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While overuse is a prominent risk factor for tendinopathy, the fatigue-induced structural damage responsible for
initiating tendon degeneration remains unclear. Denaturation of collagen molecules and collagen fiber disor-
ganization have been observed within certain tendons in response to fatigue loading. However, no studies have
investigated whether these forms of tissue damage occur in Achilles tendons, which commonly exhibit tendin-
opathy. Therefore, the objective of this study was to determine whether mouse Achilles tendons undergo collagen
denaturation and collagen fiber disorganization when cyclically loaded to failure. Consistent with previous
testing of other energy-storing tendons, we found that cyclic loading of mouse Achilles tendons produced
collagen disorganization but minimal collagen denaturation. To determine whether the lack of collagen dena-
turation is unique to mouse Achilles tendons, we monotonically loaded the Achilles and other mouse tendons to
failure. We found that the patellar tendon was also resistant to collagen denaturation, but the flexor digitorum
longus (FDL) tendon and tail tendon fascicles were not. Furthermore, the Achilles and patellar tendons had a
lower tensile strength and modulus. While this may be due to differences in tissue structure, it is likely that the
lack of collagen denaturation during monotonic loading in both the Achilles and patellar tendons was due to
failure near their bony insertions, which were absent in the FDL and tail tendons. These findings suggest that
mouse Achilles tendons are resistant to collagen denaturation in situ and that Achilles tendon degeneration may
not be initiated by mechanically-induced damage to collagen molecules.

damaged tendons cause the cells to behave in such a manner. Therefore,
it is important to understand the mechanisms that are responsible for
initiation of tendon damage and degeneration.

1. Introduction

A major risk factor for tendinopathy is overuse or fatigue loading.

Fatigue loading results in damage of tendons in the form of altered tissue
structure and organization (Fung et al., 2010; Herod et al., 2016; Zitnay
et al., 2017). In addition, the resident cells within tendon initiate a
catabolic/degenerative response to fatigue loading characterized by an
increase in proteinases, inflammatory markers, and cartilaginous/lipid/
bone deposits (Archambault et al., 2007; Devkota and Weinhold, 2010;
Spiesz et al., 2015; Thorpe et al., 2015; Zhao et al., 2019). The direct
structural damage and resultant degenerative cellular response reduces
the mechanical properties of tendon (Arya and Kulig, 2010; Devkota,
2007; Flick et al., 2006; Fung et al., 2009), which increases the proba-
bility of a tendon rupture. Since tendon cells are mechanosensitive
(Lavagnino et al., 2015), it is possible that the degenerative cellular
behavior is a response to the structural damage or altered tissue loading
that occurs with overuse. However, it is not clear what specific stimuli in

Studies have shown that different tendons undergo different kinds of
structural damage with mechanical loading. Positional tendons, such as
common digit extensor tendons (CDETs), are primarily responsible for
fine motor control and exhibit multiple forms of fibrillar damage in
response to monotonic loading, including discrete plasticity, fibril
kinking, and loss of D-period banding (Chambers et al., 2018; Herod
et al.,, 2016). Energy-storing tendons, such as the Achilles tendon or
superficial digit flexor tendon (SDFTs), lack fine control but store and
release energy during locomotion resulting in less work done by muscles
(Alexander, 1991; Roberts et al., 1997; Roberts and Azizi, 2011). These
tendons show more resistance to fibrillar damage during monotonic
loading, especially at high strain rates (Chambers et al., 2018). In
response to fatigue loading, positional CDETs exhibited fibril kinking,
ruptured fibrils and discrete plasticity, while fatigue loading of energy-
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storing SDFTs did not produce these fibril-level forms of damage (Herod
et al., 2016); however, collagen disorganization/kinking at the fiber-
level was observed with fatigue loading of rat patellar tendons (Ser-
eysky et al., 2012), which also provides an energy-storing function
(Wiesinger et al., 2020). While it is still unclear why energy-storing
tendons are resistant to collagen denaturation compared to positional
tendons, possible reasons include damage localization within plastic
interfascicular or interfibrillar shear (Lee et al., 2017; Thorpe et al.,
2012), resistance to intermolecular sliding within fibrils due to an
increased density of mature crosslinks (Lin et al., 2022; Quigley et al.,
2018; Zitnay et al., 2017), or localized point failure of collagen mole-
cules/fibrils (Chambers et al., 2018).

While the SDFT in large quadrupeds (e.g., horses and cows) is
commonly injured and exhibits human-like tendinopathy (Ely et al.,
2009; Patterson-Kane and Rich, 2014), it is unclear whether the same
damage mechanisms observed in the SDFT occur in the Achilles tendon,
which is the primary human energy-storing tendon. Surprisingly, there
is no previous work that has looked at the damage mechanisms in
Achilles tendons. Therefore, the objective of this study was to investigate
whether denaturation of collagen molecules or collagen fiber kinking/
disorganization occurs in mouse Achilles tendons during cyclic and
monotonic loading to failure. Achilles tendons of mice are of particular
interest because they are often studied as a model for tendinopathy (Bell
et al., 2013; Wang et al., 2022; Zhang et al., 2020; Zhao et al., 2019) and
show similar degeneration patterns to human Achilles tendons. For
instance, degenerated Achilles tendons of both mice and humans show
deposition of proteoglycans and glycosaminoglycans (Maffulli et al.,
2000; Zhang et al., 2020; Cho et al., 2021; Wang et al., 2022; Zhao et al.,
2019). Additionally, the availability of transgenic mouse models enables
the future investigation of downstream mechanotransduction mecha-
nisms that may drive the etiology of tendinopathy.

Based on the previous literature on energy-storing tendons discussed
above, we hypothesized that ruptured mouse Achilles tendons will
exhibit collagen fiber disorganization but limited collagen denaturation.
A lack of collagen denaturation in mouse Achilles tendons would suggest
that the Achilles tendinopathy observed in mouse models (Cho et al.,
2021; Wang et al., 2022; Zhang et al., 2020; Zhao et al., 2019) is not
initiated by mechanically-induced damage to collagen molecules. We
also compared the level of collagen denaturation observed in mouse
Achilles tendons after monotonic loading to other mouse tendons to see
if this resistance to molecular denaturation is unique to Achilles tendons.
Understanding the damage mechanisms in Achilles tendons exposed to
fatigue loading will help identify the micromechanical environment that
leads to tendon degeneration.

2. Methods
2.1. Mechanical loading

Achilles tendons, flexor digitorum longus (FDL) tendons, tail tendon
fascicles, and patellar tendons were harvested from euthanized 15 + 3
week old male C57BL/6 mice from an approved IACUC study. The
Achilles and patellar tendons were harvested with their bone attach-
ments intact whereas the FDL and tail tendons were not. Tendon cross-
sectional area was measured using a non-contact laser transducer. For
cyclic loading, the bone attachment and myotendinous junction were
secured in a custom tensile bioreactor using custom grips (Pedaprolu
and Szczesny, 2022). After gripping the tendons, a minimal preload was
applied such that there was no visible slack to measure the initial length
of the tissue. The Achilles tendons (n = 7) were then cyclically loaded to
5 MPa at 0.5 Hz until rupture. The bioreactor kept the tendons sub-
merged in a PBS bath at 30 °C based on temperature readings of the
mouse hindlimb using an infrared thermometer. Based on preliminary
testing, the peak cyclic load of 5 MPa was chosen because it was 20% of
the ultimate tensile stress (UTS), which is representative of in vivo
physiologic loading (West et al., 2004). The peak strain per cycle was
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recorded.

Additional Achilles tendons (n = 4), FDL tendons (n = 3), patellar
tendons (n = 3), and tail tendons (n = 5) were monotonically loaded to
failure at a 0.5%/s strain rate in PBS at room temperature with a custom
built tensile testing device (Peterson and Szczesny, 2020). The bone
attachment of the Achilles tendons was secured in a conical grip during
monotonic loading (Supplementary Fig. 1), which minimized stress
concentrations by allowing the bone to reset into a natural position
during loading. For the patellar tendons, the patella and the tibia were
gripped in their anatomical orientations with serrated stainless steel
grips (Pedaprolu and Szczesny, 2022). The tendinous ends of the
Achilles, FDL, and tail tendons were directly clamped by custom
compression grips. A preload of 1 g was applied before monotonic
loading to define the zero-displacement position. The UTS and
maximum tangent modulus was recorded for all the monotonically
loaded tendons. A freshly harvested tendon and a tendon placed under
minimal static load (~0.02 MPa) were used as negative controls for
monotonic and cyclic loading, respectively. Finally, three Achilles ten-
dons were heated in PBS at 57 °C for 25 mins as a positive control for
collagen denaturation. All samples were frozen at —20 °C prior to sub-
sequent analysis for collagen denaturation.

2.2. Assessment of collagen denaturation

All tendons (except tail tendons, which were too thin) were cry-
osectioned at a thickness of 20 pm. The sections and tail tendons were
stained with a fluorescein tagged collagen hybridizing peptide (CHP) at
a concentration of 10 pM overnight at 4 °C (3Helix Inc). CHP is a probe
that specifically binds to denatured collagen (Li et al., 2013). The
samples were washed three times for 10 min each with room tempera-
ture distilled water. The sections were cover slipped and the tail tendons
were sandwiched between two coverslips and imaged using a confocal
microscope (Nikon A1R HD).

Positive signal for CHP staining was identified in the fatigue and
monotonically loaded samples by a fluorescence intensity above a
baseline threshold value. Baseline threshold values were determined
from the negative control sample for each tendon type such that <1% of
the total tendon area was positively labeled for CHP staining (Supple-
mentary Fig. 2). This ensured that any background signal (i.e., auto-
fluorescence, denatured collagen in control samples, unwashed CHP
probe) unique to each tendon type was not included in the quantifica-
tion of collagen denaturation in the mechanically loaded samples. The
percentage area of collagen denaturation was calculated as the ratio of
the area of positive signal to the total area of the tendon sections. For
each sample, a total of 2 sections were analyzed, and the percentage area
was averaged across the individual tissue sections. The heterogeneity in
the CHP staining between tissue sections of each sample was assessed by
determining the coefficient of variation for each tendon type.

2.3. Assessment of collagen disorganization

One or two cryosectioned sections of each fatigue loaded Achilles
tendon and static samples (n = 4) were imaged via second harmonic
generation using a multiphoton microscope (Leica SP8 DIVE) to visu-
alize the collagen fibers. The images were divided into 18 pm x 18 ym
subregions, and collagen fiber alignment within those subregions was
measured via Fourier transform analysis (Sereysky et al., 2010).
Collagen fiber disorganization/kinking was defined as a greater than 30°
difference in the fiber angles between the neighboring subregions
(Szczesny et al., 2018). The amount of collagen fiber disorganization
was determined by calculating the percentage of the total tendon area
that contained disorganized regions.

2.4. Statistical analysis

A t-test with Welch’s correction was used to compare the amount of
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collagen denaturation and disorganization between the cyclically
loaded and static control Achilles tendons. Differences in the amount of
collagen denaturation during monotonic loading and the mechanical
properties between the Achilles tendon and all other tendons were
determined using a one-way ANOVA with a Dunnett’s post hoc correc-
tion for multiple comparisons. Statistical significance for all tests was set
at p < 0.05.

3. Results
3.1. Collagen denaturation and disorganization

Cyclically loaded Achilles tendons exhibited a typical triphasic creep
behavior and ruptured at the tissue midsubstance after 109,586 +
31,330 cycles (Supplementary Fig. 3). Only 3.2 & 2.7% of the total area
of the ruptured samples exhibited positive CHP staining, which was not
significantly greater than the residual signal in the static control samples
(Fig. 1). In contrast, 17.41 + 5% of the tendon area exhibited collagen
disorganization, which was significantly greater than the amount of
disorganization in statically loaded Achilles tendons (7.71 + 1.64%).
Achilles tendons monotonically loaded to rupture also exhibited mini-
mal (5.2 + 0.4%) positive CHP staining, which was significantly less
than FDL tendons (71.6 + 17.9%) and tail tendons (97.7 £+ 2.7%)
(Fig. 2). The percentage area of CHP staining in patellar tendons was
11.4 + 13.3%, which was not significantly different than Achilles ten-
dons (p = 0.81). As a positive control, heat denatured Achilles tendons
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exhibited collagen denaturation across the entire tendon area (97.2 +
3.6 %). The coefficient of variation of CHP staining between sections
within a given sample was on average<0.4, with higher individual
sample values due to very small means (Supplementary Fig. 4).

3.2. Tendon mechanical properties

Monotonically loaded Achilles and patellar tendons exhibited soft
tissue failure near the bone insertions, while the FDL and tail tendons
failed at the tissue midsubstance. Failure at the bone insertions produced
a relatively abrupt drop in the stress-strain curves for the Achilles and
patellar tendons (Fig. 3). Note that the small jumps in the stress strain
curves before failure in some of the samples were due to resetting of the
bone attachment in the conical and serrated grips. While the tail tendons
exhibited gradual post-yield failure, the FDL tendons exhibited a
mixture of abrupt and gradual failure. The UTS and maximum tangent
modulus of the patellar tendons was not significantly different than that
of the Achilles tendons (p = 0.12 and p = 0.14, respectively) (Fig. 4).
However, the FDL and tail tendons were both significantly stronger and
stiffer than the Achilles tendon.

4. Discussion
In this study, we found that cyclically loaded mouse Achilles tendons

exhibit minimal collagen denaturation but demonstrate collagen fiber
disorganization. This is consistent with cyclic loading of the energy-

B)
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SHG

Fig. 1. Cyclically loaded mouse Achilles tendons exhibit collagen fiber disorganization but minimal collagen denaturation. Representative thresholded
images of CHP-stained (A) static control and (B) cyclically loaded mouse Achilles tendons (CHP signal is colored red). Representative images of collagen orientation
in (C) static control and (D) cyclically loaded mouse Achilles tendons (green signal represents local collagen fiber disorganization). (E) There was a statistically
significant difference in collagen disorganization but not collagen denaturation between static control and cyclically loaded mouse Achilles tendons (p < 0.05). Scale
bar: 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Levels of collagen denaturation in various mouse tendons monotonically loaded to failure. Representative thresholded images of ruptured mouse (A)
Achilles tendons, (B) patellar tendons, (C) FDL tendons, and (D) tail tendon fascicles. (E) Heat denatured Achilles tendon acted as positive control for collagen
denaturation. (F) Monotonically ruptured Achilles tendons showed significantly less collagen denaturation than FDL tendons and tail tendon fascicles (p < 0.05).

Scale bar: 1 mm.

storing bovine SDFT (Herod et al., 2016) and rat patellar tendon (Ser-
eysky et al., 2012), which has also been suggested to provide an energy-
storing function (Wiesinger et al., 2020). We also observed little
collagen denaturation in monotonically loaded mouse Achilles tendons
and patellar tendons. However, this is in contrast to monotonic loading
of bovine SDFTs at strains rates similar to those used in this study, which
do exhibit collagen molecule denaturation (Chambers et al., 2018).
Additionally, the resistance to molecular damage in mouse Achilles and
patellar tendons was also unique compared to mouse FDL tendons,
which may also serve an energy-storing purpose (Lin et al., 2022, 2020).

It is tempting to conclude from these data that Achilles tendons are
highly adapted to their particular in vivo function and that tissue
damage mechanisms differ between energy-storing tendons. In com-
parison to positional tendons, energy-storing tendons exhibit greater
interfascicular sliding under load (Thorpe et al., 2012) and have a higher
density of mature crosslinks (Svensson et al., 2018). This reduces the
amount of strain transmitted to tendon fascicles for a given applied
tissue-level strain and reduces the amount of intermolecular sliding,
both of which protects energy-storing tendons from collagen denatur-
ation (Herod et al., 2016; Quigley et al., 2018; Zitnay et al., 2017).
However, these structural properties also lead to a lower tissue
modulus/strength as well as local brittle failure (Chambers et al., 2018;
Thorpe et al., 2012). Interestingly, we found that the Achilles and
patellar tendons had a lower modulus and tensile strength than the FDL
and tail tendons (Fig. 4). Since FDL tendons experience lower in vivo
forces and provide less energy storage than Achilles tendons (Biewener
and Baudinette, 1995), it is possible that the rodent FDL may serve a
dual positioning and energy-storing function, with structural

characteristics, mechanical properties, and damage mechanisms that are
a blend of “pure” energy-storing and positional tendons. This would
explain the moderate susceptibility of FDL tendons to collagen dena-
turation that is intermediate between the Achilles and tail tendon fas-
cicles (Fig. 2) and would be in agreement with a potential tradeoff
between cyclic loading capacity and stiffness/strength (Herod et al.,
2016).

However, it is unclear what structural differences (if any) exist be-
tween the FDL and Achilles tendons. Mouse Achilles tendons do not
contain separate fascicles (Eekhoff et al., 2022; Lee and Elliott, 2018), so
increased interfascicular sliding cannot explain the difference in
collagen denaturation and mechanical behavior between the Achilles
and FDL tendons. Additionally, rat FDL and Achilles tendons have a
similar resistance to acid solubility (Lin et al., 2022; Svensson et al.,
2018), suggesting that they also have comparable amounts of mature
crosslinks. Finally, greater interfibrillar sliding could potentially protect
collagen molecules in Achilles tendons from denaturation and also
produce a lower tensile modulus. However, rat tail tendon fascicles
exhibit substantial interfibrillar sliding as well as collagen denaturation
(Szczesny and Elliott, 2014), suggesting that increased interfibrillar
sliding alone is not enough to prevent damage to collagen molecules.
Therefore, it is unlikely that a difference in tissue structure can explain
the difference in collagen denaturation between the Achilles and FDL
tendons.

An alternative explanation is that the minimal collagen denaturation
observed in mouse Achilles tendons within this study was due to point
failure at the enthesis. Both the Achilles and patellar tendons in our
study were gripped at the bone attachments, and they both failed at the
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Fig. 3. Stress strain curves of monotonically loaded mouse tendons. Individual stress strain curves of (A) Achilles tendons, (B) patellar tendons, (C) FDL tendons,

and (D) tail tendon fascicles.
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Fig. 4. Mechanical properties of mouse tendons. (A) Maximum tangent modulus and (B) maximum stress during monotonic loading of Achilles tendons are lower

than both FDL tendons and tail tendon fascicles (p < 0.05).

enthesis under monotonic loading. In contrast, the FDL and tail tendons
failed at the tissue midsubstance, and these tendons were gripped
directly since the bony attachments could not be harvested intact. We
found that the modulus and UTS for the Achilles and patellar tendons
were substantially lower than that for the FDL and tail tendons, which is
consistent with prior literature suggesting that the enthesis is a weak
point in tendons (Liu et al., 2012; Miller et al., 2012). Additionally, the
failure point in the stress-strain curves for both the Achilles and patellar
tendons is relatively abrupt compared to the FDL tendons and especially

the tail tendons (Fig. 3). This suggests that the enthesis failed prior to
significant yielding of the tendon midsubstance for both the Achilles and
patellar tendons. Previous studies have demonstrated that collagen de-
natures only after tendons and fibrils are stretched beyond their yield
point (Lin et al., 2022, 2020), so this would explain the low amount of
CHP staining in the Achilles and patellar tendons during monotonic
loading. Interestingly, the fatigue-loaded Achilles tendons also failed at
the tissue midsubstance yet still exhibited little collagen denaturation.
This suggests that under cyclic physiologic loading the enthesis remains
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intact and that mouse Achilles tendons rupture via brittle point failure
within the tissue midsubstance, which is consistent with the failure
mechanisms in other energy-storing tendons (Chambers et al., 2018;
Herod et al., 2016). This is in contrast to fatigue loading of rat tail
tendon fascicles (i.e., positional tendons), which did exhibit collagen
denaturation in response to fatigue loading (Zitnay et al., 2017), albeit
at higher loading levels (40% UTS). Therefore, while failure at the
enthesis may explain the limited collagen denaturation observed during
monotonic loading, the lack of collagen denaturation observed in the
mouse Achilles tendon during fatigue loading is likely due to the
structural characteristics (e.g., increased mature crosslinks) of the
tendon itself (Herod et al., 2016).

Another important implication of our data is that the initiation of
tendon degeneration observed in Achilles tendons may not be due to
mechanically-induced collagen denaturation. It should be noted that the
tissues in this study were not viable, so it is possible that collagen
denaturation/molecular damage does occur within tendinopathic tissue
in vivo as a result of secreted proteinases and cell-mediated tissue
remodeling (Chen et al., 2020; Steplewski et al., 2019), which could in
turn aggravate the degenerative cascade. Still, the presence of collagen
disorganization suggests that altered tissue topography may stimulate a
degenerative cellular response in fatigue-loaded Achilles tendons. Pre-
vious in vitro studies have shown that nonaligned substrates cause
tendon cells to lose their native phenotype and increase their osteogenic
potential (Yin et al., 2010; Zhu et al., 2010). Additional studies have also
shown that the response of cells to mechanical loading is sensitive to
angular variations in fibrillar matrices (e.g., crimping, kinking), which
may be due to altered strain transmission and mechanosensing (Chao
etal., 2014; Szczesny et al., 2016). Therefore, it is possible that collagen
fiber disorganization is an early driver of the degenerative cellular
behavior observed in tendinopathic Achilles tendons.

We acknowledge that there are limitations to this study. One is that
our findings in mice may not be applicable to human Achilles tendons.
Indeed, some question whether rodent Achilles tendons are suitable
models of the human equivalent given the different physiological de-
mands between humans and rodents as well as the difference in size and
structure (Patterson-Kane and Rich, 2014). As mentioned above, rodent
Achilles tendons lack an interfascicular matrix (Eekhoff et al., 2022; Lee
and Elliott, 2019), which is an important determinant of the mechanical
differences between energy-storing and positional tendons in larger
animals (O’Brien et al., 2021). Nevertheless, mouse Achilles tendons do
exhibit tissue degeneration in response to overuse (Zhang et al., 2020;
Zhao et al., 2019), similar to human Achilles tendons and SDFTs in the
horse (Maffulli et al., 2000; O’Brien et al., 2021; Patterson-Kane and
Rich, 2014). Additionally, mouse Achilles tendons exhibit a similar
resistance to collagen denaturation as bovine SDFTs (Chambers et al.,
2018; Herod et al., 2016; Quigley et al., 2018), suggesting that our re-
sults are consistent with larger animal models. A second technical lim-
itation is that we used optical microscopy and image analysis of
individual tissue sections to quantify the percent of the tendon area that
contains denatured collagen, which should not be confused with the
total amount of denatured collagen within the tissue that is measured
using biochemical techniques (Lin et al., 2019). For example, prior
testing of rat tail tendon fascicles demonstrated that when 100% of the
tendon area contains denatured collagen, only 2.5% of the total collagen
is actually denatured (Zitnay et al., 2017). However, this also suggests
that microscopic imaging of CHP staining is a highly sensitive technique
for identifying the presence of denatured collagen molecules in tendon.
Additionally, the areal fluorescence measurements used in this study are
correlated with biochemical microplate and trypsin digestions assays
(Lin et al., 2019). The technical variation in CHP staining within our
data is also small compared to the biological variation between samples
and tendon types (Supplementary Fig. 4). Therefore, our data is likely an
accurate proxy for the relative total collagen denaturation between tis-
sues. Finally, we were unable to directly test whether the lack of
collagen denaturation during monotonic loading of mouse Achilles and
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patellar tendons was indeed due to failure at the tendon enthesis. The
short length of both tendons precluded the ability to remove the bone
attachments and directly grip the tendon midsubstance. Conversely, the
separation of the distal FDL tendon into multiple digits made it difficult
to test the proximal tissue with an intact bone attachment. Nevertheless,
the Achilles tendon entheses are obviously intact in situ; therefore, our
data suggest that, even for supraphysiologic loading (e.g., ramp loading
to failure/extreme traumatic event), mouse Achilles tendons do not
experience significant collagen denaturation in vivo.

In summary, our data demonstrate that fatigue loading creates
collagen fiber disorganization in mouse Achilles tendons but minimal
denaturation of collagen molecules. Previous studies of SDFTs (Cham-
bers et al., 2018; Herod et al., 2016; Quigley et al., 2018) and our
monotonic loading data of patellar tendons suggest that the resistance to
collagen denaturation with fatigue loading is not unique to Achilles
tendons. Still, the finding that fatigue loading does not induce collagen
denaturation in mouse Achilles tendons, which exhibit tendinopathic
changes with overuse (Cho et al., 2021; Zhang et al., 2020; Zhao et al.,
2019; Wang et al., 2022), suggests that mechanically-induced collagen
denaturation may not be responsible for the initiation of tendon
degeneration and tendinopathy.
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