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We hypothesized that altered fate of tendon-derived stem cells (TDSCs) might contribute to chondro-ossification
and failed healing in the collagenase-induced (CI) tendon injury model. This study aimed to compare the yield,
proliferative capacity, immunophenotypes, senescence, and differentiation potential of TDSCs isolated from
healthy (HT) and CI tendons. TDSCs were isolated from CI and healthy Sprague-Dawley rat patellar tendons.
The yield, proliferative capacity, immunophenotypes, and senescence of TDSCs (CI) and TDSCs (HT) were
compared by colony-forming unit assay, BrdU assay, flow cytometry, and b-galactosidase activity assay, re-
spectively. Their osteogenic and chondrogenic differentiation potentials and mRNA expression of tendon-related
markers were compared using standard assays. More TDSCs, which showed a lower proliferative potential and
a higher cellular senescence were present in the CI patellar tendons compared to HT tendons. There was a higher
alkaline phosphatase activity and mineralization in TDSCs (CI) in both basal and osteogenic media. More
chondrocyte-like cells and higher proteoglycan deposition, Sox9 and collagen type II expression were observed
in TDSCs (CI) pellets upon chondrogenic induction. There was a higher protein expression of Sox9, but a lower
mRNA expression of Col1a1, Scx, and Tnmd in TDSCs (CI) in a basal medium. In conclusion, TDSCs (CI) showed
altered fate, a higher cellular senescence, but a lower proliferative capacity compared to TDSCs (HT), which
might contribute to pathological chondro-ossification and failed tendon healing in this animal model.

Introduction

Chronic tendinopathy is a tendon disorder character-
ized by pain, swelling and impaired performance that is

extremely common in athletes and in the general population
with repetitive strain injuries of tendons [1]. Given its path-
ogenesis is largely unknown, many current interventions are
based on theoretical rationale and clinical experience rather
than specific manipulation of underlying pathophysiological
pathways.

Histologically, the tendinopathic tissue shows a failed
healing status characterized by increase in cellularity, vas-
cularity, proteoglycan deposition, particularly, the over-
sulfated form and collagen matrix degradation. Tissue
metaplasia, including chondrocyte phenotypes (also called
fibrocartilaginous metaplasia), fatty infiltration, and bony
deposits are occasionally observed in some patients with
tendinopathy [2,3]. The presence of calcification worsens the
clinical manifestation of tendinopathy with an increase in the
rupture rate [4], slower recovery times [5], and a higher
frequency of postoperative complications [6].

We have shown loss of matrix organization, ectopic
chondrogenesis, and ossification as well as activity-related
tendon pain in a collagenase-induced (CI) failed tendon-
healing rat model [7,8]. These histopathological changes
were also reported in tendinopathy. There was also increased
cellularity, glycosaminoglycan content, collagen fiber disor-
ganization, and presence of chondrocyte-like cells in rat su-
praspinatus tendons after forced treadmill running [9]. We
observed expression of Sox9 and collagen type II in healing
tendon cells at week 2 before the expression of these markers
in chondrocyte-like cells and ossified deposits, which ap-
peared at week 4 and week 12 in the CI animal model, re-
spectively [7]. Recent studies reported that tendons
harbored tendon stem/progenitor cells and they could
differentiate into chondrocytes and osteoblasts [10,11]. We
called these cells tendon-derived stem cells (TDSCs) to
indicate the tissue from which the cells were isolated. Since
tenocytes were reported not to possess multilineage dif-
ferentiation potential in a previous study [12], we hy-
pothesized that TDSCs might show altered fate in
differentiation from tenocytes to nontenocytes and this
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might contribute to tissue metaplasia and failed tendon
healing [13–16]. This study, therefore, aimed to compare
the yield, proliferative capacity, immunophenotypes, cel-
lular senescence and, in vitro differentiation potential of
TDSCs isolated from healthy tendon (HT) and pathological
tendon of the CI animal model.

Materials and Methods

CI tendon injury model

This study was approved by the Animal Research Ethics
Committee of the authors’ institution. Twelve male Sprague-
Dawley rats, (6 weeks, weight 150–220 g) were used. The
procedures have been well-established and the histopatho-
logical changes were highly reproducible [7]. After anesthe-
sia with 2.5% pentobarbital (4.5 mg/kg body weight), hairs
over the lower limb were shaved. The patellar tendon was
located by positioning the knee at 90o. Twenty microliters
(0.015 mg/mL in 0.9% saline, i.e., 0.3 mg) of bacterial colla-
genase I (Sigma-Aldrich, St Louis, MO) (CI group) or saline
(HT group) was injected into both patellar tendons (i.e., both
limbs were injected with saline or both limbs were injected
with collagenase) of each rat intratendinously with a 30G
needle (6 rats/group). Free cage activity was allowed after
injection. At week 2 after injection, these 12 rats were sacri-
ficed and the patellar tendons of both limbs of each rat were
harvested and pooled together (n = 6/group) for the isolation
of TDSCs (HT) or TDSCs (CI). Week 2 was chosen for the
isolation of TDSCs (CI) because the direct effect of collage-
nase subsided and tendon healing with an increase in cell
proliferation occurred, while no chondrocyte-like cells were
observed at this time point [7].

Isolation and culture of rat TDSCs

The procedures for the isolation of TDSCs from rat patellar
tendon have been established [17]. Briefly, the midsubstance
of patellar tendons were excised from rats overdosed with
2.5% sodium phenobarbital. Care was taken that only the
midsubstance of the patellar tendon tissue, but not the tissue
at the bone–tendon junction, was collected. Peritendinous
connective tissue was carefully removed and the samples
were stored in sterile phosphate-buffered saline (PBS). The
tissues were minced, digested with type I collagenase (3 mg/
mL; Sigma-Aldrich), and passed through a 70-mm cell strai-
ner (Becton Dickinson, Franklin Lakes, NJ) to yield a single-
cell suspension. The released cells were washed in PBS and
resuspended in a complete culture medium [low-glucose
Dulbecco’s Modified Eagle’s Medium (LG-DMEM; Gibco),
10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL
streptomycin, and 2 mM L-glutamine] (all from Invitrogen
Corporation, Carlsbad, CA). The isolated nucleated cells
were plated at an optimal low cell density (50 nucleated
cells/cm2) for the isolation of stem cells and cultured at 37�C,
5%CO2 to form colonies. The optimal initial seeding density
for TDSC isolation was determined using the colony-forming
assay based on the criteria: (1) that the colony size was not
affected by colony-to-colony contact inhibition; colonies that
were less than 2 mm in diameter and faintly stained were
ignored, and (2) that the greatest number of colonies per
nucleated cells was obtained. At day 2 after initial plating,
the cells were washed twice with PBS to remove the non-

adherent cells. At day 7–10, they were trypsinized and mixed
together as passage 0 (P0). TDSCs were subcultured when
they reached 80%–90% confluence. TDSCs (HT) and TDSCs
(CI) at early passages (P3 and P5) were used for all experi-
ments [18]. TDSCs were confirmed by stem cell-related surface
marker expression, colony forming unit assay, osteogenic,
adipogenic, and chondrogenic differentiation assays as de-
scribed previously before being used for the experiments in
this study [11].

Study design

The colony-forming ability, proliferation, immunopheno-
types, cellular senescence, and in vitro differentiation potential
(osteogenic and chondrogenic, Sox9 expression, tendon-
related marker expression) of TDSCs (CI) and TDSCs (HT)
were compared.

Colony-forming unit assay

Colony-forming unit assay was done as described previ-
ously [11]. Tendon-derived nucleated cells (CI) and tendon-
derived nucleated cells (HT), with each isolated from 6
different donor rats and in triplicate were used in this study.
Tendon-derived nucleated cells (CI) and tendon-derived
nucleated cells (HT) were plated at the optimal cell density at
1,000 nucleated cells (compared at 102, 103, 104, 105 per
20 cm2 according to the criteria listed above, results not
shown) in 20-cm2 dishes each and cultured in the complete
culture medium for 7–10 days to form colonies. The cells
were stained with 0.5% crystal violet (Sigma, St Louis, MO)
for counting the number of cell colonies. Colonies that were
less than 2 mm in diameter and those that were faintly
stained were ignored. The total tendon-derived nucleated
cells isolated from bilateral patellar tendons in the CI group
and the HT group were recorded. The total number of col-
onies per rat (bilateral patellar tendons) was calculated.

Cell proliferation assay

Cell proliferation assay was done as described previously
[18]. TDSCs (HT) and TDSCs (CI) at P3 were plated at 5,000
cells/well in the complete culture medium in a 96-well plate
and incubated at 37�C, 5% CO2. At day 5, cell proliferation
was assessed using the BrdU assay kit (Roche Applied Sci-
ence, Indianapolis, IN) according to the manufacturer’s in-
struction. Briefly, the cells were labeled with 10mL BrdU for
3 h at 37�C. The labeling medium was then removed by in-
verting the microplate. The cells were then fixed with 100mL
FixDenat solution and incubated for 30 min at 37�C. The
microplate was then taped to remove FixDenat, and then
100mL peroxidase-conjugated anti-BrdU antibodies were
added to each well and incubated with the cells for 90 min at
room temperature. After washing with PBS, 100 mL of a
substrate solution [3, 3, 5, 5-tetramethylbenzidine dissolved
in 15% (v/v) dimethylsulfoxide] was added to each sample
for 30 min at room temperature. The absorbance at 370–
492 nm was measured and reported.

Fluorescence-activated cell sorting analysis

Both TDSCs (HT) and TDSCs (CI) at passage 3 were har-
vested by trypsinization, washed twice with PBS, pelleted by
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centrifugation at 350 g for 5 min at room temperature, and
resuspended in the staining buffer (Becton Dickson, Franklin
Lakes, NJ) at 2 · 106/mL for 15 min at 4�C. One-hundred
microliters cell suspension was incubated with primary anti-
bodies against rat CD90 and CD44 conjugated with phycoer-
ythrin (PE) (ab33694 and ab23396; both from Abcam,
Cambridge, UK), CD31 conjugated with fluorescein iso-
thiocyanate (FITC) (ab33858; Abcam), and CD34 conjugated
with FITC (sc-7324; Santa Cruz Biotechnology, Santa Cruz,
CA), CD73 (551123; Becton Dickinson, Franklin Lakes, NJ),
CD11b (ab8879; Abcam), and CD45 (ab10558; Abcam), without
conjugation for 15 min at 4�C. Unbound antibodies were wa-
shed away by adding an ice-cold staining buffer. The cell pellet
was resuspended in the staining buffer containing anti-mouse
IgG1 conjugated with PE (sc-3764; Santa Cruz Biotechnology)
for CD11b and CD73, anti-rabbit IgG conjugated with FITC (sc-
3839; Santa Cruz Biotechnology) for CD45 detection for at least
15 min at 4�C. The cells were washed with ice-cold PBS con-
taining 2% BSA before analysis using the LSRFortessa flow
cytometer (Becton Dickinson, San Jose, CA). PE- or FITC-
conjugated isotype-matched mouse IgG1 (IC002P or IC002F,
R&D systems, Inc., Minneapolis, MN), mouse IgG1 (MAB002;
R&D systems, Inc.), and rabbit IgG (ISO-XXXX; Epitomics,
Burlingame, CA) were used as isotype controls. Cells at 104

were counted for each sample. The percentage of cells with a
positive signal was calculated using the WinMDI Version 2.9
program (The Scripps Research Institute, La Jolla, CA).

Senescence-associated b-galactosidase
activity assay

We followed our well-established protocol as described
previously [18]. Fifty micrograms of protein from TDSCs
(HT) and TDSCs (CI) at P5 were used for the assessment of
senescence-associated b-galactosidase activity using the
mammalian b-galactosidase assay kit (Thermo scientific, Inc.,
Rockford, IL) according to the manufacturer’s instruction.
The absorbance at 405 nm was measured and reported.

Osteogenic differentiation assay

TDSCs (HT) and TDSCs (CI) at P3 were plated at 4 · 103

cells/cm2 in a 24-well plate and cultured in the complete
culture medium until the cells reached confluence. They
were then incubated in the complete culture medium or the
osteogenic medium, which was a complete culture medium
supplemented with 1 nM dexamethasone, 50 mM ascorbic
acid, and 20 mM b-glycerolphosphate (all from Sigma-
Aldrich) at 37�C, 5% CO2 as described previously [11]. At
day 3, the alkaline phosphatase (ALP) activity of TDSCs was
assessed by ALP cytochemical staining assay. At day 0, 7, 14,
and 21, the mineralization of TDSCs was assessed by Ali-
zarin red S staining.

ALP cytochemical staining assay. Cells were washed with
PBS and fixed with 70% EtOH for 30 min at 4�C. The cells
were then equilibrated twice with the ALP buffer (0.15 M
NaCl, 0.1 M Tris-HCl pH 9.5, 1 mM MgCl2, and 0.1% Tween-
20) for 5 min each. The ALP substrate solution (0.5 mg nitro-
blue tetrazolium chloride and 0.25 mg 5-bromo-4-chloro-
3¢indolyphosphate p-toluidine salt (BCIP) in 1 mL ALP
buffer) was added to the cells for 20 min at 37�C. The color
reaction was stopped by washing the cells with distilled

water and the positive stain was viewed under the micro-
scope. Cells showing ALP activity appears deep blue. The
higher the color intensity, the higher is the ALP activity.

Alizarin Red S staining assay. To evaluate the mineralized
nodule formation in vitro, the cell/matrix layer was washed
with the PBS, fixed with 70% ethanol for 10 min, and stained
with 0.5% Alizarin red S (pH 4.1; Sigma, St. Louis, MO) for
30 min. To quantitate the amount of Alizarin red S bound to
the mineralized nodules, the cells were rinsed with water,
and extracted with 10% (w/v) cetylpyridinium chloride in
10 mM sodium phosphate, pH 7.0 for 15 min at room tem-
perature. The dye concentration in the extract was deter-
mined at OD 562 nm in a 96-well plate.

Immunocytochemical staining

Immunocytochemical staining of Sox 9 in TDSCs (HT) and
TDSCs (CI) was performed according to the procedures de-
scribed earlier [11]. Five thousand TDSCs (HT) and TDSCs (CI)
each at P3 were seeded on poly-L-lysine precoated 22 · 22 mm2

glass coverslips at 37�C, 5% CO2 overnight. The cells were then
fixed in 4% paraformaldehyde, quenched with 10% H2O2 in
methanol for 20 min, blocked with 5% normal goat serum, and
incubated with rabbit polyclonal anti-rat Sox9 (1:30; sc-20095;
Santa Cruz Biotechnology) for 30 min at room temperature.
The primary antibody was replaced with a blocking solution in
the negative controls. After washing with PBS, the cells were
incubated with goat anti-rabbit horseradish peroxidase (HRP)
(1:100; AP132P; Chemicon International, Temecula, CA) for
20 min at room temperature. Finally, 3, 3¢ diaminobenzidine
tetrahydrochloride (DAKO, Glostrup, Denmark) was used to
develop the color in the presence of H2O2. The cells were
rinsed in distilled water, counterstained with Harris hema-
toxylin, dehydrated through graded alcohol, and mounted
with p-xylene-bis-pyridinium bromide (DPX) (Sigma Aldrich).
For good reproducibility and comparability, all incubation
times and conditions were strictly controlled. The cells were
examined under light microscopy (Leica DMRXA2, Leica Mi-
crosystems Wetzlar GmbH, Wetzlar, Germany).

Chondrogenic differentiation assay

A pellet culture system was used [11,18]. TDSCs (HT) and
TDSCs (CI) at P3 were used. TDSCs (HT) and TDSCs (CI) at
8 · 105 were pelleted into a micromass by centrifugation at
450 g for 10 min in a 15-mL conical polypropylene tube and
cultured in the complete culture medium or the chondro-
genic medium, which contained the low-glucose Dulbecco’s
Modified Eagle’s Medium (Gibco, Invitrogen corporation),
supplemented with 10 ng/mL transforming growth factor-b3
(R&D), 500 ng/mL bone morphogenetic protein (BMP)-2
(R&D Systems, Inc.), 10 - 7 M dexamethasone, 50 mg/mL
ascorbate-2-phosphate, 40mg/mL proline, 100mg/mL pyru-
vate (all from Sigma-Aldrich), and 1:100 diluted ITS + Premix
(6.25 mg/mL insulin, 6.25 mg/mL transferrin, 6.25 mg/mL
selenous acid, 1.25 mg/mL bovine serum albumin, 5.35 mg/
mL linoleic acid) (Becton Dickinson, Franklin Lakes, NJ), at
37�C, 5% CO2. At day 21, the pellets were fixed for hematoxylin
and eosin (H&E), Safranin-O (SO)/fast green staining as well as
immunohistochemical staining of Sox9 and collagen type II
[18]. Semiquantitative image analysis of immunopositive sig-
nals of SO, Sox9, and collagen type II was done using the
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Image-Pro Plus software (MediaCybernetics, Bethesda, MD)
according to our well-established protocol [19].

Histological analysis of cell pellet. The cell pellets were
fixed in 4% paraformaldehyde, dehydrated, and embedded
in paraffin. Sections were cut at a thickness of 5 mm and were
stained with H&E or SO/fast green after deparaffination and
viewed using a LEICA Q500MC microscope (Leica Cam-
bridge Ltd., Cambridge, UK). The mean integrated optical
density (IOD) of SO in the histological sections were mea-
sured semiquantitatively using an image analysis method.

Immunohistochemical staining of cell pellet. Immunohisto-
chemical staining was performed as previously described
[18]. Briefly, paraffin-embedded sections were depar-
affinized in xylene and dehydrated through graded alcohol.
Endogenous peroxidase activity was quenched with 3% hy-
drogen peroxide for 20 min at room temperature. Antigen
retrieval was then performed with 2 mg/mL protease (Cal-
biochem, Bie and Berntsen, Rødovre, Denmark) at 37�C for
30 min for collagen type II detection, and 1 mg/mL hyal-
uronidase at 37�C for 45 min followed by 10 nM warm citrate
buffer at 65�C for 20 min for Sox 9 detection. Residual en-
zymatic activity was removed by washing the sections with
PBS. After blocking the sections with 5% goat serum for
20 min at room temperature, the sections were incubated
with mouse monoclonal antibodies against rat collagen type
II (MS235-P; neomarkers-Biogen, Lab Vision, CA; 1:50 dilu-
tion with 5% goat serum in PBS containing 1% BSA) or rabbit
monoclonal antibodies against rat Sox9 (sc-200955; Santa
Cruz Biotechnology; 1:30 dilution with 5% goat serum in PBS
containing 1% BSA) overnight at 4�C. The spatial localization
of collagen type II and Sox9 was visualized by incubating the
sections with goat anti-mouse IgG HRP-conjugated second-
ary antibodies (AP124P; 1:100; Chemicon International) for
an hour at room temperature, followed by incubating the
sections with 3,3¢;-diaminobenzidine tetrahydrochloride
(DAKO) in the presence of H2O2. Afterward, the sections
were rinsed, counterstained with hematoxylin, dehydrated
with graded ethanol and xylene, and mounted with DPX.
The primary antibody was replaced with the blocking solu-
tion in the sections that served as a negative control. Articular
cartilage of femora condyle was used as a positive control for
collagen type II and Sox9. The sections were examined under
light microscopy (Leica DMRXA2, Leica Microsystems Wet-
zlar GmbH, Germany), and the immunopositive signal was
semiquantified using an image analysis method.

Semiquantitative image analysis. The method is well-
established in our laboratory [19]. Briefly, to analyze the positive
signal, one photomicrograph from one section of each cell pellet
was taken at 50 · magnification under the same camera setting.
We measured the positive signal using the Image-Pro Plus
software (MediaCybernetics). First, the region of interest (ROI),
which was the whole section of the cell pellet was selected
manually. Segmentation of the image was then performed with
the Select Colors command of the software. Three histograms on
hue, saturation and intensity, respectively, would appear. The
image was then segmented with a hue range of 1–33, a satura-
tion range of 1–255, and an intensity range of 1–185 to select the
light to dark brown color for immunohistochemical staining of
collagen type II; a hue range of 1–33, a saturation range of 1–255,
and an intensity range of 1–185 to select the light to dark brown
color for immunohistochemical staining of Sox9; and a hue
range of 1–33, a saturation range of 1–255, and an intensity range

of 1–215 to select orange to red color for the SO staining of
proteoglycan. The hue–saturation–intensity combinations were
determined based on the samples showing the highest and the
lowest expression to ensure that we covered the whole range of
positive color that we would like to measure, while minimizing
the interference from the background color of the image. To
ensure reproducibility, the same hue–saturation–intensity com-
bination was used for all samples. The IOD (in arbitrary unit) of
the positive signal was then measured using the Count com-
mand of the software. The area of ROI was also measured. The
IOD/mm2 for each sample was reported. The assessor was
blinded to the groups during image analysis.

Expression of tenogenic markers

TDSCs (HT) and TDSCs (CI) at P3 were seeded at 4 · 103

cells/cm2 in a 24-well plate in the complete culture medium
at 37�C, 5% CO2. At day 3, the cells were harvested and the
expression of tenogenic markers, including collagen type I
(Col1a1), scleraxis (Scx), and tenomodulin (Tnmd) was ex-
amined by quantitative real-time reverse transcription–
polymerase chain reaction (qRT-PCR) as described below.

Quantitative real-time reverse transcription–
polymerase chain reaction

qRT-PCR was performed as previously described [18]. Cells
were harvested and homogenized for RNA extraction with
the Rneasy mini kit (Qiagen GmbH, Hilden, Germany). The
mRNA was reverse transcribed to cDNA by the First-Strand
cDNA kit (Promega, Madison, WI). 5mL of total cDNA of each
sample was amplified in the final volume of 25mL of reaction
mixture containing Platinum� SYBR� Green qPCR SuperMix-
UDG ready-to-use reaction cocktail and specific primers for
collagen type I (Col1a1), scleraxis (Scx), tenomodulin (Tnmd),
or b-actin using the ABI StepOne Plus system (all from Ap-
plied Biosystems, Foster City, CA) (Table 1). Cycling condi-
tions were denaturation at 95�C for 10 min, 45 cycles at 95�C
for 20 s, optimal annealing temperature (Table 1) for 30 s, 72�C
for 30 s, and finally at 60�C–95�C with a heating rate of
0.1�C/s. The expression of the target gene was normalized to
that of the b-actin gene. Relative gene expression was calcu-
lated using the 2 -DCT formula.

Data analysis

The mean IOD/mm2 of different chondrogenic markers
and the mRNA expression of tendon-related markers in the
TDSCs (CI) and TDSCs (HT) groups were presented in
boxplots. Comparison of 2 independent groups was done
using the Mann–Whitney U test, while comparison of more
than 2 independent groups was done using the Kruskal–
Wallis test followed by post hoc pairwise comparison using
the Mann–Whitney U test. All the data analysis was done
using SPSS analysis software (SPSS, Inc., Chicago, IL; version
16.0). P £ 0.05 was regarded as statistically significant.

Result

Stem cell characteristics of TDSCs (HT)
and TDSCs (CI)

The nucleated cells isolated from healthy patellar tendons
and CI pathological tendons at week 2 were stem cells as
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indicated by their abilities to form colonies (Fig. 1b, b¢). The
cells in the colonies appeared less clustered in the CI group
compared to those in the HT group (Fig. 1c, c¢). The isolated
cells from both groups showed multilineage differentiation
potential as indicated by their abilities to form calcium
nodules (Fig. 1d, d¢), lipid droplets (Fig. 1e, e¢), and chon-
drocyte pellets (Fig. 1f, f¢) upon osteogenic, adipogenic, and
chondrogenic induction, respectively.

Yield, proliferative potential, immunophenotypes,
and cellular senescence of TDSCs

We counted the total number of colonies that were iso-
lated from the patellar tendons of each rat at the optimal
seeding density (50 nucleated cells/cm2). There were more
TDSCs colonies in the CI group compared to those in the HT
group (P = 0.050) (Fig. 2a). TDSCs (CI) proliferated slower
compared to TDSCs (HT) (P = 0.009) (Fig. 2b). TDSCs (HT)
and TDSCs (CI) were both positive for mesenchymal stem
cell markers, including CD90, CD44, and CD73, but negative
for the endothelial cell marker, CD31, and hematopoietic
lineage markers, including CD34, CD45, and CD11b (Fig. 2c,
d). The surface expression of CD73 and CD44 was greatly
and slightly reduced in TDSCs (CI) compared to TDSCs (HT)
(Fig. 2c, d). TDSCs (CI) also showed significantly higher
cellular senescence compared to TDSCs (HT) (P = 0.025)
(Fig. 2e).

Osteogenic differentiation potential

There was higher ALP activity in the TDSCs (CI) group
compared to that in the TDSCs (HT) group both in basal
and osteogenic media at 3 days as indicated by the ALP
cytochemical staining assay (Fig. 3a). Similarly, more aliz-
arin red S-positive calcium nodules were observed in
TDSCs (CI) compared to those in TDSCs (HT) both in basal
and osteogenic media at day 7, 14, and 21 (Fig. 3b).
Quantification of the intensity of calcium-bound alizarin
red S signal showed that there was a significant higher
signal intensity in TDSCs (CI) compared to that in TDSCs
(HT) both in basal and osteogenic media at day 7, 14, and 21
(both overall P < 0.001, respectively; all post hoc P = 0.004)
(Fig. 3c, d).

Chondrogenic differentiation potential

Most of the TDSCs in the CI group expressed Sox9, while
only a few TDSCs in the HT group expressed this chondro-
genic marker in the basal medium (Fig. 4a). We next tested
the chondrogenic differentiation potential of TDSCs (HT)
and TDSCs (CI) in the chondrogenic medium in a 3D pellet
culture system (Fig. 4b). Our results showed that both TDSCs
(HT) and TDSCs (CI) formed pellets at day 21, but more
chondrocyte-like cells were observed in the TDSCs (CI) pel-
lets compared to those in the TDSCs (HT) pellets (Fig. 4b

Table 1. Primer Sequences and Condition for Quantitative Real-Time

Reverse Transcription–Polymerase Chain Reaction

Gene Primer nucleotide sequence
Product
size (bp)

Annealing
temperature (oC) Accession no.

b-actin 5¢-ATC GTG GGC CGC CCT AGG CA-3¢ (forward)
5¢-TGG CCT TAG GGT TCA GAG GGG-3¢ (reverse)

243 52 NM_031144

Col1a1 5¢- CATCGGTGGTACTAAC-3¢ (forward)
5¢- CTGGATCATATTGCACA-3¢ (reverse)

238 55 NM_053356.1

Tnmd 5¢-GTGGTCCCACAAGTGAAGGT-3¢ (forward)
5¢-GTCTTCCTCGCTTGCTTGTC-3¢ (reverse)

60 52 NM_022290.1

Scx 5¢-AACACGGCCTTCACTGCGCTG-3¢ (forward)
5¢-CAGTAGCACGTTGCCCAGGTG-3¢ (reverse)

102 58 NM_001130508.1

FIG. 1. Isolation and characterization of tendon-derived stem cells (TDSCs) (HT) (a–f) and TDSCs [collagenase-induced
(CI)] (a¢–f¢) photomicrographs showing released tendon-derived nucleated cells from rat patellar tendons after collagenase
type I digestion (a, a¢); clonogenicity of tendon-derived nucleated cells as indicated by colony-forming unit (CFU) assay (b,
b¢); morphology of tendon-derived cell colonies formed at P0 (c, c¢); calcium nodules as detected by Alizarin red S staining of
TDSCs after osteogenic induction (d, d¢); lipid droplets as indicated by Oil red O staining of TDSCs after adipogenic induction
(e, e¢); pellet formation of TDSCs after chondrogenic induction (f, f¢). Scale bar: 100mm (c–e, c¢–e¢).

1080 RUI ET AL.



H&E staining). There was significantly higher proteoglycan
deposition as indicted by SO staining (P = 0.021), Sox9
expression (P = 0.021), and collagen type II expression
(P = 0.021) in TDSCs (CI) pellets compared to that in TDSCs
(HT) pellets (Fig. 4b).

Expression of tenogenic markers

We compared the tenogenic activity of TDSCs (HT) and
TDSCs (CI) by measuring the mRNA expression of tendon-
related markers. There was a significantly lower mRNA ex-
pression of Col1a1 (P = 0.004) (Fig. 5a), Scx (P = 0.004) (Fig.

5b), and Tnmd (P = 0.006) (Fig. 5c) in TDSCs (CI) compared to
that in TDSCs (HT) in the basal medium.

Discussion

Our result showed that TDSCs (CI) showed a lower prolif-
erative potential and a higher cellular senescence compared to
TDSCs (HT). We also observed a higher osteogenic and chon-
drogenic differentiation potential of TDSCs (CI) in basal and
induction media, but a lower tenogenic activity in the basal
medium. Our results were consistent with the hypothesis of
altered fate of TDSCs to nontenocytes and might explain the

FIG. 2. (a) Box plot showing the yield of colonies in healthy patellar tendon and CI injured patellar tendon as assessed by
colony-forming assay. n = 6/group; aP £ 0.05 (b) Box plot showing the proliferative capacity of TDSCs (CI) and TDSCs
(healthy tendon [HT]) in vitro as measured by BrdU assay. ‘‘o’’ represented outliner in the study; n = 5/group; aP £ 0.05 (c, d)
Histograms showing the surface expression of mesenchymal stem cell markers (CD90, CD44, and CD73), endothelial stem
cell marker (CD31), and hematopoietic lineage markers (CD34, CD45, and CD11b) on TDSCs (HT) and TDSCs (CI). n = 1/
group; (e) Box plot showing the senescence-associated b-galactosidase activity in TDSCs (HT) and TDSCs (CI). n = 6/group;
aP £ 0.05.
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formation of ectopic chondro-ossification in our CI animal
model. The reduced ability of TDSCs to differentiate into teno-
cytes, coupled with their reduced proliferation and increased
senescence might reduce the pool of TDSCs for tendon repair
after tendon injury and might contribute to failed tendon healing
in this animal model. The higher yield of TDSCs (CI) compared
to TDSCs (HT) might be an attempt of the cells to compensate for
the decrease in proliferative and tenogenic differential potential
as well as an increased cellular senescence after CI tendon injury.
In fact, we also observed higher adipogenic differentiation of
TDSCs (CI) compared to TDSCs (HI) upon adipogenic induction
as shown by Oil red O staining (Fig. 1e, e¢). However, we did not
quantify the amount of bound dye.

The results in this study provided some insights into the
mechanism of tissue metaplasia and failed healing in tendi-
nopathy. Supportive evidences for nontenogenic differenti-
ation of TDSCs in the pathogenesis of tendinopathy included
upregulation of cartilage-associated genes and down-
regulation of tendon-associated genes in rat supraspinatous

tendon [15] and in horse superficial digital flexor tendon [16]
after overuse injury. The development of fracture nonunion
was suggested to link to the reduced capacity of the tissue-
specific stem cells to undergo osteogenesis and increased
cellular senescence [20]. Our results in the failed healing CI
animal model in this study provided some support that tis-
sue metaplasia and failed healing in tendinopathy might oc-
cur via altered fate of stem cells in tendon after tendon injury.
Recently, Bi et al. [10] reported that tendon stem/progenitor
cells (TSPCs) isolated from the biglycan and fibromodulin
double knockout mouse model with ectopic bone and de-
ranged collagen fibers in the patellar tendon showed higher
clonogenicity and proliferation. TSPCs isolated from this
double knockout animal model also expressed collagen type
II and aggrecan, which were absent in wild-type TSPCs [10].
The protein expression of collagen type I and mRNA ex-
pression of Scx in TSPCs isolated from the double knockouts
decreased compared to wild-type cells [10]. Moreover, TSPCs
isolated from the double knockout animals formed bone in

FIG. 3. (a) Photomicrographs showing alkaline phosphatase activity in TDSCs (HT) and TDSCs (CI) in both basal culture
medium and osteogenic medium at day 3. n = 3/group; Scale bar: 100 mm; basal culture medium: complete culture medium.
(b) Photomicrographs showing Alizarin red S staining of calcium nodules formed in TDSCs (HT) and TDSCs (CI) in both
basal medium and osteogenic medium at day 0, day 7, day 14, and day 21. n = 6/group; Scale bar: 100mm; basal culture
medium: complete culture medium. (c, d) showed the quantitative analysis of the amount of Alizarin red S bound to the
calcium nodules in osteogenic medium and basal medium, respectively. ‘‘o’’ and ‘‘*’’ represented outliner and extreme value,
respectively, in the study. n = 6/group; aP £ 0.05 in post hoc comparison.
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addition to tendon-like tissue in vivo, whereas wild-type
TDSCs only formed tendon-like tissue [10]. Of note was that
the animal model used by Bi et al. [10] was a transgenic animal
model, while the animal model that we used in this study was
biologically induced after birth.

For the factors that might possibly lead to the altered fate
of TDSCs after collagenase injection, we hypothesized that

the ectopic expression of BMP-2 and the change in extracel-
lular matrix composition might alter the fate of TDSCs and
contributed to tissue metaplasia and failed healing in the CI
animal model. This speculation was supported by the change
in the extracellular matrix composition, with a sustained in-
crease in the type III to type I collagen ratio and proteoglycan
expression, in the CI animal model [21]. There was also ectopic

FIG. 4. (a) Photomicro-
graphs showing the expres-
sion of Sox9 in TDSCs (HT)
and TDSCs (CI). n = 3/group;
Scale bar: 50mm. (b) Photo-
micrographs showing the cell
morphology with hematoxy-
lin and eosin (H&E) staining,
proteoglycan accumulation
with Safranin-O (SO) staining,
Sox9 and collagen type II ex-
pression in cell pellets formed
by TDSCs (HT) and TDSCs
(CI) after culturing the cells in
chondrogenic medium for 21
days. Box plots next to the
photomicrographs are semi-
quantitative image analysis of
the positive signals of SO
staining, Sox9 and collagen
type II, respectively. All n = 4/
group; Scale bar: 50mm;
aP £ 0.05.

FIG. 5. Box plots showing the mRNA expression of (a) Col1a1, (b) Scx, and (c) Tnmd in TDSCs (HT) and TDSCs (CI). ‘‘o’’ and
‘‘*’’ represented outliner and extreme value, respectively, in the study. n = 6/group; aP £ 0.05.
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expression of BMP-2, BMP-4, and BMP-7 in the CI animal
model [19] and clinical samples of patellar tendinopathy [22].
The increased deposition of proteoglycan and sulfate glycoa-
minoglycans was the characteristic extracellular matrix
changes in tendinopathy [23,24]. Ectopic overexpression of
BMPs was also observed in the subacromial bursa of patients
with chronic degeneration of the rotator cuff [25]. We reported
that cyclic tensile loading increased the mRNA and protein
expression of BMP-2 in TDSCs in vitro [17]. In a separate
study, BMP-2 also promoted the nontenocyte differentiation,
increased the glycoaminoglycan deposition, and increased the
mRNA expression of aggrecan in TDSCs in vitro [26]. Further
study is required to confirm our speculation.

Our results showed that there was a large and slight re-
duction of surface expression of CD73 and CD44, respec-
tively, in TDSCs (CI) compared to TDSCs (HT). CD73 was
reported to function in cell–cell adhesion [27]. A previous
study showed that the migration of mesenchymal stromal
cells (MSCs) was controlled by the surface expression of
CD73/CD29, which in turn was regulated by compressive
mechanical loading of the cells [28]. Specific inhibition of
CD73/CD29 inhibited MSCs migration after compressive
mechanical loading in vitro [28]. The knockdown of CD73
was also reported to increase migration and collagen type I
mRNA expression in a hepatic stellate cell line [29]. The
decrease in the expression of CD73/CD29 was suggested as
a mechanism for trapping MSCs in the injury site to fulfill
their regenerative functions [28]. Whether the decrease in
surface expression of CD73 in TDSCs (CI) was associated
with reduced migration ability of these cells needs further
research. The reduced mRNA expression of CD73 was also
reported to positively correlate with the reduced prolifera-
tion and differentiation efficiency of human MSCs during
passaging in vitro [30]. Hence, the reduction in the surface
expression of CD73 might also be explained by the com-
mitted differentiation of TDSCs (CI) to the chondrogenic and
osteogenic lineages. CD44 is a cell-surface glycoprotein,
which participates in many cellular processes, which in-
cludes cell growth, survival, differentiation, and motility
[31]. It is a receptor for hyaluronic acid and can also interact
with other ligands, such as osteopontin, collagens, growth
factors, and matrix metalloproteinases as well as function as
a coreceptor to mediate the signaling of receptor tyrosine
kinases [31]. Previous study showed that the expression of
CD44 was important for the migration of mesenchymal stem
cells [32]. Knockdown of CD44 was reported to promote the
differentiation of cancer stem cells [33]. Hence, the slight
reduction of surface expression of CD44 in TDSCs (CI) might
also be related to the increased commitment of TDSCs (CI)
toward the differentiated lineages.

One limitation of this study was that the source of stem
cells contributing to altered functions could be endogenous
or exogenous as there was no specific marker for TDSCs.
This is also the case for other mesenchymal stem/progenitor
cells, which were isolated by selection and enrichment
methods. The composition of TDSCs might change depend-
ing on the physiological or pathological status of the animal
or individual. However, this did not object our conclusion
that stem cells isolated from tendon tissues (defined as
TDSCs, similar terminology is also used to refer to the tissue-
specific stem cells isolated from other tissues.) of the CI an-
imal model showed a higher chondro-osteogenic, but a lower

tenogenic differentiation potential and might contribute to
tissue metaplasia and failed healing in this CI animal model.
A similar mechanism might contribute to tissue metaplasia
and failed tendon healing in tendinopathy. Further study to
identify the subpopulation of TDSCs that showed altered
differentiation potential is essential.

Conclusions

In conclusion, TDSCs (CI) showed altered fate with a
higher osteogenic and chondrogenic differentiation potential,
but a lower tenogenic differentiation capacity, a lower
proliferative capacity, but a higher senescence and colony-
forming ability compared to TDSCs (HT). These might con-
tribute to the pathological chondro-ossification and failed
tendon healing in this animal model. Results from this study
provided insights into the mechanisms of tissue metaplasia
and failed healing of tendinopathy.
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