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Despite the importance of mechanical loading in tendon homeostasis and
pathophysiology, the molecular responses involved in the mechanotransduction in
tendon cells remain unclear. In this study, we found that in vitro mechanical
loading activated the mammalian target of rapamycin (mTOR) in rat patellar tendon
stem/progenitor cells (TSCs) in a stretching magnitude-dependent manner. Application
of rapamycin, a specific inhibitor of mTOR, attenuated the phosphorylation of S6 and
4E-BP1 and as such, largely inhibited the mechanical activation of mTOR. Moreover,
rapamycin significantly decreased the proliferation and non-tenocyte differentiation of
PTSCs as indicated by the reduced expression levels of LPL, PPARγ, SOX-9, collagen
II, Runx-2, and osteocalcin genes. In the animal studies, mice subjected to intensive
treadmill running (ITR) developed tendon degeneration, as evidenced by the formation
of round-shaped cells, accumulation of proteoglycans, and expression of SOX-9 and
collagen II proteins. However, daily injections of rapamycin in ITR mice reduced all these
tendon degenerative changes. Collectively, these findings suggest that mechanical
loading activates the mTOR signaling in TSCs, and rapamycin may be used to prevent
tendinopathy development by blocking non-tenocyte differentiation due to mechanical
over-activation of mTOR in TSCs.

Keywords: mechanical loading, treadmill running, tendon stem cells, mTOR, rapamycin

INTRODUCTION

Tendons are connective tissues that transmit mechanical force (i.e., muscle contraction) to bone to
enable joint movement. While a physiological level of mechanical loading is necessary to maintain
tendon homeostasis, excessive loading makes tendon tissues susceptible to the development of
tendinopathy which is characterized by inflammation and/or degeneration (Maffulli et al., 1998).
Tendinopathy is especially prevalent in both occupational and athletic settings that involve
repetitive motions (Cook and Purdam, 2009; Zhang and Wang, 2010c) and represents a major
healthcare problem in the US.
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Like other connective tissues, tendons contain
stem/progenitor cells (Bi et al., 2007; Zhang and Wang,
2010a). These tendon stem cells (TSCs) possess common adult
stem cell characteristics, and they play a crucial role in tendon
development, homeostasis, and repair (Popov et al., 2015; Zhang
et al., 2019). We showed that excessive mechanical loading
can cause aberrant differentiation of TSCs (Zhang and Wang,
2010b). Others also showed that mechanical loading increases
bone morphogenetic protein-2 (BMP-2) expression in TSCs,
which in turn promoted osteogenic differentiation of TSCs
(Rui et al., 2011). Also, repetitive mechanical loading induces
high levels of prostaglandin E2 (PGE2) production in tendons,
which may induce the differentiation of TSCs into non-tenocytes
(Zhang and Wang, 2010c). Years of research have generally
concluded that excessive mechanical loading might lead to the
development of degenerative tendinopathy commonly seen in
clinical settings (Soslowsky et al., 2000; Glazebrook et al., 2008;
Abraham et al., 2011; Ng et al., 2011; Zhang and Wang, 2013).

As a central controller of organ growth and development,
the mammalian target of rapamycin (mTOR) has been linked
to mechanical overloading-induced hypertrophy in the skeletal
muscles as well as chondrogenesis (Goodman et al., 2010;
Guan et al., 2014; Yoon, 2017). mTOR functions as a master
sensor of growth factors, stress, energy status, oxygen, and
nutrients, and is involved in a number of major cellular processes.
Previous studies showed that rapamycin, a specific inhibitor of
mTOR, suppresses the differentiation of human mesenchymal
stem cells and primary mouse bone marrow stromal cells to
osteoblasts (Singha et al., 2008; Pantovic et al., 2013). A recent
study has shown that repetitive mechanical stretching of human
tendon cells activates mTOR pathway and increases mRNA
translation and collagen synthesis (Mousavizadeh et al., 2020).
However, mTOR signaling in TSCs under various mechanical
loading conditions remains unclear. In this study, we investigated
whether mechanical loading could activate the mTOR signaling
in TSCs and explored whether inhibiting mTOR by rapamycin
could prevent tendinopathy development due to mechanical
overloading placed on the tendon.

MATERIALS AND METHODS

Isolation of Patellar TSCs (PTSCs) and
Cell Culture
PTSCs were isolated from the patellar tendons of Sprague-
Dawley rats (female, 5 months, Jackson Lab, Bar Harbor, ME)
as previously described (Zhang and Wang, 2010a). The protocol
for use of the rats was approved by the IACUC of the University
of Pittsburgh. Briefly, tendon sheaths from the patellar tendons
were removed to obtain the core portions of the tendons. Tendon
samples were then minced into small pieces and each 100 mg
wet tissue sample was digested in 1 ml phosphate buffered
saline (PBS) containing 3 mg collagenase type I (GIBCO, Grand
Island, NY, United States) and 4 mg dispase (GIBCO, Grand
Island, NY, United States) at 37◦C for 1 hr. After centrifugation
at 3,500 rpm/min for 15 min to remove the enzymes, the
cells were cultured in a growth medium containing DMEM

(Lonza, Walkersville, MD, United States) supplemented with 20%
fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA,
United States), 100 U/ml penicillin and 100 µg/ml streptomycin
(Atlanta Biologicals, Lawrenceville, GA, United States). In all
culture experiments, PTSCs at passage 2 or 3 were used.

Cell Stretching Experiments
We used a uniaxial cell stretching system we had developed
previously to investigate the mechanobiological response of rat
PTSCs in vitro (Wang and Grood, 2000). After PTSCs were
seeded in silicone dishes at a density of 4 × 105/dish and
cultured in growth medium (DMEM + 10% FBS) overnight,
cyclic stretching at 4 and 8% at 0.5 Hz was applied to silicone
dishes for 2 h. Control PTSCs without stretching were cultured
in the silicone dishes with the same medium. Similar stretching
experiments were also done in serum-free medium. A total of
three dishes for each loading condition and control were used,
respectively, and the experiment was performed in triplicates.
After the end of the cell stretching experiments, PTSCs were
collected for Western analysis and qRT-PCR.

Cell Proliferation Assay
CCK-8 assays were performed to assess the PTSC proliferation
according to the manufacturer’s instruction (Sigma, St. Louis,
MO, United States). Briefly, 1 × 103 cells/well were plated in 96-
well plates in 100 µl growth medium and incubated at 37◦C for
24 h to allow attachment. The medium was then replaced with
fresh DMEM supplemented with 10% FBS, plus the addition of
500 nM rapamycin (Sigma, St. Louis, MO, United States). After
72 h, 10 µl of CCK-8 was added into each well and incubated
at 37◦C for 2 h. Finally, the absorbance was recorded at 450 nm
using a microplate reader (SpectraMax M5, Molecular Devices,
CA, United States).

In vitro Differentiation Experiments
The multi-differentiation potential of the PTSCs was tested
in vitro for adipogenesis, chondrogenesis, and osteogenesis.
PTSCs were seeded in a 6-well plate at a density of 2.4 × 105

cells/well and incubated overnight to allow cell attachment.
The next day, the media were changed to the respective
differentiation cocktails with or without 500 nM rapamycin.
Commercially available differentiation cocktails used were
StemPro R© Adipogenesis, Osteogenesis, and Chondrogenesis
Differentiation Kits (Life Technologies, Carlsbad, CA,
United States). After 14 days, the adipogenesis was evaluated
using Oil Red O staining assay, the chondrogenesis was detected
using Alcian blue staining assay, and the osteogenesis was
assessed by Alizarin Red S assay (Zhang and Wang, 2010a).
All the stained cells were imaged with an inverted microscope
(Nikon eclipse, TE2000-U, United States).

Mouse Treadmill Running Experiments
C57BL/6J mice (female, 3 months old, Jackson Lab, Bar
Harbor, ME) were divided into four groups with 6 mice
per group. The mice in group 1 were allowed regular cage
activities (Cage). The mice in group 2 received a daily IP
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injection of rapamycin (5 mg/kg body weight) for 12 weeks
(Cage + Rapa). The mice in group 3 were subjected to the
intensive treadmill running (ITR) at 15 m/min for 3 h/day,
5 days/week for 12 weeks. The mice in group 4 received daily
IP injection of rapamycin, with the same dosage as in group 2
(ITR + Rapa), and ran the same ITR. All mice were sacrificed
after 12 weeks of experiments. The patellar tendon tissues were
harvested from these mice and processed for histochemical and
immunohistochemical analyses.

Histochemical and
Immunohistochemical Analyses on
Mouse Tendon Tissue Sections
Each mouse patellar tendon was dissected from the knee
and collected without skin. The tissue samples were fixed
with 4% paraformaldehyde overnight at room temperature,
washed three times with PBS, and then soaked in 30% sucrose
in PBS at 4◦C overnight. The treated tissue samples were
embedded in O.C.T compound (Sakura Finetek United States
Inc., Torrance, CA, United States) in disposable molds and
frozen at −80◦C. Then, cryostat sectioning was performed
at −25◦C to obtain about 8 µm thick tissue section slides,
which were left at room temperature overnight. The tissue
slides were collected and numbered continuously from the
surface to the inside. Consecutive tissue slides were used for
H&E, Safranin O and Fast Green, and Masson trichrome
staining. Thus, three tissue slides that were numbered 10,
20, 30 in each patellar tendon were stained with H&E,
and another three tissue sections numbered 11, 21, 31 in
each patellar tendon were stained with Safranin O and
Fast Green. In addition, three tissue sections numbered 12,
22, 32 in each patellar tendon were stained with Masson
trichrome kit (Sigma-Aldrich, Cat# HT15) according to the
standard protocols.

For immunostaining, the section slides with the same
number ID from each group were then incubated with
rabbit anti-collagen II antibody (1:500, Abcam Cat# ab34712)
overnight at 4◦C. For SOX-9 staining, the tissue sections
were further treated with 0.1% Triton X-100 for 30 min
at room temperature, washed with PBS three times, and
then the sections were incubated overnight at 4◦C with
rabbit anti-SOX-9 antibody (1:500, Millipore, Cat# AB5535).
The next morning, the tissue sections were washed 3 times
with PBS and incubated at room temperature for 2 h
with Cy3-conjugated goat anti-rabbit IgG antibody (1:500,
Millipore, Cat# AP132C). Finally, the total cell numbers in
the tendon tissue sections were analyzed by staining with 4.6-
diamidino-2-phenylindole (DAPI), and the stained results were
determined under a fluorescent microscope (Nikon, Eclipse
TE2000U, United States).

Quantitative Real-Time RT-PCR
(qRT-PCR)
Total RNA was extracted from PTSCs using RNeasy Mini
Kit (Qiagen, Valencia, CA, United States). First-strand cDNA
was synthesized in a 20 µl reaction from 1 µg total RNA by

reverse transcription with SuperScript II (Invitrogen, Carlsbad,
CA, United States). The conditions for the cDNA synthesis
were 65◦C for 5 min and cooling 1 min at 4◦C, then 42◦C for
50 min and 72◦C for 15 min. The qRT-PCR was carried out
using QIAGEN QuantiTect SYBR Green PCR Kit (Qiagen,
Valencia, CA, United States). Rat-specific primers used for
RT-PCR were: PPARγ: 5′-GCCTGCGTCCCCGCCTTAT-
3′ (forward), 5′-GCCTGCGTCCCCGCCTTAT-3′ (reverse);
LPL: 5′-CTTAAGTGGAAGAACGACTCCTACT-3′ (forward),
5′-GTCATGGCATTTCACAAACACTGCCA-3′ (reverse)
(Mello et al., 2008); SOX-9: 5′- AGCGACAACTTTACCAG-3′
(forward), 5′-GGAAAACAGAGAACGAAAC-3′ (reverse);
Collagen II: 5′-GGCTTAGGGCAGAGAGAGAAG-3′
(forward), 5′-TGGACAGTAGACGGAGGAAAGTC-
3′ (reverse) (Rafiei and Ashrafizadeh, 2018); Runx-2:
5′-CCGCACGACAACCGCACCAT-3′ (forward), 5′-
CGCTCCGCTTC-3′ (reverse) (Yoshida et al., 2004); and
Osteocalcin: 5′-AAAGCCCAGCGACTCT-3′ (forward), 5′-
CTAAACGGTGGTGCCATAGAT-3′ (reverse) (Rafiei and
Ashrafizadeh, 2018). GAPDH was used as an internal control.
All primers were synthesized by Invitrogen (Carlsbad, CA,
United States). After an initial denaturation for 10 min at 95◦C,
PCR was performed for 30 cycles for GAPDH, and 40 cycles for
LPL, PPARγ, SOX-9, collagen II, Runx-2, and osteocalcin, with
each cycle consisting of denaturation for 50 s at 95◦C, followed
by annealing for 30 s at 58◦C for all the genes. At least three
independent experiments were performed to obtain relative
expression levels of each gene. Data were analyzed by the 2−11

Ct method (Livak and Schmittgen, 2001). The gene expression
levels of the treatment groups were normalized to that of the
control group for each of the three experiments.

Western Blot Analysis
Cell lysates were prepared in RIPA buffer using standard
procedures provided by the manufacturer (Sigma, St. Louis,
MO, United States). The protein concentrations were measured
using a BCA Protein Assay Kit (Thermo Fisher Scientific,
Pittsburgh, PA, United States) to ensure equal loading. Loading
buffer was added to 30 µg protein, and samples were heated at
100 °C for 5 min before separated on 4–20% SDS-PAGE gels,
then transferred onto PVDF membranes (Bio-Rad, Hercules,
CA, United States). Protein blots were blocked with 5% Non-
Fat dry milk (Bio-Rad, Hercules, CA, United States) at room
temperature for 1 h. Antibodies used were p-S6 (Cell Signaling
Technology, Cat# 4858), S6 (1:1,000, Cell Signaling Technology,
Cat# 2317), p-4EBP1 (1:1,000, Cell Signaling Technology Cat#
2855), 4EBP1 (1:1,000, Cell Signaling Technology, Cat# 9644),
and β-actin (1:10,000, Abcam, Cat# ab8226). The next day, the
blots were washed three times with 0.1% Tween 20-containing
PBS buffer (PBS-T) buffer, then incubated with the corresponding
secondary antibodies (1:15,000, LI-COR Biosciences) for 1 h at
room temperature. Following another three washes with PBS-
T buffer, visualization of the protein bands of the blots was
realized with the LiCoR Odyssey imager (LI-COR Biosciences,
Lincoln, NE, United States), and semi-quantification of the
protein bands was done using the software provided by the
LiCoR Odyssey imager.
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Semi-Quantification of Histochemical
and Immunohistochemical Staining
Results
Semi-quantification was performed to quantify the extent
of cell marker staining in tendon tissue sections. Three
tissue sections/mouse from 6 mice/group with a total of 18
tissue sections were stained. The positive staining in the
sections was identified under the microscope and analyzed
using SPOT imaging software (Diagnostic Instruments,
Inc., Sterling Heights, MI). The proportion of positive
staining from histochemical staining was determined
by dividing the positively stained area by the total area
viewed under the microscope. For immunohistochemical
staining, the proportion of positive staining was calculated
by dividing the positively stained cell numbers by the
total cell numbers. The mean value from all 18-tissue
section staining results represented the final percentage of
positive staining.

Statistical Analysis
All data were represented by the mean and standard deviation
(mean ± SD). One-way analysis of variance (ANOVA) was
used for statistical data analysis. For multiple comparisons,
the Fisher’s LSD post hoc test was performed. All statistical
tests were done using GraphPad Prism 7 (GraphPad Software,
San Diego, CA). Differences with a p < 0.05 were considered
statistically significant.

RESULTS

Mechanical Loading Activates the mTOR
Signaling in PTSCs in vitro
To investigate whether mechanical loading could activate mTOR
signaling in PTSCs, we isolated TSCs from the rat patellar
tendons. These PTSCs were subjected to different levels of
cyclic stretching to mimic normal (4%) and excessive (8%)
mechanical loads on tendon tissue. We found that both 4
and 8% stretching increased the expression of phospho-S6,
compared to the control PTSCs cultured in the same medium
but without stretching (Figure 1A). Such an increase in mTOR
signaling activity appeared to be positively correlated to the
magnitude of mechanical stretching (Figure 1B). However,
the addition of rapamycin resulted in decreased p-S6/S6,
and p-4E-BP1/4E-BP1, suggesting rapamycin inhibited loading-
induced activation of the mTOR (Figure 1 and Supplementary
Figure 1). This indicates that mechanical loading activates
mTOR signaling in a loading magnitude-dependent manner,
and such mechanical activation of mTOR can be inhibited by
rapamycin treatment.

Mechanical Activation of mTOR Is
Independent of FBS in vitro
Given the role of mTOR as a master sensor of cellular conditions
including stress and metabolic substrates, we determined whether

those nutrient factors in FBS could affect mechanical loading-
induced mTOR activation. We cultured PTSCs in medium
without FBS and subjected them to 4 or 8% stretching.
Quantification of Western blot results showed that the increase
in the ratio of p-S6/S6 protein levels under 4 and 8% stretching
without FBS in medium (Figures 1C,D) was similar to that when
the cells were stretched at 4 and 8% with the presence of FBS
(Figures 1A,B). The results suggest that mechanical loading-
induced mTOR activation is likely independent of those factors
(e.g., growth factors and nutrients) in FBS.

Rapamycin Decreases PTSC
Proliferation and Differentiation in vitro
To determine the effect of rapamycin on PTSC proliferation
and differentiation, we utilized rat PTSCs under normal culture
conditions. We found that the treatment of rapamycin for
72 h significantly reduced PTSC proliferation compared to
the control (Figures 2A,B,I). PTSCs treated with 500 nM of
rapamycin maintained good viability in the rapamycin treated
group, with slight morphological changes compared to the
control group (Figures 2A,B). Next, we cultured rat PTSCs in
three separate differentiation media to test their potentials to
undergo adipogenesis, chondrogenesis, and osteogenesis. PTSCs
in the control group without rapamycin were able to differentiate
into adipocytes, chondrocytes, and osteocytes, as shown by
the staining of Oil Red O, Alcian blue, and Alizarin Red S
assay, respectively (Figures 2C,E,G). However, the presence
of rapamycin (500 nM) in the osteogenic, adipogenic, or
chondrogenic induction media markedly reduced the extent of
TSC differentiation (Figures 2D,F,H). These results were also
supported by gene expression results of those differentiation
markers: PPARγ and LPL for adipogenesis, SOX-9 and collagen II
for chondrogenesis, and Runx-2 and osteocalcin for osteogenesis
(Figures 2J–O).

Rapamycin Blocks Mechanical
Overloading-Induced Non-tenocyte
Differentiation of PTSCs
Next, we tested whether rapamycin could rescue mechanical
loading induced non-tenocyte differentiation of PTSCs in an
in vitro cell stretching model. We cultured cells in a normal
culture medium (DMEM plus 10% FBS) and subjected cells to
4 or 8% stretching. We found that after stretching, the expression
of the tenocyte-related gene collagen I was up-regulated in PTSCs
(Figure 3A). Although rapamycin appeared to decrease collagen
I expression induced by 4% stretching, there was no significant
difference between the 4% stretching group and the 4% stretching
plus rapamycin treated group (Figure 3A). There was also no
significant difference in non-tenocyte-related gene expression
in PTSCs between these two groups. However, rapamycin
significantly decreased 8% stretching-induced collagen I levels
in PTSCs (Figure 3A). Furthermore, 8% stretching of PTSCs
significantly increased the expression of non-tenocyte-related
genes, including LPL for adipocytes (Figure 3B), collagen
II for chondrocytes (Figure 3C), and Runx-2 for osteocytes
(Figure 3D), as compared to the control group. Finally, the
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FIGURE 1 | Mechanical loading activates mTOR in a stretching magnitude-dependent manner and rapamycin abolishes the loading-induced activation. Western
blot analysis shows higher levels of p-S6 in 4 and 8% stretched PTSCs. The addition of rapamycin to the culture medium largely blocks this effect (A). Quantification
of the Western blot results shows that 4 and 8% stretching significantly increase p-S6 levels, but rapamycin negates this effect (B). Western blot analysis of p-S6
levels in PTSCs subjected to 4 and 8% mechanical stretching and cultured in medium without FBS shows that p-S6 levels are higher in stretched cells than the
control cells (C). Quantification of the Western blot results confirms these findings (D). Control (Cont): PTSCs cultured under the same culture conditions as other
groups but without stretching. Note that * denotes 4 and 8% compared to control, # denotes 8% + Rapa compared to 8% stretch in (B), * denotes 4 and 8%
compared to control, # denotes 8% compared to 4% stretch in (D) (n = 3, and values are mean ± SD. *p < 0.05, #p < 0.05).

FIGURE 2 | Rapamycin inhibits PTSC proliferation and differentiation in vitro. Rapamycin at the dose 500 nM significantly reduces PTSC proliferation (I; see also
decreased cell density in B compared to A). Similarly, rapamycin inhibits PTSC differentiation in the adipogenic (C,D; see large amounts of lipid droplets in the inset
of C but not in D), chondrogenic (E,F), and osteogenic (G,H) induction media. Moreover, the rapamycin treatment inhibits the expression of marker genes: PPARγ

(J) and LPL (K) for adipocytes, SOX-9 (L) and collagen II (M) for chondrocytes, and Runx-2 (N) and osteocalcin (O) for osteocytes. Note that * denotes treatments
compared to control, # denotes comparison between each differentiation medium treatment + Rapa with each medium treatment alone (n = 3, and values are
mean ± SD. *p < 0.05, #p < 0.05). Black bars: 50 µm.
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FIGURE 3 | Rapamycin inhibits non-tenocyte differentiation of PTSCs induced by mechanical stretching. Rapamycin does not significantly decrease the collagen I
expression induced by 4% stretching (4% + Rapa vs. 4%), but it does decrease the collagen I expression at 8% stretching (8% + Rapa vs. 8%) (A). Moreover,
rapamycin treatment significantly reduces the expression of non-tenocyte related genes induced by 8% stretching, including LPL for adipocytes (B), collagen II for
chondrocytes (C), and Runx-2 for osteocytes (D). Under 4% stretching, however, rapamycin does not cause changes in the expression of these non-tenocyte genes
(B–D). Note that * denotes 4 and 8% compared to control, $ denotes 4% + Rapa compared to 4%, and # denotes 8% + Rapa compared to 8% (n = 3, and values
are mean ± SD. *p < 0.05, #p < 0.05).

addition of rapamycin significantly reduced the expression of all
three non-tenocyte marker genes.

Rapamycin Inhibits ITR-Induced Tendon
Degeneration in vivo
Furthermore, we tested whether rapamycin could rescue
mechanical loading induced tendon degeneration in an ITR
mouse model. Histochemical analysis showed that the mouse
tendon cells in the cage group exhibited an elongated morphology
(Figures 4A–C, white arrows in Figure 4C) and rapamycin
injection group (Figures 4D–F, white arrows in Figure 4F).
However, the majority of the patellar tendon cells changed into
a round shape after mice were subjected to an ITR regimen
for 12 weeks (Figures 4G–I, yellow arrows in Figure 4I). This
morphological alteration was, however, blocked by rapamycin
injections (Figures 4J–L). Semi-quantification of the results
indicated that more than 55% of the cells in ITR tendons were
round-shaped cells, but only less than 10% cells were round-
shaped in the rapamycin treated ITR tendons (Figure 4M).

Similar findings were obtained with the Safranin O and Fast
Green staining. Tendon cells in cage control mice (Figures 5A–
C) and rapamycin injection mice (Figures 5D–F) displayed a

normal appearance with an elongated shape (Figures 5A–F,
white arrows in Figures 5C,F). However, tendons under the ITR
condition were positively stained with Safranin O, indicating
that non-tenocyte differentiation of PTSCs likely took place
(red in Figures 5G–I, yellow arrows in Figure 5I) and as a
result, proteoglycans were accumulated in the tendon matrix.
Such tendon degeneration due to ITR was effectively prevented
by rapamycin injections, with the corresponding tendon tissues
showing a lack of Safranin O staining (Figures 5J–L). Semi-
quantification of the staining results showed that more than 32%
of the tendon cells in ITR tendons were positively stained with
Safranin O, but less than 5% of the tendon cells in rapamycin
treated ITR tendons were positively stained (Figure 5M).

Additionally, Masson trichrome (MT) staining results showed
that the mechanical overloading by ITR caused degenerative
changes in tendon tissue, as evidenced by the loose, disorganized
connective tissue that was strongly stained blue (Figure 6C).
However, the cage control tendons (Figure 6A) and rapamycin
injection only tendons (Figure 6B), which consist of normally
dense connective tissues (mainly tight collagen fiber bundles),
were largely stained red (Figures 6A,B,E). Rapamycin injection
reduced degenerative changes in ITR tendons as shown by the
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FIGURE 4 | Rapamycin blocks the ITR-induced cellular morphological changes in mouse patellar tendons. H&E staining shows the normal elongated shape of the
tendon cells in cage control (A–C) and rapamycin injected mouse tendons (D–F, white arrows in C,F). Many round shape cells are present in ITR tendons (G-I;
yellow arrows in I). With rapamycin injection prior to ITR, markedly fewer round shaped cells are shown in the tendon tissues (J–L). Semi-quantification analysis
indicates that more than 55% of the cells in ITR tendon, but less than 10% of the cells in ITR + Rapa treated tendons are round (M). Note that * denotes ITR
compared to control, # denotes ITR + Rapa compared to ITR (*p < 0.05, #p < 0.05). Green bar: 500 µm; Yellow bars: 100 µm; Black bars: 25 µm.

FIGURE 5 | Rapamycin inhibits ITR-induced degenerative changes in mouse tendons. Histochemical analysis by Safranin O and Fast Green staining shows tendon
cells in elongated shape in collagen tissues from tendons of the cage control (A–C, white arrows in C) and tendons with rapamycin injections (D–F, white arrows in
F). However, many round-shaped cells are positively stained with Safranin O in tendons of the ITR group (red in G,H,I; yellow arrows in I). Rapamycin injection blocks
the ITR-induced degenerative changes in the tendons (J–L). Semi-quantification analysis indicates that more than 30% of the cells in ITR tendon are positively
stained with Safranin O, but less than 7% of the cells in ITR + Rapa treated tendons are positively stained with Safranin O (M). Note that * denotes ITR compared to
control, # denotes ITR + Rapa compared to ITR (*p < 0.05, #p < 0.05). Black bars: 500 µm; Yellow bars: 100 µm; Red bars: 25 µm.

decrease in the loose, degenerative tendinous tissues and the
increase in the dense, normal-like tendinous tissues (Figure 6D).
These results were also supported by semi-quantification
analysis (Figure 6E).

Furthermore, immunostaining confirmed tendinopathy-
like changes with high percentages of the tendon cells
from the ITR group positively stained with SOX-9
(Figures 7A–H,Q) and collagen II (Figures 7I–P,R). These
non-tenocyte markers were undetected within tendon

tissues collected from cage mice (Figures 7A,B,I,J) and
rapamycin injection only mice (Figures 7C,D,K,L). Thus,
rapamycin effectively inhibited the ITR-induced upregulation
of SOX-9 expression in the mouse tendons, as evidenced
by limited numbers of cells positively stained with these
markers in the ITR + Rapa group (Figures 7G,H,Q).
Similarly, enhanced collagen type II expression in the
tendon tissues by ITR was reverted by rapamycin treatment
(Figures 7O,P,R).
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FIGURE 6 | Rapamycin reduces ITR-induced tendon tissue degeneration. Masson trichrome staining results indicate that the collagen fascicles in the patellar
tendons of cage control mice are dense connective tissues, which are well organized, and positively stained with Biebrich scarlet-acid fuchsin (red in A). Similar
results are found in the tendon tissues of the mice treated with rapamycin injection daily for 12 weeks (B). However, in ITR mouse tendons, loose and disorganized
connective tissues are present and positively stained with aniline blue (C). Finally, rapamycin injection reduces the degenerative changes in mouse tendons induced
by ITR, as shown by decreased blue area and increased the red area (D). Semi-quantification analysis confirms these findings (E). Note that * denotes ITR compared
to control, # denotes ITR + Rapa compared to ITR (*p < 0.05, #p < 0.05). Black bars: 100 µm.

FIGURE 7 | Rapamycin blocks ITR-induced SOX-9 and collagen II expression in mouse tendons. The cells of cage control tendons (A,B,I,J) and tendons from the
rapamycin injection group (C,D,K,L) exhibit an elongated shape with negative SOX-9 staining (white arrows in B,D) and minimal levels of collagen II staining (K,L).
However, many cells are positively stained with SOX-9 (red cells in E,F) and collagen II (red cells in M,N) in tendons of the ITR group. Rapamycin injection blocks the
ITR-induced degenerative changes in the tendon, as evidenced by markedly fewer cells positively stained with SOX-9 (G,H) or collagen II (O,P). Semi-quantification
analysis indicates that more than 55% of the cells in ITR tendons are positively stained either with SOX-9 (Q) or with collagen II (R). Note that * denotes ITR
compared to cage control, # denotes ITR + Rapa compared to ITR (*p < 0.05, #p < 0.05). White bars: 200 µm; Yellow bars: 25 µm.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 July 2021 | Volume 9 | Article 687856

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-687856 July 5, 2021 Time: 19:33 # 9

Nie et al. Mechanical Activation of mTOR Signaling

DISCUSSION

Mechanical loading is well recognized for its importance in
tendon development, tendon injury healing, and pathology,
but tendon mechanotransduction is still poorly understood and
represents a key area in tendon research. In this report, we show
that mechanical loading activated mTOR signaling in PTSCs,
and that treatment with rapamycin suppressed cell proliferation
and differentiation in vitro and ITR-induced tendon degeneration
in vivo. Based on the findings from the in vitro study, we
suggest that mTOR signaling in PTSCs plays a critical role in
the development of degenerative tendinopathy due to mechanical
overloading in ITR mice, and that as a specific inhibitor of mTOR,
rapamycin may be used to prevent tendinopathy development.

Previous studies showed that mechanical stimulation can lead
to the activation of the mTOR pathway in human periodontal
ligament fibroblasts and human tendon cells (Blawat et al., 2020;
Mousavizadeh et al., 2020). Research has shown that mTOR
signaling may be necessary for an increase in protein synthesis
and resulting hypertrophic tissue in response to mechanical loads
(Goodman, 2019). Also, the activation of mTOR signaling is
sufficient to induce an increase in muscle protein synthesis and
muscle fiber hypertrophy (Goodman et al., 2010). In addition,
mechanical activation of mTOR is required for cell proliferation,
chondrogenesis, and cartilage growth during bone development
(Guan et al., 2014). This study focused on assessing the effect
of mTOR activation on PTSCs during normal and excessive
mechanical loading, with results suggesting that mTOR activation
of PTSCs may be dependent upon the mechanical load (4 vs. 8%),
and that mechanical loading itself may result in cellular stress that
mTOR is able to sense in tendon tissue.

Excessive mechanical loading is known to cause catabolic
changes in tendons and induce differentiation of TSCs into non-
tenocytes, which may lead to the development of degenerative
tendinopathy frequently seen in clinical settings (Zhang et al.,
2010; Zhang and Wang, 2010b; Abraham et al., 2011; Zhang
and Wang, 2013). In this study, mechanical over-stretching
of PTSCs in vitro at 8% caused an increase in non-tenocyte
differentiation, including adipogenesis, chondrogenesis, and
osteogenesis. However, rapamycin reduced the expression of
these non-tenocyte genes. Based on these results, we assessed the
preventative potential of the classic mTOR antagonist rapamycin
in the prevention of tendinopathy development due to excessive
mechanical loading. Indeed, daily injections of rapamycin in mice
block the formation of degenerative changes in ITR tendons.

Elevated expression of SOX-9 and collagen II in tendons were
observed in mice subjected to ITR, which matched similar results
observed in clinical specimens of excessive mechanical loading-
induced tendinopathy (Rui et al., 2012). In our data, the presence
of these markers was greatly reduced in the tendon tissues treated
with rapamycin prior to ITR, suggesting that mTOR signaling
due to mechanical loading conditions on tendon cells regulates
the expression of these non-tendinous tissue markers, and hence
mechanical activation of mTOR may play a crucial role in the
development of tendinopathy.

An important observation in this study was with Masson
trichrome (MT) staining. Normal cage tendons were stained

red, whereas ITR tendons were stained blue. The results
are consistent with previous reports that loose, immature,
or degenerative connective tissues are stained blue, whereas
normal tendon consisting of dense connective tissues (mainly
collagen type I) are stained red with MT staining (Martinello
et al., 2015; Bastiani et al., 2018). The reason for such a
difference in color may be that dye penetration is easier in
loose connective tissue than in the normal dense connective
tissue (Bastiani et al., 2018). Using MT staining, this study
was able to confirm that rapamycin injection decreased the
extent of connective tissue disorganization and degeneration in
the ITR tendons.

There are a few limitations in this study. First, the detailed
upstream and downstream signaling components involved in the
mTOR response to mechanical loading were not determined.
mTOR signaling has been correlated with the formation
of muscle ossification, which was shown to be negatively
regulated by PI3Kα (Valer et al., 2019). Therefore, while this
study focused on the effects of rapamycin/mTOR signaling
on PTSCs in vitro and tendons in vivo due to mechanical
overloading, future studies are warranted to investigate detailed
mTOR signaling pathways under mechanical loading conditions.
Second, mTOR is known to be linked to aging-associated
tendon disorders (Wilkinson et al., 2012; Zaseck et al., 2016),
and future studies may include mice of different ages in
the ITR model to further elucidate the role of mTOR and
the effects of rapamycin in the development of tendinopathy.
Third, it is known that mTOR exists in two complexes,
namely mTORC1 and mTORC2. mTORC1 regulates protein
translation, autophagy, among other functions, and is mediated
by S6K1, 4E-BP1, and others. On other hand, mTORC2 is
considered mainly as a downstream effector of IGF-1 signaling
pathway (Kennedy and Lamming, 2016). Since this study
showed increased phosphorylation of S6 and 4E-BP1, it is
likely that mechanical loading activated mTORC1 pathway.
However, the existing data from this study are not sufficient
yet to show that mTORC1 actually mediates mechanical
overloading-induced non-tenocyte differentiation of PTSCs.
Future research is warranted to determine respective roles of
mTORC1 and mTORC2 in the non-tenocyte differentiation of
PTSCs and development of tendinopathy due to mechanical
overloading conditions.

Fourth, this study mainly utilized histochemical and
immunohistochemical analyses to determine the results of
ITR-induced tendon degeneration and the protective effects of
rapamycin injections. However, other methodologies such as
TEM and mechanical testing of tendon are highly desirable to
show changes in structural and mechanical properties of the
tendon due to mechanical loading and rapamycin treatment.
Finally, while the identity of cell type, or PTSCs, in our in vitro
study was clearly defined, it is not certain what exact types
of cells were involved in the differentiation of these cells
into chondrocyte-like cells, judged by the round cell shape
and expression of those chondrogenic markers (proteoglycan
accumulation, and expression of SOX-9 and collagen II proteins).
However, PTSCs should be part of the tendon cell population
because, unlike terminally differentiated “tenocytes,” these
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stem/progenitor cells possess multi-differentiation potential
(Zhang and Wang, 2010a). Other stem/progenitor cells from
paratenon (Zhang et al., 2021) could also be part of the cells that
undergo non-tenocyte differentiation in response to mechanical
overloading-induced tendon injury.

In conclusion, this study showed that mechanical
loading activates mTOR signaling in PTSCs, and
rapamycin treatment reduces non-tenocyte differentiation
in vitro. Moreover, injections of rapamycin decreased
the tendon’s degenerative changes in mice subjected
to ITR. These findings suggest that rapamycin may
be used as a therapeutic option to prevent the
development of tendinopathy due to mechanical overloading
placed on the tendon.
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