1:100 in 1% (w/v) BSA/TBS at room
temperature for 60 minutes. After two washes, slides were
incubated with Dako LINK solution consisting of biotin-
ylated anti-mouse and anti-rabbit Ig. The slides were
washed and incubated with streptavidin-peroxidase, fol-
lowed by extensive washing and exposure to Dako liquid
DAB for 5 minutes. Finally the sections were counter-
stained with hematoxylin. Positive and negative control
specimens were included, in addition to the surgical
specimens for each individual antibody staining technique.

Results are reported as mean values = SEM. Compari-
sons between groups were made with two-way paired
Student t tests, Mann-Whitney U tests and Kruskal-Wallis
One Way Analysis of Variance on Ranks, using Sigma
Stat, version 3.1 (Systat Software Inc, Richmond CA). A
power analysis was performed with the beta error set at 0.2
(power = 0.8). Based on the results of the power analysis,
it was determined that each group required 11 tissue
samples to detect a difference of 20% between each of the
groups with regard to the gene expression.

Results

Of the 5760 independent targets on each of the micro-
arrays, the majority had less than a twofold change in
expression in the experimental samples versus the controls
and thus were considered not differentially expressed.
Overall, 91 genes were found to be significantly upregu-
lated, and 37 significantly downregulated. The differential
expression of apoptotic related genes represented 6%
(5 genes) of the significantly upregulated genes and 8%
(3 genes) of significantly downregulated genes. Upregula-
tion (p < 0.01) of HSP 27 (x3.4) and 70 (x2.5), cFLIP
(x2.2) receptor and caspase 8 (x3.1) while downregula-
tion (p < 0.05) of Poly(ADP-ribose) polymerase (x4.8),
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Type-2 angiotensin II receptor (x2.6) and Hypoxia
inducible factor 1 (x2.2) occurred in degenerative rat
supraspinatus tendon subjected to daily treadmill running
for 4 weeks.

Also differentially expressed were cellular communi-
cation genes, including members of the glutamate signaling
machinery, representing 13% (12 genes) of the genes
found to be significantly upregulated and 8% (3 genes) of
significantly downregulated genes. Several growth, differ-
entiation, and developmental genes were also differentially
regulated in the degenerated tendons, representing 14%
(13 genes) of upregulated and 11% (10 genes) of down-
regulated genes.

The apoptotic genes cFLIP, caspases 3 and 8, and HSPs
27 and 70 were detected in all samples of torn supraspi-
natus tendon (Fig. 1). The expression levels of caspases 3
and 8 and HSPs 27 and 70 was higher (p < 0.001) in the
torn edges of supraspinatus when compared to matched
subscapularis tendon. cFLIP mRNA expression was
elevated (p < 0.05) in subscapularis tendon compared to
torn supraspinatus samples (Fig. 1). The expression levels
of cFLIP, caspases 3 and 8, and HSPs 27 and 70 was
elevated (p < 0.001) in torn supraspinatus and matched
subscapularis when compared to normal control subscap-
ularis. We observed no correlation between tear size
(r=0.2, p=0.4), patient age (r = 0.1, p = 0.3), pain,
and apoptotic gene expression. These apoptotic genes were
confirmed at the protein level where cFLIP, caspases 3 and
8, and HSPs 27 and 70 were confirmed in all samples of
torn supraspinatus tendon (Fig. 2). Increased (p < 0.001)
immunoactivity of caspases 3 and 8 and HSPs 27 and 70
were found in torn supraspinatus compared to matched
and normal subscapularis. The proteins were localized to
tendon cells. Negative controls using human epidermis
showed no expression of any apoptotic genes. Positive
controls of human tonsil tissue confirmed the presence of

[ Control [ Torn Supraspinatus [l Matched Subscapularis

Relative expression to B-actin

\
HSP 27

Caspase 8 cFLIP

Caspase 3

HSP 70

Fig. 1 The bar graph illustrates the relative expression of apoptosis
genes in human tendon samples. The data are displayed as the
mean + SEM, n = 17 for supraspinatus and matched subscapularis,
n = 10 for control group (*p < 0.01; **p < 0.001).
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Fig. 2A-D The immunohistoche-
mistry of heat shock protein (HSP)
27 is shown in (A) torn human
supraspinatus tendon and (B)
matched subscapularis tendon.
HSP 70 immunohistochemistry in
(C) torn human supraspinatus ten-
don and (D) matched subscapularis
tendon is shown. (Haematoxylin
and eosin stain, original magnifi-
cation x200).
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Fig. 3 The histological grades of tendinopathy in torn supraspinatus
(n = 17), matched subscapularis (n = 17), and control subscapularis
(n = 10) are shown. Grade 1 represents normal fibrotendinous tissue;
Grade 2 represents mild-moderate degeneration with small increased
prominence and roundness of the connective tissue and separation of
the collagen fibers; Grade 3 represents advanced degeneration with
mucoid ground substance and advanced fibrinoid degeneration;
and Grade 4 represents severe degeneration with mucoid ground
substance, advanced fibrinoid degeneration, and frank chondroid
metaplasia.

heat shock proteins 27 and 70 and caspases 3 and 8. cFLIP
was identified in human liver tissue as a positive control.
Of additional interest, hematoxylin and eosin staining
of matched subscapularis samples showed overall appear-
ances of advanced degenerative change consistent with
tendinopathy with seven samples showing grade 3 changes
and nine exhibiting grade 2 changes despite no evidence of
tendinopathy on preoperative MRI and macroscopically at

the time of arthroscopy (Fig. 3). All torn supraspinatus
tendon were in keeping with those of advanced mucoid
change and chondroid metaplasia as expected in associa-
tion with marked degenerative change consistent with
tendinopathy (Grade 4). We observed no correlation
between tear size (r = 0.1, p = 0.6), patient age (r = 0.2,
p = 0.5), pain, and the histological grade of tendinopathy.

Discussion

Our rationale for this study was to further investigate the
role played by apoptotic genes in tendinopathy. We used
a rat model of supraspinatus tendinopathy to identify
novel apoptotic gene expression in degenerative tendon by
microarray based on our previous observations of increased
apoptosis in tendinopathy. These genes were subsequently
identified in degenerative human supraspinatus tendon
samples and confirmed at the protein level. Our data are the
first to confirm the presence of heat shock protein in both
animal and human models of tendinopathy.

We note several limitations. First, age-related changes
within the tendon samples could contribute to the overall
degenerative picture and gene expression seen in the
matched subscapularis tendons. However, the lack of
degenerative changes on MRI and arthroscopic examina-
tions may suggest that the differences are truly at the
cellular level as suggested by our work. Second, subscap-
ularis tendon is functionally and organizationally distinct
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from supraspinatus and thus responds to mechanical load-
ing in a different manner, which may alter its apoptotic
gene profile. It is reassuring, however, that we found the
same genes expressed in matched subscapularis tissue
indicating gene expression may be uniform within joints
subjected to tendon degeneration. Third, these genes were
evaluated at a single time point and thus the pattern of
expression we detected may not be uniform for the whole
duration of the tendon overuse exercise. Finally, the tendon
samples were not stained for fibroblast markers that could
have identified precisely which cells were expressing the
apoptotic proteins.

Apoptotic cell death is orchestrated by the activation of
caspases, a family of cysteine proteases for aspartic acid
residues, which cleave specific intracellular substrates to
produce the characteristic features of this form of cell death
[32]. It is essential for the normal development of multi-
cellular organisms and is involved in cell turnover in
healthy adult tissues. Glucocorticoids, growth factor with-
drawal, reactive oxygen species (ROS), and cytokine
production [29] are some of the signals that can induce
apoptosis. Previous studies have highlighted the role of
apoptosis in tendon cell degeneration with excessive
apoptosis noted in the torn edges of rotator cuff tendons
[35], patellar tendinosis [14], and in a mechanically stained
tibialis anterior rodent model [25].

A mechanism that protects cells against exercise and
oxidative stress is the induction of heat shock proteins. HSP
27 and the inducible HSP 70 are two main representatives of
the HSP family modulated by exercise-induced oxidative
stress. Induction of HSPs in response to stress serves to
protect against the initial insult, augment recovery, and
produce a state of resistance to subsequent stress in the cell.
This protective role of HSPs can be attributed to several
functional properties, including prevention of protein
aggregation and promotion of protein disaggregation by
catalyzing the refolding of damaged of denatured proteins
[6, 21, 22]. Their expression in response to stress also has an
important function in protection against apoptosis and in
regulation of apoptotic cell signaling [16, 24].

In both our rat and human models of tendinopathy
increased levels of HSP 27 and 70 were detected. Over-
expression of HSP 27 is essential in preventing cells from
undergoing apoptosis, a switch that may be redox-regulated
[17]. HSP 27 inhibits specifically the cytochrome C and
ATP-triggered activity of caspase 9 on the apoptotic
pathway. Furthermore, HSP 27 indirectly interferes with
cell death because of its ability to modulate intracellular
glutathione [13], a parameter that is also regulated by
exercise. Cytochrome C also triggers the oligomerization
of Apaf-1, which in turn recruits pro-caspase 9 and pro-
caspase 3 into the apoptosome (the caspase activation
multiprotein complex). HSP 70 interacts with Apaf-1
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thereby preventing its interaction with the caspases pre-
venting apoptosis. HSP 70 also protects cells from heat
stress [19], from the cytotoxic effects of TNFa [10], and
from nitric oxide [2].

Previous work has shown that oxidative stress-induced
apoptosis in human tendon fibroblasts is mediated via the
release of the cytochrome C pathway and activation of
caspase 3 [34]. Overexpression of nitric oxide synthases is
also involved in the induction of stress-related tendinopathy
[27]. The increased levels of HSP 27 and 70 in these models
of tendinopathy suggest that these molecules are interfering
with the caspase-driven apoptotic pathways in an attempt to
prevent tendon cell apoptosis. Even in undamaged “con-
trol” subscapularis tendon the gene expression of HSPs was
greater than that of normal control tendon.

The increased expression levels of other key mediators
of apoptosis, caspases 3 and 8 and cFLIP, also suggest an
ongoing apoptotic process in both torn and matched sub-
scapularis tendons. cFLIP is a cytoplasmic protein that has
sequence homology with caspase 8 and is capable of
inhibiting apoptosis by blocking the recruitment and pro-
cessing of caspase 8 [28]. Based on our observations it
would appear that at a cellular level antiapoptotic mole-
cules are attempting to interfere with Fas-L pathways in an
attempt to limit the degree of apoptosis.

Pathological studies of rotator cuff tears have demon-
strated features of hypoxic degenerative tendinopathy,
mucoid degeneration, fragmentation of collagen architec-
ture, and infiltration of fibroblast and vascular tissue [11,
30]. Recently small-sized rotator cuff tears have been
shown to have increased fibroblast cellularity and an
important inflammatory component while tissue from large
and massive tears showed extreme degenerative changes
[18]. We found no correlation between tear size, age, patient
pain scores, or the duration of symptoms compared to the
histological grade of tendinopathy between all samples.
Despite no evidence of MRI-determined tendinopathy or
gross macroscopic abnormalities at the time of arthroscopy,
all matched samples of subscapularis tendons showed
evidence of mild/moderate tendinopathy. In a previous
investigation subscapularis tendons from patients with full-
thickness rotator cuff tears showed approximately 35% of
apoptotic cells compared to 20% in subscapularis tendon
from patients without a rotator cuff tear [35]. This would
appear to agree with our observation that tendinopathy is a
feature of intact subscapularis tendon in patients with full-
thickness supraspinatus tears. In the future this could pro-
vide a useful model for human tendinopathy that at present
is unavailable and substituted with animal models [26].

Ultimately there remains a physiological balance regu-
lating the degree of apoptosis. It may be that apoptotic cell
death induced by exercise in tissues exposed to stresses is a
normal process used to remove partially damaged cells
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Fig. 4 The schematic diagram
illustrates the manner in which
tendinopathies may arise. An
increase in the amount and dura-
tion of load that a tendon cell
experiences may result in activa-
tion of protein kinases, cytokines,
oxygen free radicals, and apopto-
tic mediators which, when
persistently activated, cause the
tendon cells to undergo apoptosis.
This results in a weakened col-
lagenous matrix leading to
subsequent tendon degeneration .
and clinical tendon rupture. .
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