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Introduction: Tendinopathy is a degenerative condition resulting from tendons
experiencing abnormal levels of multi-scale damage over time, impairing their
ability to repair. However, the damage markers associated with the initiation of
tendinopathy are poorly understood, as the disease is largely characterized by
end-stage clinical phenotypes. Thus, this study aimed to evaluate the acute
tendon responses to successive fatigue bouts of tendon overload using an in vivo
passive ankle dorsiflexion system.

Methods: Sprague Dawley female rats underwent fatigue overloading to their
Achilles tendons for 1, 2, or 3 loading bouts, with two days of rest in between each
bout. Mechanical, structural, and biological assays were performed on tendon
samples to evaluate the innate acute healing response to overload injuries.

Results: Here, we show that fatigue overloading significantly reduces in vivo
functional and mechanical properties, with reductions in hysteresis, peak stress,
and loading and unloading moduli. Multi-scale structural damage on cellular,
fibril, and fiber levels demonstrated accumulated micro-damage that may have
induced a reparative response to successive loading bouts. The acute healing
response resulted in alterations in matrix turnover and early inflammatory
upregulations associated with matrix remodeling and acute responses to injuries.

Discussion: This work demonstrates accumulated damage and acute changes to
the tendon healing response caused by successive bouts of in vivo fatigue
overloads. These results provide the avenue for future investigations of long-
term evaluations of tendon overload in the context of tendinopathy.
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1 Introduction

Tendons are highly aligned, fibrous tissues connecting muscle to
bone and are subjected to substantial amounts of daily loads; the
Achilles tendon, the largest in the body, experiences loads up to
12.5 times the body weight during running (Komi et al., 1992;
Svensson et al., 2016). Thus, tendons are prone to ruptures and
overuse injuries, such as tendinopathies, from their daily continuous
stresses and strains. Tendinopathy causes functional impairments,
painful symptoms, and decreased quality of life in 30%–50% of the
elderly, workplace, and athletic populations (Andarawis-Puri and
Flatow, 2011; Kaux et al., 2011; Neviaser et al., 2012; Maffulli et al.,
2020). Achilles tendinopathy has a lifetime incidence of 52% for
athletes involved in running activities (Tarantino et al., 2023).
Clinical cases of tendinopathy present morphological changes
(i.e., increased cross-sectional area) as well as diminished
mechanical and material properties (Arya and Kulig, 2010;
Helland et al., 2013; Wiesinger et al., 2020) Despite its prevalence
and substantial healthcare burden, the pathogenesis is largely
unknown and clinically characterized in its later stages when the
condition is accompanied by pain as well as degenerative symptoms,
limiting treatment options.

External mechanical stimuli from physical activity drive tendon
homeostasis, adaptation, and repair responses. For example, macroscale
loads causemicroscopic tensile, compressive, shear, and fluid changes to
the ECM due to the hierarchical and viscoelastic properties of the
tendon. Native tendon cells (tenocytes) sense and convert mechanical
stimuli into cell signals through cell-cell and cell-matrix interactions and
respond through mechanotransduction pathways of tissue remodeling
and adaptation. Force transmission through the tendon sets off a
cascade of biological responses that can strengthen the tendon
through matrix synthesis and degradation of damaged collagen and
the surrounding ECM (Lipman et al., 2018). However, abnormal
loading conditions-such as overload-ultimately trigger a cascade of
mechanobiological signals due to deviations from the cellular tensional
homeostasis (Pentzold and Wildemann, 2022). Lack of sufficient rest
periods between abnormal loading conditions causes an increase in the
deposition of mechanically weaker type III collagen, collagen fiber
disruption, net degradation of tendon ECM, apoptosis, and
inflammation, leaving the tendon susceptible to further injury
(Andarawis-Puri et al., 2014; Spiesz et al., 2015; Thorpe et al., 2015;
Zamboulis et al., 2020). The accumulation of fatigue damage coupled
with insufficient recovery time results in a chronic degenerative cycle
resulting from a “failed” tendon healing response, ultimately leading to
tendinopathy.

Thus, multiscale investigations of tendon damage are critical to
understanding how damage propagates spatially and temporally. In vivo
animal models of tendon overuse and overload (such as treadmill
running, repetitive reaching, climbing, direct tendon loading, and
synergist ablation) have been used in such work (Williamson et al.,
2021; Bloom et al., 2023). Recently developed ex vivo model systems-
designed to mimic in vivo tendon biomechanics and load the tendon in
isolation-demonstrated that cyclically loading tendons to physiological
stresses and strains results in temporal inflammatory as well as matrix
degradation responses (Benage et al., 2022). Sub-failure tendon changes
such as decreased stiffness and collagen disorganization, indicative of
early signs of degeneration, have been revealed in cyclic fatigue loading
in rat and mouse models (Soslowsky et al., 2000; Soslowsky et al., 2002;

Fung et al., 2009; Ng et al., 2011; Andarawis-Puri et al., 2012;
Andarawis-Puri et al., 2014). Various overuse studies have reported
increased levels of non-tenogenic cell types and rounded cellular
morphology. These may activate mechanotransduction pathways,
altering matrix turnover and inflammatory pathways, which may
play roles in tendon structural and mechanical degeneration
(Williamson et al., 2021).

Whereas in vivo overuse models have identified several damage
markers associated with overuse tendinopathy in a physiologically
relevant manner, models cannot measure a tendon’s stresses and
strains during fatigue loading or selectively loading the tendon in
isolation from connecting tissues. Ex vivo dynamic loading models
address these limitations and allow for a coupled understanding of
the mechanobiological changes associated with specified fatigue
loads but in isolation from the body’s natural environment and
reactionary responses to injuries. Therefore, the objective of this
study was to assess multiscale mechanobiological and structural
changes of the Achilles tendon acute healing in response to
successive cyclic fatigue loading, using our previously validated
system that applies cyclic loads to the rat Achilles tendon while
measuring the tendon’s stresses and strains (Williamson et al.,
2023). To determine the effects of fatigue loading on tendon sub-
failure changes and the subsequent acute healing response, we
assessed changes to in vivo mechanical and multiscale
morphological properties and biological response through gene
expression. We hypothesized that successive fatigue loading
would result in decreased in vivo mechanical properties, collagen
micro-damage, cellular infiltration, and a disruption to the innate
inflammatory response and collagen and matrix turnover.

2 Materials and methods

2.1 Experimental design

All procedures were approved by the Institutional Animal Care and
Use Committee (IACUC). In this study, female rats were chosen due to
existing studies indicating that women have a greater burden associated
with tendon disorders, with greater disabilities and diminished tendon
function (Sarver et al., 2017; Pentzold andWildemann, 2022). Thirteen-
week-old female Sprague Dawley rats (n = 36) were anesthetized using
isoflurane. The left hindlimb of each animal was fixed in full-leg
extension using a splint to isolate the Achilles tendon. The foot was
attached to an ankle joint actuator that allowed for passive ankle
dorsiflexion up to 40° relative to full plantarflexion, and the rat was
secured in a prone position in a full-body platform. The ankle was
cyclically dorsiflexed to an angle that loaded the tendon for 500 cycles to
the exponential region at ~1 Hz to mimic normal gait, as described in a
previously published protocol (Williamson et al., 2023; Chainani et al.,
2024). Each rat was subjected to either 0 (control), 1 (group 1), 2 (group
2), or 3 (group 3) bouts of 500 loading cycles (one bout per day, n =
9 per group) with 2 days of cage activity between each loading
(Figure 1). Mechanical measurements before and after each loading
were performed to assess the effect of loading on tendon mechanical
properties. Two days after each group’s final loading, the rats were
euthanized via CO2 inhalation. No loading or mechanical
measurements were performed on the control group. The loaded
Achilles tendon tissue was harvested for RT-qPCR gene expression
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analysis (n = 5 per group), histological assessment (n = 3 per group),
and transmission electron microscopy analysis of transverse sections
(n = 1 per group).

2.2 Mechanical data analysis

The torque and angle loading data from five baseline
measurements before the loading regimen and five post-loading
measurements immediately after the last loading bout were
converted to stress and strain using the Achilles tendon moment
arm and cross-sectional area obtained from pilot studies. The
hysteresis curves were analyzed using a custom-developed
MATLAB code (MathWorks, Natick, MA, United States) to
calculate percentage differences in hysteresis, peak stress, and
loading and unloading moduli between baseline measurements
and after the final bout of loading for each group.

2.3 Histology

Following euthanasia, tendon tissues were dissected at the
calcaneus and proximal to the myotendinous junction and
immediately fixed in 10% neutral buffered formalin. The tissue
samples were formalin-fixed paraffin-embedded (FFPE) via routine
paraffin protocol and sectioned and stained at the BIDMCHistology
Core. Sections of 5 µm thickness from each sample were stained with
hematoxylin & eosin (H&E) to assess changes in cell shape and size
and with Masson’s Trichrome staining to assess collagen structural
changes with a standard protocol by the BIDMC Histology

Core. Slides were imaged at ×10 using a brightfield full slide
scanning microscope (Olympus VS120 Virtual Slide Scanner,
Olympus, Japan).

2.4 Histological image analysis

Using the open-source image-processing program Fiji (National
Institutes of Health, MD, United States), H&E, and Masson’s
Trichrome stained images were pre-processed and analyzed to
extract cellular morphology and collagen orientation. For H&E
stained images, the regions of interest were manually segmented,
and a color deconvolution algorithm was performed to isolate the
hematoxylin stain, and the cell nuclei were segmented using the
Phansalkar thresholding method and watershed segmentation. The
circularity, nuclear aspect ratio, area fraction, and cellularity were
analyzed for each image. TheMasson’s Trichome stained images were
manually cropped to the region of interest and converted to greyscale.
Using the OrientationJ plugin in Fiji, the collagen orientation was
extracted for each image. The circular variance was calculated for each
group to measure the spread of orientations per group.

2.5 Transmission electron microscopy

Tendon tissues were dissected as previously described for the
histological samples. Tissues were immersion fixed in 2%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA,
United States) in 0.1M Sodium Cacodylate (Sigma-Aldrich,
Burlington, MA, United States) pH 7.4 for at least 1 h at room
temperature and then at 4°C overnight. Tissues were washed with
0.1M Sodium Cacodylate and then post-fixed for 1 h at 4°C in 1%
osmium tetroxide (Electron Microscopy Sciences) in 0.1M Sodium
Cacodylate. Cells were washed in DI water and incubated in 2%
aqueous uranyl acetate (Electron Microscopy Sciences) overnight at
4°C. The following day, tissues were washed with DI water and then
dehydrated at 4°C in a graded ethanol series. Tissues were then
brought to room temperature and dehydrated with 100% ethanol
(Sigma-Aldrich), followed by propylene oxide (Electron Microscopy
Sciences). Infiltration with LX112 resin (Ladd Research Industries,
Williston, VT, United States) was followed by embedding in flat-
bottom Beem capsules (Electron Microscopy Sciences). The resulting
blocks were sectioned using a Leica Ultracut E ultramicrotome (Leica
Microsystems, Wetzlar, Germany), and sections were placed on
formvar and carbon-coated grids (Electron Microscopy Sciences).
Sections of 70 nm thickness from the midsection of the tendon were
cut perpendicular to the longitudinal axis of the tendon. The sections
were contrast stained with 2% uranyl acetate followed by lead citrate
(Sigma-Aldrich) and imaged in a JEOL 1400 transmission electron
microscope (JEOL, Peabody, MA, United States) equipped with a
Gatan Orius SC1000 digital CCD camera (Gatan, Pleasanton, CA,
United States).

Four regions of interest (ROI) were identified
at ×2,500 magnification in each quadrant of the sample grid. Ten
micrographs per sample from five regions of interest within
the tendon were chosen from four quadrants and the center of
the transverse section of the tissue, taken at a final
magnification of ×25,000.

FIGURE 1
Study design: Thirteen-week-old female Sprague-Dawley rats
underwent fatigue loading via a passive ankle dorsiflexion system for 1
(group 1), 2 (group 2), or 3 (group 3) bouts of loading (n = 9/group).
Loading was performed once a day every 2 days (blue circle) and
tendon samples were collected (black square) 2 days following the
final loading bout.
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2.6 Collagen fibril image analysis

The ten representative images from each sample were
preprocessed and quantified for collagen morphological
parameters using the freely available Fiji image-processing
package (Rigozzi et al., 2010). The quantified measurements from
these ten images were averaged to provide a representative value for
each sample. To correct for uneven backgrounds, the original images
were subtracted by their Gaussian filtered (radius = 40 pixels) image
to generate a new image with a “flat field” (Zhou et al., 2013). A
median filter (radius = 5 pixels) was applied, followed by auto-
thresholding to generate a binary mask. Outliers smaller than
5 pixels were removed. The resulting binary images were
subjected to watershed segmentation and particle analysis to
quantify each collagen fibril’s perimeter, area, radius, and total
collagen area fraction. Fibrils on the edges of the images were
excluded to remove samples that did not provide a complete
characterization for quantification. These measurements
described collagen morphological properties (collagen area
fraction and collagen fibril radius) and a fibril-fibril interaction
parameter (specific fibril surface) (Rigozzi et al., 2010). The
distribution of fibril radii was presented in a histogram.

2.7 Quantitative gene expression

Following euthanasia, the loaded Achilles tendons were
dissected free of soft tissue, as described previously, and
harvested and stored in 1 mL of TRIzol reagent (Invitrogen,
Waltham, MA, United States), fast frozen with liquid nitrogen,
and stored at −80°C for further processing.

Total RNA from all tissue types was extracted from an established
methodology. Tendon tissue was homogenized in 1 mL TRIzol with a
Polytron homogenizer (850 Homogenizer, ThermoFisher Scientific,
Waltham, MA, United States). RNA extraction and purification were
performed using a PureLink RNA mini kit (Invitrogen, Waltham, MA,
United States) per manufacturer instructions. A spectrophotometer
(NanoDrop Technologies, Wilmington, DE, United States) was used
to determine RNA concentrations and purity ratios.

For cDNA synthesis, 500 ng RNA for each sample was converted
into cDNA using the PrimeScript RT reagent Kit with gDNA Eraser
(TaKara Bio, Kusatsu, Shiga, Japan) according to the manufacturer’s
protocol. SYBR Green-based quantitative PCR (qPCR) detection
was then performed using PerfeCTA SYBR Green FastMix, Low
ROX (Qiagen, Hilden, Germany) on a Mx3000P QPCR System
(Stratagen, La Jolla, CA, United States). For each target mRNA, 2 µL
diluted cDNA was amplified in an 11 µL SYBR Green PCR total
reaction containing 5 µL SYBR Green and 0.6 µL (10 µM) of the
forward and reverse primer. Samples were assessed for gene
expression of matrix proteins (collagen types 1, 3, decorin,
biglycan), matrix metalloproteinases (MMP-2, MMP-3, MMP-
13), tissue inhibitors of matrix metalloproteinases (TIMP-1,
TIMP-2), inflammatory cytokines (IL-1β, VEGF, TGFβ, TNFα),
tenocyte markers (scleraxis, tenomodulin), and mechanotranducers
(YAP and TAZ) (Table 1). All primers were designed to span an
intron. Gene expression values were normalized to the housekeeping
gene, GAPDH, and the control group. Gene expression values were
normalized to the housekeeping gene, GAPDH, and the control

group], and the data was analyzed with the 2−δδCT values (Livak and
Schmittengen, 2001). At the end of each RT-qPCR run, the melting
curves were checked to confirm a single product disassociation point
and technical replicates were averaged if Ct values were within a
tight range.

2.8 Statistical analysis

Statistical analysis used GraphPad (version 9.3.0 for Windows;
GraphPad Software, San Diego, CA, United States). The ROUT
method was used to remove any outliers before analysis. The
Kolmogorov-Smirnov test was used to test for normality. A one-
way analysis of variance (ANOVA) test was used for normally
distributed data to test the significance between groups on the
mechanical, gene expression, and morphological properties.
Otherwise, the Kruskal-Wallis test was performed. Statistical
significance was assessed at p-values less than 0.05.

3 Results

3.1 Decreased in vivo mechanical properties
with successive loading

Successive bouts of loading resulted in larger decreases in the in
vivo mechanical properties of the fatigue-loaded Achilles tendons
(Figure 2). There was a significant difference in hysteresis reduction,
a mechanical property of viscoelastic tissues measuring their
damping capacity, between the loading groups, with an even
greater difference between groups 1 and 3. The decrease in peak
stress and loading modulus of the dorsiflexion cycle was significant
between group 1 and groups 2 and 3; however, there were no
differences in the unloading moduli between the loading groups.

3.2 Differential gene expression in matrix
and inflammatory markers with
successive loads

There was an increase in type I collagen gene expression in
groups 1 and 2, with a significant increase in group 2 compared
to control (Figure 3A). There was a significant reduction in type
I collagen gene expression, while there was an increase in type III
collagen gene expression in group 3. However, there were no
significant changes in the expression of biglycan and decorin,
small leucine-rich proteoglycans (SLRPs) responsible for
regulating the tendon’s collagen fibrillogenesis and extracellular
matrix assembly.

There was an approximately 200-fold relative upregulation of
MMP-13 in group 2, followed by a decrease in group 3, while still
significantly upregulated around 65-fold compared to the control group
(Figure 3B). MMP-2 expression reached significance in group
3 compared to groups 1 and control. The corresponding tissue
inhibitor TIMP-1 was upregulated by 9.3-fold in group 2, followed
by a decrease to 3.75-fold upregulation in group 3. MMP-3 expression
had an increasing trend in group 1, followed by reductions in expression
levels in subsequent groups, with no significance.
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The pro-inflammatory cytokine IL-1β exhibited an average
increase of roughly 14 to 15-fold across all three groups
(Figure 3C). TNF-α, VEGF, and TGFβ did not change
significantly throughout the loading groups. However, there was
a slight upregulation for VEGF in group 2 and for TGFβ in group 1;
however, neither reached significance.

3.3 Alterations in tenocyte and
mechanotransduction markers

Scleraxis (Scx) had a 2.7-fold increase in gene expression
following 1 bout of loading, with a slight decline for the
remaining two groups, while still upregulated around 2-fold.

TABLE 1 Forward and reverse gene sequences for qPCR.

Gene Forward Sequence (5′ → 3′) Reverse Sequence (5′ → 3′)

GAPDH ACCCCTCCTGGGTTTGTAGT CATCCAAGCATTCAACCGGC

Col1a1 GCGAAGGCAACAGTCGATTC GGACCTGGTCTGGGGATACT

Col3a1 GCCTACATGGATCAGGCCAA CATGGCCTTGCGTGTTTGAT

DCN CGGTGGCAAATACCCGGATTA AGGGGATTGTCAGGGTCGTA

BGN GACAAACCGACAGCCTGACA ATGAGCAGCCCATCATCCAA

MMP2 AGTTGGCCACATCTGGTTG TTTGGCAGAAGTTGGGGTCAT

MMP3 GGTGGATGCTGTCTTTGAAGC CTCCATGAAAAGACTCAGAGGA

MMP13 ACCCAGCCCTATCCCTTGAT TCTCGGGATGGATGCTCGTA

TIMP1 CCAGGTCCGAGTTGCAGAAA TCCTGAGTCTCCCTAGAGCC

IL-1β GCTACCTATGTCTTGCCCGT TCACACACTAGCAGGTCGTC

TNFα ATCGGTCCCAACAAGGAGGA CGCTTGGTGGTTTGCTACG

VEGF ACGACAGAAGGGGAGCAGAA AGATGTCCACCAGGGTCTCA

TGFβ CAGAACCCCCATTGCTGTCC CAGCCACTCAGGCGTATCAG

Scx AACAGATCTGCACCTTCTGCC CTTCGAATCGCCGTCTTTCTG

Tnmd AGACAAGCAAGCGAGGAAGAC CACGACAGATGACTCGACCTC

YAP1 TTCGGCAGGCAATACGGAA TGGCTGCGGAGAGCTAATTC

TAZ GTGGGAGATGACCTTCACGG CAAGATTGGGCTGGGACACT

FIGURE 2
In vivomechanical properties: Successive fatigue-load injuries from passive ankle dorsiflexion result in reduced mechanical properties, specifically
in the percent change in hysteresis, the peak stress of each applied cycle, and the loading and unloading modulus between the uninjured in vivo tendon
properties and properties following the final loading bout of each respective group. The data is presented as mean ± STD with statistical difference
denoted by stars (*) between each number of load (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001).
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Tenomodulin (Tnmd) was significantly upregulated by 5.6-fold for
group 1 compared to the control group while staying relatively
upregulated for the other groups. The mechanoresponsive
transcriptional co-activators, Yes-Associated Protein (YAP) and
Transcriptional co-activator with PDZ binding motif (TAZ), co-

regulators of cellular proliferation and differentiation, had opposite
trends between groups. While YAP expression increased 3.1-fold for
group 1 and had a decreasing trend for the remaining groups,
TAZ initially was upregulated by 2.1-fold and continued to
increase (Figure 3D).

FIGURE 3
Gene expression levels of Achilles tendon mRNA relative to GAPDH of (A) matrix proteins (type I and III collagen, biglycan, and decorin, (B) matrix
metalloproteinases and tissue inhibitor-1 (MMP-2, MMP-3, MMP-13, TIMP-1), (C) proinflammatory (IL-1B, TNF-a, and VEGF) and anti-inflammatory
(TGFB) cytokines and (D) tenocyte markers (scleraxis, tenomodulin), and mechanotranducers (YAP and TAZ). The data is presented as mean ± STD with
statistical difference denoted by stars (*) between each number of load (* = p < 0.05, ** = p < 0.01, and *** = p < 0.001).
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3.4 Cellular damage indicated early
apoptotic processes

Tenocytes in the control group had the characteristic elongated
cell shape with cell extensions into the network of collagen fibrils
(Figures 4A, B). With fatigue overloading, cells became malformed
and rounded, with accumulations of intracellular vacuoles, vesicles,
andmitochondria (Figures 4C–H). The characteristic cytoplasmwas
preserved in the control groups, but with overload, there were
disrupted cytoplasmic processes dominated by the nucleus, with
some protrusions on the outer boundary of cells (Figures 4C–E, G,
H). Healthy tenocytes contained uncondensed chromatin, and with
successive bouts of loading, the chromatin started to form
condensed regions (Figures 4D, E, H) and some developed rings
of chromatin in the outer border of the cell (Figures 4C, G). In most

tenocytes of the loaded groups, a thickened pericellular matrix of
non-collagenous matrix formed, separating the cell from the
surrounding fibrils. Damaged cells also exhibited dilated rough
endoplasmic reticulum (Figure 4F). In group 3, tenocytes showed
signs of apoptosis with nuclei fragmentation (Figure 4G).

3.5 Macro- and micro-structure indicates
cellular and fibril adaptation response

The control group’s nuclei had an average circularity of 0.5,
slightly increasing to 0.55 for the groups with loading bouts.
Similarly, the nuclear aspect ratio between the major and minor
axes increased by approximately 10% between the control and the
experimental groups. Both area fraction and cellularity decreased for

FIGURE 4
Loaded groups exhibited characteristics of apoptosis in TEM images: Healthy tenocytes exhibited characteristic elongated shapes with extensions
into the matrix (A, B). Loaded cells had accumulations of vesicles, vacuoles, and mitochondria (arrowheads) (C, E, F). The shapes became more rounded
with protrusions in the boundaries (arrows) (C, E, G). Thickened pericellularmatrix separated the cell from surrounding fibrils (stars) (C, D, E, H). Some cells
had dilated endoplasmic reticulum (F). Apoptotic processes were demonstrated by areas of dense chromatin (circle) (D,H) and rings of chromatin
around the cell boundary (square) (E, G, H), with some cells in group 3 having separated nuclei (G).
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group 1 compared to the control group and subsequently increased
for groups 2 and 3 (Figure 5). Qualitatively, groups 2 and 3 exhibited
areas of dense cellularity, and each group demonstrated a
progressive increase in areas of fiber kinks (Figures 6, 7). The
collagen orientation’s circular variance averaged 0.15 for all
groups, with a subtle decrease between consecutive loading bouts
and an average angle 45° angle. Neither of these structural properties
showed statistical significance.

The histograms showed that the control group had a wide
distribution of collagen fibrils with larger diameters. In contrast,
group 1 had fewer large-diameter fibrils and more small-diameter
ones. As the number of loads increased, the distribution began to
normalize (Figure 8). The collagen area fraction stayed consistent
throughout the groups, while the mean minor fibril radius and
specific fibril surface decreased for the loaded groups compared to
the control group (Table 2).

4 Discussion

While previous animal models have mainly focused on long-term
effects in tendinopathy due to overuse, our study offers novel insights by

examining the immediate functional and mechanobiological responses
to repeated fatigue loading. We accomplished this by conducting
qualitative and quantitative assessments of mechanical properties,
gene expression, and multi-scale tendon structure in rat Achilles
tendons subjected to sub-failure fatigue loading and subsequent
healing. Our findings demonstrate that all loading regimens resulted
in significant reductions in hysteresis, peak stress, loading, and
unloading moduli, along with notable alterations in the expression
of inflammation and matrix turnover markers. Furthermore, the
loading regimens caused both micro- and macro-structural damage.
This research provides a unique perspective on the immediate impacts
of overuse injuries, shedding light on the complex interplay of
mechanical, mechanobiological, and structural changes in tendons
during the acute healing phase.

The continual reduction in mechanical properties following
each loading group suggests an accumulation of fatigue damage
from successive loading regimens. The hysteresis loss with increased
loading regimens is consistent with studies of in vivo fatigue loading
of the rat patellar tendon (Andarawis-Puri et al., 2012). The changes
in hysteresis, a viscoelastic property quantifying energy loss and
damping capacity during tissue loading, may suggest alterations to
the non-collagenous components in the extracellular matrix, loss in
fibril crimp, and a reduced ability for the tendon to protect itself
from further damage (Williamson et al., 2021). While our results
showed reduced loading and unloading moduli following repetitive
loading regimens, another study demonstrated an initial stiffness
reduction followed by increased stiffness with further loading. The
consistent reduction in moduli may result from continuous damage
where only fibers in high tension are loaded, and subsequent
decreases can be due to a lack of recovery for the fibers not in
tension and ruptured collagen fibers that were previously loaded.
The reduction in peak stress following fatigue loading suggests the
tendon’s impaired ability to bear further stress and load
redistribution from damaged to undamaged collagen fibers.

The successive mechanical stimuli caused alterations in
mechanotransduction markers. YAP and TAZ are
mechanotranducers of the Hippo signaling pathway that are
considered to be activated by ECM stiffness and cell shape,
whose activity enables cell responses to mechanical cues
(Lavagnino et al., 2015). Their activity is required for fibroblast
proliferation, and a stiffer ECM can activate a positive fibrotic
feedback loop, maintaining or even activating injury states. These

FIGURE 5
Hematoxylin & eosin (H&E) stained images were analyzed for
cellularity for each group.

FIGURE 6
Uninjured and injured (groups 1, 2, and 3) Achilles tendon with hematoxylin and eosin staining. Stars denote areas of dense cellularity.
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transcription factors also regulate other proteins responsible for
matrix stiffening and cell contractility, supporting collagen
remodeling. However, these transducers’ are inhibited upon cell
detachment and with a rounder cell morphology (Dupont, 2016; Cai
et al., 2021). In our study, YAP and TAZ were both upregulated for
group 1. Interestingly, although these are co-transducers, our study
showed a gradual decrease in YAP expression with increased TAZ
expression for groups 2 and 3. The initial increase in YAP/TAZ may
respond to the initial increase in matrix stiffness, as seen with the
increase in loading modulus in group 1. With the initiation of
apoptotic processes and decreased tendon stiffness, YAP gene
expression gradually decreased between groups. While TAZ
continued to increase, this may be due to the acute healing time
point and a lag in the co-activators response. YAP and TAZ are

considered to be regulated at the protein level by phosphorylation
events. In this study, their changes are reported on the
transcriptional level. YAP/TAZ regulation which can be
considered to be due to upstream signalling pathways in the
Hippo pathway, such as focal adhesion sensing of the ECM and
adherens junctions mediating cellular adhesion (Heng et al., 2021).

Scleraxis, a transcription factor, is crucial for tenocyte
differentiation and mechanically stimulated adult tendon growth.
Scleraxis expression is known to positively regulate tenomodulin, a
type II transmembrane glycoprotein, and a tendon-specific
maturation marker, in a tendon cell lineage-dependent manner
(Shukunami et al., 2006; Shukunami et al., 2018; Liu et al., 2021).
Our findings show increased Scx and Tnmd expression across all
groups, indicating tenocyte differentiation processes. The decreasing

FIGURE 8
Histograms of collagen fibril diameter distributions presented in terms of fractional relative frequency of radii.

TABLE 2Collagenmorphological properties (collagen area fraction and fibril minor radius) and a fibril-fibril interaction parameter (specific fibril surface) for
n = 1 sample for the control and loading groups.

Loading Group Area Fraction (%) Minor Radius (nm) Specific Fibril Surface (µm µm−2)

0 78.37 83.53 0.0124

1 81.90 73.30 0.0117

2 81.70 75.35 0.0116

3 80.99 70.72 0.0110

FIGURE 7
Representative images of collagen fiber structure from Masson’s Trichrome stained images in greyscale demonstrating the progressive increase in
accumulation of fiber kinks denoted by stars. Panel 1 has no kinks, panel 2 and 3 show small areas of kinks, while panel 4 has a larger amount fibril kinking.
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trend in expression between groups for both genes may indicate a
loss in tenocyte differentiation and cell maturation into aberrant
tissues. The increase in Tnmd expression between groups 2 and
3 may demonstrate an attempt to recover tenocyte maturation.

Recent work has hypothesized that inflammatory responses
from overuse tendon injuries may precede tendon degeneration
and pain (D’Addona et al., 2017). The initial responses to tendon
injuries involve an inflammatory phase lasting 24 h to 1 week. This
involves the migration and recruitment of inflammatory cells, which
induces pro-inflammatory cytokines, such as IL-1ß, TNFα, VEGF,
and growth factors, including TGFß (D’Addona et al., 2017). While
our results show no significant difference in the expression of TNFα,
VEGF, and TGFß, the expression of IL-1ß was consistently elevated
following each loading group. Changes in cytokine levels alter the
expression of type I and III collagen and matrix metalloproteinases
(MMPs), which are involved in the remodeling and degradation of
the extracellular matrix. Tendon remodeling is mediated by the
balance of MMPs and their tissue inhibitors (TIMPs) (Del Buono
et al., 2013). An imbalance between these two types of enzymes can
disrupt homeostasis and collagen formation, contributing to the
degenerative process leading to tendinopathy. IL-1ß induces
degenerative tendon changes, including expression of MMP-1, -3,
-8, and -13 and downregulation of collagen type I expression
(D’Addona et al., 2017). MMP-13 is associated with matrix
degradation, specifically the disruption of type I and III collagen
in the early phases of wound healing. The significant increase in
MMP-13 expression may signify an imbalance in the matrix
remodeling process. The gradual increase in MMP-2 expression,
which degrades smaller and denatured collagen fragments,
demonstrates an active degradation of damaged collagen fibers
from repetitive loading.

Our results of a decreased type I collagen expression after three
loading bouts with an increase in type III collagen expression may
indicate early signs of an impaired wound healing response and
contribute to the decreased mechanical properties seen following
fatigue loading. Increased collagen disorganization has been
reported to precede symptoms of tendon injury and tendon
rupture in previous studies (Docking et al., 2015), where
alterations to collagen synthesis have been shown as early as
24 h post-loading (Magnusson et al., 2010), with increases in
type I and III collagen, and the proportion of type III to I
collagen. In the early healing stage, type III collagen is rapidly
produced and irregularly placed as a “patch” to repair the damaged
area (Maffulli et al., 2000). While type I collagen is eventually
produced in normal tendons to replace type III collagen,
tendinopathic tendon’s impaired healing mechanisms lead to
increased production and accumulation of type III collagen
(Millar et al., 2021). While the deposition of type III collagen is
a rapid healing response to successive overloading, its disorganized
arrangement contributes to the tendon’s inferior mechanics,
predisposing the tendon to tendon ruptures (Maffulli et al.,
2000). Our study showed a gradual increase in type I collagen
expression for groups 1 and 2, followed by a sharp decrease for
group 3. Meanwhile, there was a consistently elevated type III
collagen expression between experimental groups. The shift in type
I collagen expression with a consistent upregulation of type III
collagen indicates the tendons’ response to produce type III
collagen in recovery from successive injuries.

Cellular morphology became disrupted in loaded groups before
the widespread appearance of collagen fiber kinking. While healthy
tenocytes had cell extensions, demonstrating deep cell-matrix
connections, the thickened pericellular matrix indicated broken
cell-cell and cell-matrix interactions. The presence of vacuoles,
vesicles, and mitochondria features confirms increased metabolic
processes. The cellular damage is consistent with features seen in an
in situ tendon fatigue model and human tendinopathic samples
(Zabrzynski et al., 2018; Ros et al., 2019). Tenocytes exhibited
features of apoptosis processes, forming dense chromatin regions,
followed by a ring on the cell’s outer border and separation of nuclei.
There was no formation of a “beaded necklace” or release of
apoptotic bodies, as seen in the cell death process. This may
correspond to samples being imaged at an early time point
following healing. This early evidence of apoptosis indicates a
disruption in cellular homeostasis, potentially interrupting the
cellular signaling necessary for reparative processes and
mechanotransduction and leading to downstream inflammation
and imbalance in matrix turnover. As seen in our results, IL-1ß
and MMP-2, two genes involved in the positive regulation of
apoptotic processes, were upregulated, indicating a feedback
mechanism in which apoptotic processes may begin in
overloaded tendons (Van Opdenbosch and Lamkanfi, 2019; Kim
et al., 2021). Apoptosis has been suggested to play a role in tendon
overuse injuries, as demonstrated in clinical tendinopathy and other
preclinical overuse models of tendinopathy (Scott et al., 2007; Millar
et al., 2009; Ros et al., 2019).

There were no significant differences in collagen orientation,
cellular morphology, and proliferation macro-structurally.
However, qualitative changes included increased collagen fiber
crimping and cellular proliferation in various tendon regions.
Low cellularity levels detected within group 1 with respect to the
control group could be attributed to cell death. In contrast, the
subsequent increase in cellularity for groups 2 and 3 could indicate
an increase in cellular response to injury. While there were trends
among experimental groups, there was no significance, probably due
to the low sample size. The increase in cell number can be attributed
to IL-1ß, Scx, and YAP, all upregulated in all groups. Along with
these macro-structural damage accumulations, the reduced
expression of type I collagen and increased production of
mechanically weaker type III collagen may result in the tendon
experiencing lower mechanical and material properties (Arya and
Kulig, 2010). On the fibrillar level, the increase in lower-diameter
fibrils may indicate a microscale adaptation response, where
collagen fibrils gradually grow following previous injuries. Since
this study assessed early responses to successive fatigue injuries,
there may be a lag in the appearance of macro-structural damage, as
mechanobiological changes precede gross tissue changes.

While this study demonstrated the ability to use an in vivo
overuse passive loading model to induce accumulated tendon
damage, it is essential to acknowledge certain limitations
associated with the work. Although we quantified in vivo
functional changes resulting from successive loading bouts, it is
important to note that comparisons between loading groups to
assess healing were not feasible due to the nature of the prescribed
fatigue loading regimen. This regimen was tailored to each animal
based on the unique properties of their Achilles tendon loading-
unloading curves rather than using a load- or displacement-
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controlled approach. The variability in the gene expression levels
may have been attributed to the subject-specific loading protocol
and the nature of in vivo experiments. Future studies employing
load- or displacement-control modes could provide more precise
quantifications of alterations during the healing period. While our in
vivomechanical measurements contributed to our understanding of
the effects of the fatigue loading protocol, additional insights can be
gained from traditional viscoelastic, dynamic, and failure tests and
provide a comprehensive view of changes in tendon material
properties. Our conversions from ankle dorsiflexion angle to
strain rely on ex vivo measured strain values, and future work
will explore non-invasive methods for quantifying in vivo tendon
strains throughout loading using ultrasound. Tendon structure was
quantified only at the acute healing time points. Investigating
tendon structure under varying loading conditions can provide
valuable insights into dynamic changes in collagen structure and
damage. While our study reported gene expression of collagen,
matrix, and inflammatory markers, the inclusion of other damage
markers, including apoptosis-related genes, can enhance our
understanding of the degenerative and remodeling response
following fatigue injuries, given that TEM imaging demonstrated
processes preceding apoptosis. Tendons comprise collagen,
glycosaminoglycans, and water, collectively contributing to their
viscoelastic material properties. A deeper understanding of changes
in tendon composition and production can be achieved through
assays that quantify the content and synthesis of these key tendon
components. While this study focused on assessing tendon changes
during the acute healing period, it is crucial to recognize that the
inflammatory phase lasts up to 1 week. Future studies will aim to
comprehensively characterize the alterations in tendon
mechanobiological responses and functional changes in response
to fatigue injuries.

We demonstrated early mechanical, biological, and structural
damage to successive fatigue loading injuries from our novel passive
loading system. This is the first animal model that establishes a
direct connection between successive in vivo fatigue loads and
mechanobiological and functional tendon changes. Our findings
demonstrate the early, adaptive responses of tendons to overloading
and show promise for longer-term investigations into the underlying
mechanisms of cellular signaling and damage and matrix turnover
in response to in vivo injuries caused by overuse and aging to
enhance our ability to predict and address early-stage tendinopathy,
ultimately improving the prognosis for individuals facing such
conditions.
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