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Effect of aging on the tendon structure and tendon-associated
gene expression in mouse foot flexor tendon
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Abstract. To evaluate the biological changes in tendons
during the aging process, the present study examined the
effect of aging on the tendon structure, distribution of collagen
types I and III, and expression of tendon-associated genes,
using flexor tendons in a mouse model. Histological assess-
ment of the tendon structure and distribution of collagen
types I and III were performed, and the expression of
tendon-associated genes was evaluated in flexor digitorium
longus tendons of young (8 weeks) and aged (78 weeks) female
C57BL/6 mice. The results indicated that the Soslowsky score,
based on the analysis of cellularity, fibroblastic changes, and
collagen fiber orientation and disruption, was significantly
increased, or worsened, in the tendons of the aged group
compared with those in the young group. Furthermore, in the
aged group, the distribution of type I collagen was decreased
and the distribution of type III collagen was relatively
increased compared with the young group. Finally, the mRNA
expression levels of collagen (type I and type I1T) and tenogenic
markers (Mohawk homeobox, tenomodulin and scleraxis
BHLH transcription factor) were significantly decreased in
the aged group compared with the young group. The present
observations demonstrated that the structure of the tendons,
distribution of types I and III collagen and the expression of
tendon-associated genes were modulated by aging in the flexor
tendon, and that these changes may contribute to the degenera-
tion of tendons in tendinopathy.
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Introduction

Aging is a complex and varied process that involves the
accumulation of numerous molecular changes and resulting
pathological alterations to normal physiological function (1).
These aging-associated changes involve various tissues, for
example skin, bones and muscles, and have attracted much
attention in the investigation of the mechanisms involved in
the pathophysiology of aging-associated disorders, including
age-induced osteoporosis (2-5). Tendons are fibrous tissues that
connect muscle to bone, and are able to resist high levels of force.
Their primary function is to transfer muscle-generated force
to the skeleton, facilitating movement around a joint. Notably,
there are clinical data demonstrating the association between
aging and an increased incidence of tendon rupture (6); however,
to the best of our knowledge, basic studies, animal models and
clinical studies using patients examining aging-associated
tendon degeneration have not been performed.

A healthy tendon is a fibrous type of tissue with a highly
organized type I collagen-based extracellular matrix, and a
minimal number of cells and neurovascular structures (7).
As tendons mature postnatally, tenocytes slowly proliferate
to become largely quiescent, resulting in an extremely slow
tissue turnover rate but an absence of atrophy with aging (1,2).
A previous study suggested that one of the key characteristics
of chronic tendinopathy is the degradation of the extracellular
matrix collagen (8). Other data indicated that a marked loss of
bridging collagen in the extracellular matrix was observed in
repaired tendons in an aged mouse mode (9). These observa-
tions suggest that the decreased proliferation of tenocytes and
increased matrix degeneration lead to impaired tendon healing
with aging (9). However, the basic mechanisms underlying the
pathological changes of tendons with aging are not well under-
stood. The majority of previous studies have investigated the
mechanical features and the healing process of aged tendons;
to the best of our knowledge, only one study has focused on
the effect of aging on the biological features of tendons (10).

In the present study, to evaluate the biological and patho-
logical changes of tendons with aging, the effect of aging on
the tendon structure, distribution of collagen types I and III
and expression of tendon-associated genes was examined
using flexor tendons in a mouse model.
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Materials and methods

Animal model. Female C57BL/6 mice (n=26) were used in
the present study. Mice were obtained from Japan SLC, Inc.,
(Shizuoka, Japan). Animals were housed in groups, with up to
5 animals/cage in a pathogen-free environment at 22+2°C with
40-60% humidity under a 12 h light-dark cycle with ad libitum
access to food and water. The effect of aging on the structure
and gene expression in the tendons was assessed at 8 weeks
(young group) and 78 weeks (aged group); 5 and 8 mice (young
or aged) were for employed for structural and gene expression
analyses, respectively. The present study was approved by the
Animal Care Committee of Juntendo University, Tokyo, Japan
(registration no. 1309; approval no. 300052).

Histological assessment of tendon structure. Following eutha-
nasia, flexor digitorium longus (FDL) tendons of the right hind
paws (including 5 digital tendons and a bunched portion of
the tendons) were harvested under a light microscope (Zeiss
Axioskop2; magnification, x40) for histological analysis. Then,
tendons were fixed in 4% paraformaldehyde at room tempera-
ture for 72 h, and processed and embedded in paraffin. From
the bunched portion of tendons, 3 ym sagittal sections were
prepared and stained with 0.1% hematoxylin for 5 min and
1% eosin for 2 min at room temperature (5 sections/mouse). In
addition, 3 #m axial sections were prepared from the bunched
portion of tendons, and stained with 0.1% Picrosirius Red
(Waldeck GmbH & Co. KG, Miinster, Germany) for 90 min at
room temperature (8 sections/mouse).

Soslowsky score. The Soslowsky score is a histological scoring
system, which is used to investigate tendinopathies and
tendon repair (11). The total score may range from O (normal
tendon)-12 (most severe degeneration detectable). Sections
were stained with 0.1% hematoxylin for 5 min and 1% eosin
for 2 min at room temperature to assess cellularity (score 0-3),
fibroblastic changes (score 0-3), and collagen fiber orienta-
tion (score 0-3) and disruption (score 0-3). The analysis was
accomplished using a semiquantitative method by evaluating
scores (0-3) of each component (cellularity, fibroblastic change,
collagen fiber orientation and disruption) (12). The slides were
randomly selected and evaluated by two blinded observers
under a light microscope (magnification, x20). The total score
of each mouse (5 sections/mouse) was averaged, and compared
between the young and aged groups (5 mice/group).

Picrosirius red staining for collagen. Picrosirius red staining
is utilized for evaluating the differential distribution of the
structurally distinct collagen types I and III (13-15). Picrosirius
red-stained sections were illuminated with polarized light,
allowing the visualization of collagen fiber organization;
type I collagen appears red, while type III collagen appears
yellow/green (16). Digital images of all specimens were
captured and analyzed with a custom-built spectral template
(red or yellow/green) using the Nuance multispectral imaging
system (Nuance 3.0.2; PerkinElmer, Inc., Waltham, MA,
USA). The total number of pixels of red and yellow/green
in the specimen was obtained, and the percentage of red
(type I collagen) or yellow/green (type III collagen) staining
was calculated. This proportion was averaged in each mouse
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(8 sections/mouse) and compared between young and aged
groups (5 mice/group).

Reverse transcription quantitative polymerase chain reaction
(RT-gPCR). FDL tendons of the right and left hind paws were
harvested from each mice (8 mice/young or aged group) using
microscopy.

Total RNA was isolated from flexor tendons
(2 tendons/mouse) with an RNeasy Fibrous Tissue Mini kit
(Qiagen, Inc., Valencia, CA, USA). cDNA was synthesized
using JPCR RT Master Mix (Toyobo Life Science, Osaka,
Japan) at 37°C for 15 min and at 50°C for 5 min. qPCR was
performed using an ABI Prism 7500 sequence detection
system (Applied Biosystems; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) with the SYBR-Green PCR Master Mix
(Toyobo Life Science, Osaka, Japan), according to the manu-
facturer's protocol. The detector was programmed with the
following PCR thermocycler conditions: Initial denaturation at
95°C for 1 min, 40 cycles of 15 sec denaturation at 95°C and
1 min amplification (annealing and elongation) at 60°C. All
reactions were performed in triplicate and normalized to the
level of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The relative differences in the PCR
results were calculated using the comparative cycle threshold
method (17). The following primer sets were used: Type I
collagen forward, 5-GCTCCTCTTAGGGGC CACT-3"; type I
collagen reverse, 5'-CCACGTCTCACCATTGGGG-3;
type III collagen forward, 5'-ACGTAGATGAATTGGGATG
CAG-3'; type III collagen reverse, 5-GGGTTGGGGCAGTC
TAGTG-3"; tenomodulin forward, 5"-TGTACTGGATCAATC
CCACTCT-3"; tenomodulin reverse, 5-GCTCATTCTGGTC
AATCCCCT-3'; scleraxis BHLH transcription factor forward,
5'-CACCCAGCCCAAACAGATCTG CA-3'; scleraxis BHLH
transcription factor reverse, 5'-~AGTGGCATCACCTCTTGG
CTGCT-3"; Mohawk homeobox forward, 5'-CACCGTGACA
ACCCGTACC-3"; Mohawk homeobox reverse, 5'-GCACTA
GCGTCATCTGCGAG-3'; GAPDH forward, 5-ATGGCCTT
CCGTGTTTCCTAC-3"; and GAPDH reverse, 5-TGATGT
CATCATACTTGGCAGG-3..

Statistical analysis. Values are expressed as the means =+ stan-
dard deviation. Statistical analysis was performed by
comparing values between the young and aged groups with
a Mann-Whitney U test using GraphPad Prism 7 (GraphPad
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Histological assessment of tendon structure. Firstly, the
structural changes in the FDL tendons of the hind paws in the
young and aged groups was evaluated by hematoxylin and eosin
staining of tissue sections. Normal collagen is stained pink-red
by hematoxylin and eosin, although the intensity of the
staining is decreased and appears paler with the degeneration
of collagen (18). In the present study, the collagen fibers in
the sections of the young group were stained pink-red by
hematoxylin and eosin (Fig. 1A). However, the staining intensity
was decreased in the aged group (Fig. 1B). Furthermore, the
cell number, or cellularity, was observed to be decreased and
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Figure 1. Histological assessment of tendon structure and Soslowsky score. (A and B) Sections of flexor digitorium longus tendons in the (A) young and
(B) aged groups were stained by hematoxylin and eosin. Nuclei of tenocytes are stained in violet. Yellow arrowheads indicate the altered and disrupted
orientation of collagen fibers in the aged group. Scale bar=50 pgm. (C) The Soslowsky score was calculated, based on the cellularity, fibroblastic changes, and
collagen fiber orientation and disruption. Data values are expressed as the means + standard deviation. 'P<0.05.
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Figure 2. Evaluation of the differential distribution of collagen types I and III. (A and B) Sections of flexor digitorium longus tendons in the (A) young and
(B) aged groups were stained by picrosirius red, which allowed visualization of type I collagen (red) and type III collagen (yellow/green). Magnification, x40.
(C and D) The total number of red and yellow/green pixels in these images were analyzed with the Nuance multispectral imaging system, and the distribution
of (C) type I collagen (red/total pixels) and (D) type III collagen (yellow and green/total pixels) were calculated, and expressed as proportions. Values are
expressed as the means + standard deviation of the young (n=5) and aged (n=5) groups.

the shape of nuclei became elongated, representing fibroblastic
changes, in the aged group compared with the young group. In
addition, the alignment, or orientation, of the collagen fibers
was altered and disrupted in the aged group (Fig. 1B). Based on
the results from the analysis of cellularity, fibroblastic changes,
and collagen fiber orientation and disruption, the Soslowsky
score was calculated; the score was significantly increased, or

worsened, in the tendons of the aged group compared with that
in young group (P<0.05; Fig. 1C).

Evaluation of the differential distribution of collagen
types I and I11. Next, the differential distribution of collagen
types I and III in the tendons of the young and aged groups
was evaluated. Type I collagen is the predominant collagen
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Figure 3. mRNA expression of tendon-associated genes. mRNA expression of (A) Mohawk, (B) scleraxis, (C) tenomodulin, (D) type I collagen and (E) type 111
collagen in flexor digitorium longus tendons of the young and aged groups was evaluated by reverse transcription quantitative polymerase chain reaction.
The mRNA expression levels are presented as relative quantities in comparison with that of GAPDH mRNA. Values are expressed as the means + standard
deviation, and comparisons were made between the young (n=8) and aged (n=8) groups. P<0.05. Mohawk, Mohawk homeobox; scleraxis, scleraxis BHLH

transcription factor.

in tendons, comprising 90-95% of the total collagen
content, and is localized in the tendon parenchyma (19,20).
By contrast, type III collagen is the second most abundant
type of collagen in the tendon, comprising up to 5-10% of
the collagen content. In normal tendons, type III collagen
is primarily located in the endotenon, the fine connective
tissue between the strands in a tendon, and the epitenon,
which is a sheath around the tendons (21). Therefore, the
present study assessed the effect of aging on the differential
distribution of collagen type I and III by using picrosirius red
staining, which provides a visualization of type I collagen
(red) and type III collagen (yellow/green) distribution
in tissues. In the picrosirius red-stained sections of the
young and aged groups, type I collagen (red) was local-
ized in the tendon parenchyma, whereas type III collagen
(yellow/green) was localized around the bundle of type I
collagen (red) (Fig. 2A and B). Of note, relative staining of
type I collagen (red) to type III collagen (yellow/green) was
markedly decreased in the aged group compared with that
in the young group (Fig. 2A and B). Furthermore, the total
number of red and yellow/green pixels in the images were
obtained and analyzed with a Nuance multispectral imaging
system. As demonstrated in Fig. 2C and D, the percentage of
type I collagen was decreased (P=0.15) and the percentage
of type III collagen was relatively increased (P=0.15) in the
aged group compared with the young group, although no
statistical significance between the two groups was observed.

Expression of tendon-associated genes. Finally, the effect
of aging on the mRNA expression of type I and type III
collagen and tendon-associated genes was evaluated. Mohawk
homeobox, a transcription factor, serves a critical role in
tendon differentiation by regulating type I collagen production
in tendon cells (22); scleraxis BHLH transcription factor, a
transcription factor, has been demonstrated to trigger tendon
differentiation in stem cells and improve repair of tendon
injury in animal models (23). Tenomodulin is a type II trans-
membrane glycoprotein that is highly expressed in tendons,
and functions as a regulator of tenocyte proliferation and
collagen fibril maturation (24). Notably, mRNA expression
levels of type I and type III collagen and tenogenic markers
(Mohawk homeobox, tenomodulin and scleraxis BHLH
transcription factor) were significantly decreased in the aged
group compared with the young group (P<0.05; Fig. 3).

Discussion

The aim of the present study was to evaluate the aging-associated
changes of tendons using young and aged mice, and to clarify the
basic mechanism for the increased incidence of tendinopathy
associated with aging. Previous studies using a flexor tendon
injury model primarily focused on the morphological changes
at the site of repair and the cellular source contributing to
tendon healing (9,25). However, to the best of our knowledge,
the effects of aging on the histological and biochemical
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features of tendons have not been explored thoroughly. In
the present study, histological assessment of tendon structure
was performed and the expression levels of tendon-associated
genes in young and aged mice were examined. The results
indicated that the Soslowsky score, based on the analysis of
cellularity, fibroblastic changes, and collagen fiber orientation
and disruption, was significantly increased, or worsened, in the
tendons of the aged group compared with those in the young
group. Furthermore, in the aged group, the distribution of
type I collagen was decreased and the distribution of type III
collagen was relatively increased compared with the young
group. Finally, the mRNA expression levels of collagen (type I
and type III) and tenogenic markers (Mohawk homeobox,
tenomodulin and scleraxis BHLH transcription factor) were
significantly decreased in the aged group compared with
the young group. Therefore, the data from the present study
demonstrated that aging modulates the structure of tendons,
distribution of types I and III collagen and the expression of
tendon-associated genes.

It has been demonstrated that the number of tenocytes
decreases during the aging process, and that the remaining
cells exhibit an altered morphology, with rounder cells in
the younger tendons being replaced by a thinner, more elon-
gated phenotype in aged tenocytes, which is associated with
a lower metabolic activity, including decreased collagen
synthesis (9,26). The decrease in cellularity may be associ-
ated with a decrease in the size of the pool of tendon/stem
progenitor cells (27-29). Consistent with these data, the present
study revealed that the staining intensity, and potentially the
protein content, based on the result of western blot analysis
(as described below), of the collagen fibers was decreased, the
tenocyte number was decreased, and the shape of nuclei became
elongated in the aged group compared with the young group.
Notably, preliminary western blot analysis experiments in the
present study confirmed that the content of type I collagen,
the predominant collagen in tendons, was decreased in the
aged group compared with the young group (data not shown).
However, type 111 collagen was not detected by western blot
analysis, due to its low expression level. As the total amount
of collagen was observed to be markedly decreased in the
tendons of the aged group by hematoxylin and eosin staining,
we hypothesized that the protein content of type III was also
decreased in the aged tendons, reflecting the decreased mRNA
expression of type III collagen; however, the levels of type 111
collagen were demonstrated to be relatively increased from
3.0% in the young group to 5.6% in the aged group by picro-
sirius red staining. Furthermore, it has been suggested that
levels of elasticity and tension decrease in skin when the levels
of type III collagen decrease (30). However, in the present
study, the distribution of type I and type III collagen was only
examined in the tendon, but not in other organs and tissues.
The changes in type I and type III collagen in other organs and
tissues with aging should be evaluated in future studies.

Notably, the histopathological scores between young and
aged tendons were compared using the Soslowsky score system,
which may be used for the evaluation of tendinopathies and
tendon repair, based on the cellularity, fibroblastic changes,
and collagen fiber orientation and disruption. As a result, the
score was significantly increased, or worsened, in the tendons
of the aged group compared with those in the young group.
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This observation supports previous data that the cellularity
and tendon matrix in tendons may decrease with age, which
results in the increased incidence of tendinopathy (9).

Furthermore, it has been revealed that mild and moderate
matrix degeneration in tendinopathy characteristically exhibits
a decrease in collagen type I but an increase in collagen
type III (31). Notably, the picrosirius red staining performed
in the present study demonstrated that in the aged group, the
distribution of type I collagen was decreased but the distribu-
tion of type III collagen was relatively increased compared
with the young group. This change in the distribution of
collagen (types I and IIT) may contribute to the development of
age-associated tendinopathy.

Accumulating evidence has suggested that scleraxis
BHLH transcription factor-expressing tenogenic cells may
participate in the regenerative repair of tendons to promote
the synthesis of collagen fibers with an aligned orientation,
which have improved tensile strength (32). Tenomodulin is a
regulator of tenocyte proliferation and involved in collagen
fibril maturation (24). In addition, it has been demonstrated
clearly that tenomodulin is necessary for the maintenance
and repair of tendons (23). In addition, Mohawk homeobox
serves a critical role in the regulation of type I collagen
production in tendon cells (22). The present study revealed
that the mRNA expression levels of tenogenic markers
Mohawk homeobox, tenomodulin and scleraxis BHLH
transcription factor were significantly decreased in the aged
group compared with those in the young group. Furthermore,
mRNA expression of collagen (types I and III) was signifi-
cantly decreased in the aged group compared with the young
group. Taken together, these observations suggest that the
synthesis and maturation of collagen and tenocyte prolif-
eration are suppressed in the flexor tendon with aging, and
these changes are likely to contribute to the degeneration of
tendons in tendinopathy.

Stenosing tenosynovitis is a common tendinopathy in flexor
tendons, and females are 6 times more likely to be affected
compared with males (33,34). In addition, a previous study
demonstrated that estrogen exhibits a protective effect on the
tendon extracellular matrix, in particular collagen synthesis in
females (35). Therefore, in the present study, to evaluate the
aging-associated changes in tendons, postmenopausal female
mice (78 weeks of age) were utilized. It should be clarified in
future studies whether the changes observed in aged female
mice are also present in aged male mice. Additionally, it has
been suggested that treatment with phytoestrogens and exer-
cise loading are effective for the maintenance of tendon mass
and mechanical properties (35,36). Therefore, it would be
important to determine whether phytoestrogens and exercise
suppress and exhibit protective actions on the aging-associated
decrease in the expression of collagen and tenogenic markers
observed in the present study.

The present study evaluated the changes in tendon struc-
ture and expression of tendon-associated genes accompanied
with aging, using flexor tendons in a mouse model. The results
demonstrated that the structure of the tendons, distribution of
types I and III collagen and the expression of tendon-associated
genes were modulated by aging in the flexor tendon, and these
changes may contribute to the degeneration of tendons in
tendinopathy. We hypothesize that the factors examined in the
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present study, including the structure of the tendons, distribution
of types I and III collagen and the expression of tendon-asso-
ciated genes, may be utilized in the future for the assessment
of the protective actions of treatment with estrogen-associated
substances (phytoestrogens) and exercise on the tendinopathy,
including tenosynovitis and tendon rupture.
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