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Abstract

The mechanical properties of the human supraspinatus tendon (SST) are highly heterogeneous and
may reflect an important adaptive response to its complex, multiaxial loading environment.
However, these functional properties are associated with a location-dependent structure and
composition that have not been fully elucidated. Therefore, the objective of this study was to
determine the concentrations of types I, Il and 111 collagen in 6 distinct regions of the SST and
compare changes in collagen concentration across regions with local changes in mechanical
properties. We hypothesized that type | collagen content would be high throughout the tendon,
type Il collagen would be restricted to regions of compressive loading and type 11 collagen
content would be high in regions associated with damage. We further hypothesized that regions of
high type 111 collagen content would correspond to regions with low tensile modulus and a low
degree of collagen alignment. Although type 11 collagen content was not significantly higher
regions that are frequently damaged, all other hypotheses were supported by our results. In
particular, type 11 collagen content was highest near the insertion while type 111 collagen was
inversely correlated with tendon modulus and collagen alignment. The measured increase in type
Il collagen under the coracoacromial arch provides evidence of adaptation to compressive loading
in the SST. Moreover, the structure-function relationship between type I11 collagen content and
tendon mechanics established in this study demonstrates a mechanism for altered mechanical
properties in pathological tendons and provides a guideline for identifying therapeutic targets and
pathology-specific biomarkers.
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INTRODUCTION
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Tendon is a structurally and compositionally complex tissue consisting primarily of water,
collagen and proteoglycans. Collagen comprises over 80% of the dry weight in tendon, and
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forms a hierarchically-structured fibrillar network aligned predominantly along the direction
of loading [1]. The supraspinatus tendon (SST) is a unique tendon with a high clinical
significance as the most commonly injured of the rotator cuff tendons [2-4]. Due to the large
range of mation of the shoulder, its oblique enthesis and its proximity to the coracoacromial
arch, the SST experiences multi-axial tensile, compressive and shear loads /n-vivo [5-8]. As
a result, this tendon demonstrates a heterogeneous distribution of collagen fibril orientations
and regionally varying anisotropic mechanical properties that have been well-characterized
[9-11].

We showed previously that like mechanical properties and collagen orientation,
proteoglycan composition in the SST varies from region to region according to local
functional demands [12]. Decorin, the most common proteoglycan in tendon, was ubiquitous
throughout the SST. Aggrecan, which is generally found in cartilage and other tissues that
experience large compressive strains, was concentrated in the anterior and posterior regions
of tissue that pass between the coracoacromial arch and humeral head. This area of tissue
near the humeral insertion is thought to experience high compressive loads /7 vivo. Finally,
content of biglycan, a proteoglycan typically associated with repair and remodeling, was
high on the anterior side of the SST, where tears frequently initiate. Surprisingly, biglycan
content was also high in the posterior-joint region of the tendon. However, prior to the
current study, it was not known how the major forms of collagen vary by region in the
human SST.

The most abundant form of collagen in tendon and throughout the body is type | [13, 14].
Type | collagen fibrils are stiff structures that provide the tendon with its mechanical
durability and strength. Like aggrecan, type Il collagen is typically associated with tissues
that experience compressive loads including growth plate and articular cartilage, where type
Il collagen comprises nearly 80% of total collagen [15, 16]. Type Il collagen also forms
strong fibrils, but these fibrils are typically smaller in diameter than collagen I fibrils in
tendon and ligament [17]. Type 1l collagen is typically present in tendon only in small
amounts, and is generally concentrated near the bone insertion [18]. Collagen Il is another
fibrillar collagen that is always associated with type | collagen [13, 14]. Type 11l collagen
fibrils are thinner than type I fibrils [19] and are present in high concentrations in skin, blood
vessels and other tissues with large proportions of elastic fibers. During the healing process
in tendon, a randomly-oriented initial network of mostly type I11 collagen is formed at the
wound site [20]. Over time, this granulation tissue is replaced by a stronger, better-aligned
network of type I collagen [21]. Thus, collagen type 11 is generally associated with scar
tissue and injury. Furthermore, the ratio of type Ill/type I collagen in tendon has been shown
to increase with aging [22] and increased pathology [23, 24].

While the total content of type | and 111 collagen in the human SST has been investigated
[24], the spatial variations of types I, Il and 111 collagen throughout the distinct and unique
regions of this tendon are not known. In tendon, it is particularly difficult to extract proteins
and when successful, only a representative portion is typically obtained. Therefore, the
objective of this study was to establish an efficient protocol for extracting collagen from
tendon, measure the regional distributions of types I, Il and 111 collagen in a sufficiently
large number of human SST using immunochemical assays and associate these
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compositional measurements with structural and mechanical measurements performed on
the same specimens. We hypothesized that type | collagen content would be ubiquitous
throughout the tendon, type Il collagen would be highest near the insertion and type 111
collagen content would be highest in the anterior portion of the tendon, a region commonly
associated with damage [2]. Finally, we hypothesized that type 111 collagen would inversely
correlate with tensile modulus and collagen alignment.

Sample Preparation

A total of 101 rectangular (~3 x 4 mm), full-thickness samples were cut from 6 regions
(Figure 1) of the SSTs of 27 human cadaver shoulders (not every region of every tendon was
available for this study). All SST samples analyzed in this study were taken from locations
adjacent to the samples tested mechanically [9, 10] and analyzed biochemically for content
of specific proteoglycans [12]. The mean age of the 27 donors was 56 +14 years, and each
had no reported history of shoulder injury. A total of 5 additional full-thickness samples
were cut from the long head of the biceps tendons of 5 of these donors. Tendons with visible
tears (partial or full thickness) were excluded from the study.

During dissection, all surrounding soft tissues were removed from the SST, including any
attached muscle fibers. The humerus was then carefully detached at the enthesis. Phosphate
buffered saline (PBS) was used to prevent drying of the tissue throughout harvest and
sample preparation. Full-thickness samples were cut from the anterior, medial and posterior
regions prior to bisection along their thickness to yield specimens from the anterior-bursal
(AB, n=20), anterior-joint (AJ, n=16), posterior-bursal (PB, n=19), posterior-joint (PJ,
n=15), medial-bursal (MB, n=17), and medial-joint (MJ, n=14) regions. A similar procedure
was followed for dissection of biceps tendons, but each of these specimens was cut from the
tendon mid-substance. As our study was focused on determining the relative amounts of the
three collagens in the 6 distinct regions of the SST we chose to use as a calibrator the
amount of each collagen found in a commonly studied tendon, the biceps.

Using liquid nitrogen, each sample was flash-frozen and cut into 0.5 x 0.5 x 0.5mm cubes
using a scalpel. Tissue disruption was carried out using a Spex Freezer Mill (Metuchen, NJ)
with the following settings: 5 min pre-cool, 3 impaction cycles at 10 Hz for 2 mins with 1
min pause intervals. Powder was either maintained frozen and portioned for different
extractions and studies with precise wet weight determinations. Extractions followed as
below.

Collagen Extraction

Collagen extraction was performed in a solution of 1 mg/mL pepsin in 0.5 M acetic acid. A
volume of 1 mL of extraction solution was used for every 25 mg (wet weight) of tendon.
Pepsin digestion was carried out at either 4° C or 30° C for 15 hours. To visually confirm
adequate extraction, a white, opaque appearance in the digested samples was verified. After
digestion, an equal volume of 2X-concentrated protease inhibitor (#04693132001, Roche) in
Tris-buffered saline (TBS) was added. The sample was then cooled to 4° C and centrifuged
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at 15,000 x g for 20 minutes. The retrieved supernatant was lyophilized overnight and
rehydrated in de-ionized water before adjusting the pH to 8.0 using a small volume (~2 pL)
of sodium hydroxide. Finally, 100 pL of 1 mg/mL elastase (#LS006363, Worthington) per
900 uL of sample was added, the sample was incubated for 15 hours at 4° C on a rocker and
the supernatant was recovered after centrifugation for 5 minutes at 4° C and 15,000 g.

Using this protocol, the fraction of collagen extracted was found to have a mean value of
0.23 across all tested specimens based on measurements of hydroxyproline content in 50 pL
aliquots extracted before and after pepsin digestion as described previously [25]. However,
since pepsin digestion could affect the antigenicity of the extracted collagen, the fraction of
collagen detectable by ELISA may in fact be lower.

Collagen ELISAs

Content of type I, Il and 111 collagen were determined by ELISA. Type I and |1 collagen
were measured using the Human Collagen Type | ELISA kit (#M036007, MDBioproducts)
and the Collagen Type 1l ELISA kit (#M03600, MDBioproducts). These assays were
performed as described in the manufacturer’s protocol, and the provided standards and
recommended standard dilutions were used. Samples were diluted by 10-20x in the buffer
provided and analyzed in duplicate. While all the antibodies were obtained from commercial
sources and were well characterized for specificity (details and references found in
respective data sheets), additional specificity testing was performed to determine the of
antibodies for each of the three collagen tested (type | capture; type 11 capture; type 111
detection) by performing a Western blot using aliquots of the respective collagen before and
after bacterial collagenase digestion. This resulted in a loss of immunoreaction in each case
after collagenase digestion (data not shown).

Measurement of type 111 collagen was performed using a custom sandwich ELISA.
Standards were prepared from human type 111 collagen (#1230-01S, Southern Biotech) and
diluted in assay buffer (TBS with 0.05% Tween) at concentrations of 2.5, 1.25, 0.625,
0.3125 and 0.15625 pg/mL, while samples were diluted by 5-300x in assay buffer and
analyzed in duplicate. A volume of 100 pL of assay buffer containing 0.1 g of a monoclonal
IgG1 anti-type 111 capture antibody (#MAB3392, EMD Millipore [26]) was transferred to
each well of a clear polystyrene microplate (#DY990, R&D Systems) and incubated for 15
hours at room temperature. The plate was then aspirated and washed 3 times in assay buffer
before blocking with 200 pL of 1% bovine serum albumin (BSA) for 1 hour. After another
three washing steps, samples and standards (100 pL) were added to the capture antibody-
coated wells and incubated 2 hours. Sample and standard incubation was followed by an
additional three washes and 100 pL of a biotinylated polyclonal detection antibody
(#1330-08, Southern Biotech) at a stock concentration 0.4 mg/mL diluted by 1:800, 1:1600
or 1:3200 was added to each well. After an hour, the plate was washed another 3 times
before transferring 100 uL of 1:5000 diluted streptavidin-HRP solution (#7100-05, Southern
Biotech) to each well. Incubation of streptavidin-HRP was followed by the final three
washing steps, and 100 pL of substrate solution (#DY 999, R&D Systems) was transferred to
each well for 20 minutes before a stop solution was added (#DY 994, R&D Systems).
Optical density was measured at 450-nm using a BioTek Synergy HT Multi-Mode

Connect Tissue Res. Author manuscript; available in PMC 2018 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buckley et al.

Statistics

RESULTS

Page 5

Microplate Reader (BioTek), and the standard curve was fit using a 4-parameter logistic
curve fit. Values outside the range of standards were ignored. To standardize the acquired
data, for all ELISAs, results were normalized by data obtained from the biceps tendon. Thus,
the measured content of each collagen type reflects a relative value compared to a tendon
where complex, multiaxial loads that lead to structural and mechanical heterogeneities are
not expected to occur. Note that the reported measurements of types I, 11 and 111 collagen
represent the content of these molecules in the pepsin-soluble fraction of collagen in the
SST.

Type | collagen yield for the two pepsin digestion conditions (4° C and 30° C) were
compared using a Student’s t-test. Comparisons of each collagen type across regions were
performed using a Kruskal-Wallis test with Dunn’s post-hoc analysis to account for multiple
comparisons. Spearman rank correlations of median content of types I, 11 and 111 collagen
with median longitudinal linear modulus and circular variance (VAR), a structural parameter
that decreases with increasing collagen alignment, were also assessed. Longitudinal linear
modulus and VAR were defined and measured as described previously [9]. Significance was
setat p <0.05.

Although extraction at both 4° C and 30° C yielded samples with visible signs of successful
digestion (i.e., a milky appearance), digestion at 30° C was found to yield nearly 3 times
more type | collagen as measured by ELISA (Figure 2). Previous tests at a range of
temperatures supported preservation of collagen alpha chain at the higher temperature but
not at those raised above 34° C (data not shown). Therefore, all samples used in the study
were extracted at 30° C under careful temperature control. A strikingly higher amount of
collagen (~25%) was extracted using the two step protocol combining freeze-milling and
higher temperature pepsin digestion.

As part of the development of the type 11 collagen ELISA we verified the reliability of the
assay for a wide range of collagen concentrations. The standard curve for the custom
sandwich ELISA for type Il collagen did not exhibit signs of saturation at any of the tested
detection antibody concentrations (Figure 3). Thus, in order to avoid antibody waste while
ensuring sufficient assay sensitivity, all tendon samples were analyzed using a 1:1600
dilution (0.25 pg/mL) of the antibody concentrate. Sensitivity of the assay was linear
through the range of 0.1 and 10.0 pg/ml.

Across regions of the human SST, type Il collagen content was 18-104 times greater than in
the biceps and type 111 collagen content was 49-113 times greater than in the biceps (Table
1). Both type I and type 11 collagen did not exhibit statistically significant spatial variations.
However, type 1 collagen content was higher in the anterior-joint and posterior-joint regions
than in the medial-bursal region.

Content of type | and Il collagen in each region did not correlate significantly with either
linear modulus or circular variance (Figure 4). On the other hand, a significant inverse
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correlation of type Il collagen content with linear modulus was found, while the correlation
of type Il1 collagen with circular variance was strong (Spearman rank correlation coefficient
rs = 0.83) and approached significance (p = 0.058) (Figure 5).

DISCUSSION

Although prior investigations have determined the total content of types | and 111 collagen in
the human supraspinatus [24] and regional variations in type I, Il and 111 collagen at the
humeral insertion of the rabbit shoulder [27], to our knowledge, this study presents the first
quantitative measurements of regional variations in types I, Il and I1l collagen across six
separate regions of the human supraspinatus tendon. To perform these measurements, a
specialized protocol that allowed for improved extraction of collagen from tendon was
developed and validated. By incubating samples at a higher temperature (T = 30° C) that is
safely below the melting point of intact collagen (T, = 39° C) and the collagen subunits
resulting from pepsin digestion (T, = 32° C), we were able to successfully extract nearly 3
times more type | collagen than the established lower temperature protocols. While it is
possible that this protocol allowed for degradation of a small proportion of collagen into
fragments, it is clear from the high yield of immunogenic collagen after 30° C digestion that
the added benefit of increased extraction at high temperatures outweighed this potential loss.

As hypothesized, type | collagen content was found to exhibit no regional variations. Like
decorin (the most abundant proteoglycan in tendon), type I collagen (the most abundant
protein in tendon) is ubiquitous in the SST. Furthermore, levels of type I collagen in the SST
were similar to those in the biceps tendon as evidenced by normalized values close to 1
(Figure 4). These findings suggests that type | collagen levels in tendon are not highly
sensitive to surrounding the mechanical environment.

On the other hand, content of type Il collagen, the predominant form of collagen in tissues
that experience high compressive loads, was found to increase in the anterior-joint and
posterior-joint regions relative to the medial bursal regions. This finding was consistent with
our hypothesis, and is likely due either to the compressive loading environment in the AJ
and PJ regions or to their proximity to the articular cartilage coating the humeral head.
Interestingly, in all regions of the SST, even the medial portions that experience mostly
tensile loads, type Il collagen content was many times greater than in the biceps tendon.
Thus, all regions of the SST may experience some degree of compressive strain and
contribute to this possible adaptation.

Surprisingly, type Il collagen was not localized in the anterior portions of the SST where
tears are known to initiate. In fact, type 111 collagen did not exhibit any statistically
significant spatial variations. This could be due to the fact that the tested tendons all came
from donors with no reported shoulder injuries or visible SST tears. Nevertheless, as
hypothesized, type 111 collagen content did correlate strongly with VAR, a variable that
decreases with increased alignment. Furthermore, type |11 collagen exhibited a significant
inverse correlation with linear modulus. These results indicate that type Il collagen in the
human SST is associated with a low degree of alignment and inferior tensile mechanical
properties, providing an important direct structure-function relationship for this tissue. An

Connect Tissue Res. Author manuscript; available in PMC 2018 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Buckley et al.

Page 7

additional finding of this study was that collagen type Il in all regions of the SST was at
least 49 times higher than in the biceps tendon midsubstance. This result is consistent with a
previous study [24] and suggests that active remodeling in the SST is many times greater
than in the biceps tendon.

The primary limitation of this study is that extraction of collagen from the tested tendons,
while more efficient than standard protocols (Figure 2), was incomplete. High-yield collagen
extraction is an inherent obstacle for any immunochemical assay of collagen from a dense
connective tissue. Results from preliminary tests suggest that ~25% of collagen from
harvested tissues was present in the supernatant following pepsin digestion and
centrifugation (not shown). However, these data were obtained using an assay of
hyroxyproline content [28], which is sensitive to collagen fragments and may overestimate
the amount of immunogenic extracted collagen. According to a previously published
protocol, only 1% of the collagen in the human SSTs of health donors was soluble in pepsin
[24]. To provide meaningful data despite the low collagen yield, results were normalized by
measurements in the biceps tendon midsubstance. Since collagen yield is not expected to
vary by location, this allowed for valid comparisons across regions.

The data obtained in this investigation describe the regional distribution of the three major
forms of collagen in the uninjured human SST. These findings can serve as a guideline for
understanding and possibly diagnosing biochemical changes occurring in the pathological
state. For example, damaged or painful SSTs may exhibit increased type 111 collagen content
on the anterior side where a tear is initiating. In addition, this study established an
association of type 111 collagen content with low modulus and a low degree of alignment.
Tendon alterations with aging, injury and pathology, all of which result in increased levels of
type 111 collagen, may be attributable to this structure-function relationship.

CONCLUSIONS

In order to understand compositional variations in the healthy human supraspinatus tendon
(SST) associated with known heterogeneities in loading environment, mechanical properties
and collagen alignment, regional distributions of type I, Il and 111 collagen in six distinct
regions of the tissue were measured immunochemically. Content of types I and 111 collagen
were similar in all tendon regions, while type 11 collagen was concentrated in regions near
the insertion thought to experience large compressive forces /n vivo. Furthermore, type 111
collagen content was inversely correlated with tensile modulus and collagen alignment,
providing a direct structure-function relationship for the SST. These findings help establish
the baseline compositional properties of the healthy SST and provide a guideline for
understanding and assessing pathological changes. With this knowledge we can move
towards identifying therapeutic targets and perhaps identify specific collagen epitopes which
are related to SST pathology.
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