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Abstract 

Introduction: Tendon diseases and injuries are a serious problem for the aged population, often leading to pain, dis-
ability and a significant decline in quality of life. The purpose of this study was to determine the influence of aging on 
biochemistry and histology during tendon healing and to provide a new strategy for improving tendon healing.

Method: A total of 24 Sprague-Dawley rats were equally divided into a young and an aged group. A rat patellar ten-
don defect model was used in this study. Tendon samples were collected at weeks 2 and 4, and hematoxylin-eosin, 
alcian blue and immunofluorescence staining were performed for histological analysis. Meanwhile, reverse transcrip-
tion-polymerase chain reaction (RT-PCR) and western blot were performed to evaluate the biochemical changes.

Results: The histological scores in aged rats were significantly lower than those in young rats. At the protein level, 
collagen synthesis-related markers Col-3, Matrix metalloproteinase-1 and Metallopeptidase Inhibitor 1(TIMP-1) were 
decreased at week 4 in aged rats compared with those of young rats. Though there was a decrease in the expression 
of the chondrogenic marker aggrecan at the protein level in aged tendon, the Micro-CT results from weeks 4 sam-
ples showed no significant difference(p>0.05) on the ectopic ossification between groups. Moreover, we found more 
adipocytes accumulated in the aged tendon defect with the Oil Red O staining and at the gene and protein levels the 
markers related to adipogenic differentiation.

Conclusions: Our findings indicate that tendon healing is impaired in aged rats and is characterized by a significantly 
lower histological score, decreased collagen synthesis and more adipocyte accumulation in patellar tendon after 
repair.
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Introduction
Musculoskeletal disorders and injuries are a consider-
able problem for the aged population, resulting in pain, 
disability, and substantial declines in quality of life. Ten-
don injuries are no exception; it has been reported that 
the incidence of rotator cuff tears is greater than 25% in 
people over the age of 60 [1]. Aging is often viewed as an 
important risk factor for tendon disorders [2], though 

a recent paper by Gagliano et  al. demonstrated that the 
structure and composition of ECM in ageing tendons are 
preserved as well as the expression of genes and proteins 
involved in collagen turnover pathways [3], other stud-
ies showed that the healing effect of tendon injuries in 
aged patients was often impaired [4–6]. However, basic 
research studies have not evaluated the influence of aging 
on tendon healing after tendon injury.

It is difficult to restore the normal structure and func-
tion of injured tendons by existing medical and surgical 
treatments [7]. Most of the treatments for tendon injuries 
are based on current limited clinical experience, rather 
than knowledge about the pathogenic alterations in the 
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process of tendon healing in aged individuals. In fact, 
therapies used in the treatment of age-related tendon dis-
eases are often accompanied by negative complications, 
such as re-tear of the rotator cuff after surgical treat-
ments in older patients [8, 9]. Therefore, it is necessary 
to explore the pathological changes in the healing of aged 
tendons and find therapeutic targets for the management 
of age-related tendon disabilities.

It has been reported that collagen synthesis in ten-
dons reduces drastically with advancing age [10], even 
though the diameter of collagen fibrils appears to remain 
unchanged [11]. Key genes associated with extra cellular 
matrix (ECM) remodeling were found to be downregu-
lated in the tendons of old rats [12]. Vinicius revealed 
that in comparison to their levels in young animals, col-
lagen-I (Col-I) content and glucosaminoglycans (GAGs) 
were reduced in the calcaneal tendon of older sedentary 
animals, while biglycan (Bgn) and fibromodulin (Fmod) 
content were not altered with aging. The gene expression 
levels of COL-1, COL-3, Insulin-Like Growth Factor-Ia 
(IGF-Ia), Matrix metalloproteinase-2(MMP-2), tissue 
inhibitor of metalloproteinase-2(TIMP-2), and Bgn were 
decreased in aged tendons [13].

In this study, a rat acute patellar tendon injury model 
was established, and the biochemistry and histology of 
the healing tendons were determined. This animal model 
was widely used in the researches of tendon healing 
or regeneration, especially in the field of aging [14, 15]. 
The results showed that aged rat tendons had inferior 
gross appearance. In addition, aging may have impaired 
the collagen synthesis by reducing the expression levels 
of MMPs and TIMPs and affected the differentiation of 
TSPCs in tendons. These cues may provide us with new 
strategies for treating age-related tendon injuries.

Materials and methods
Ethics statement
Two-month-old male Sprague Dawley rats (200–250 g) 
and 20-month-old rats (550–650 g) were used as young 
and aged rats, respectively. All rats had free access to 
water and food and they were raised under a light-dark 
cycle of 12 h and with a controlled room temperature 
(23–25 °C). All procedures were conducted in strict 
accordance with the institutional guidelines for labora-
tory animal treatment and care and were approved by the 
Army Medical University of Institutional Animal Care 
and Use Committee (IACUC).

Animal model
A total of 30 Sprague Dawley rats were equally divided 
into 2 groups: a young group and an aged group. To cre-
ate a tendon defect, the central portion of the patellar 
tendon (1 mm in width) from the distal apex of the patella 

to the insertion of the tibia tuberosity was removed with-
out damaging the fibrocartilage zone; the procedure was 
performed with two stacked sharp blades as described in 
a previous study [16]. The tendon defects were created on 
both sides. At weeks 2 and 4, 6 rats in each group were 
sacrificed by  CO2 asphyxiation with a flow rate of 30% 
of chamber volume per minute, the whole tendon was 
detached and all the patellar tendons were collected for 
histological and biochemical analyses. Three rats (6 ten-
dons) in each group were used for microCT scanning at 
weeks 8 post injury.

Hematoxylin and eosin (HE), Alcian blue and oil red O 
staining
The patellar tendons were fixed in buffered formalin for 
24 h, and tendons were dehydrated and embedded in 
optimal cutting temperature compound (OCT); then, the 
tissue was cut to produce longitudinal sections (5 μm) 
as previously described [17]. After washing three times 
with phosphate buffered saline (PBS), the sections were 
stained with hematoxylin and eosin, Alcian blue (Alcian 
blue 8GX, Cyagen, S0152, China) and Oil Red O (Oil Red 
O stain kit, Solarbio, G1262,China) for half an hour, the 
sections were then examined under light microscopy 
(DMRXA2, Leica Microsystems Wetzlar GmbH, Wetzlar, 
Germany). To compare the healing effects of the injured 
tendon between the two groups, we used an established 
histological scoring system [18]. The score of the intact 
group was defined as 18 points. The evaluation indica-
tors include A: ECM organization of the whole tendon(2 
points), B: proteoglycan content (Alcian blue staining) 
(1 point), C: cellularity/cell-matrix-ratio(2 points), D: 
cell distribution(1 point), E: cell nucleus morphology(2 
points), F: organization of repair tissue of the tendon cal-
lus(2 points), G: transition from defect to normal tissue(2 
points), H: configuration of callus(1 point), I: degenera-
tive changes/tissue metaplasia(3 points), J: vasculariza-
tion in the defect area(1 points) and K: inflammation(1 
point). Five images from each group at weeks 2 and 4 
were randomly selected to be analyzed. Histological anal-
ysis was performed using the double-blind method and 
was completed by two independent assessors (Jingjing 
Wang and Kang Lu).

Immunofluorescence staining
Firstly, the sections were rewarmed in room tempera-
ture for 30 min, then washed three times with PBS and 
blocked with 2% goat serum. The sections were then 
washed with PBS for 5 min three times and later incu-
bated with the primary antibodies (anti-FABP4 (1:1000), 
Abcam (ab92501)) at room temperature for 12 h. After 
washed with PBS three times, the sections were incu-
bated with the secondary antibodies (Santa Cruz 
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Biotechnology (sc-2359), 1:200) for 30 min. Nuclei were 
counterstained with DAPI (Sigma Aldrich) for 15 min. 
The sections were observed and photographed with a 
laser scanning confocal microscope (Olympus IX70, 
Tokyo, Japan).

Immunohistochemical staining
Sections were washed three times with PBS and then 
were blocked with 2% goat serum. The sections were 
incubated with primary antibodies (anti-Col-1(1:100), 
Abcam (ab92501), anti-Col-3(1:100),Abcam (ab7778), 
anti-MMP-1(1:100), Bioss (bs-4597R), and anti-
TIMP-1(1:100), Bioss (bs-0415R)) at room temperature 
for 12 h. After washing with PBS three times, sections 
were incubated with secondary antibodies (Bioss,1:200) 
for 20 min and then were treated with Horseradish Per-
oxidase for 20 min. Sections were treated with DAB for 
approximately 1 min under microscope observation. 
After the samples were washed in water for 10 min the 
sections were treated with hematoxylin for approximately 
30 s and were then washed slightly in water for 10 min 
and heated in 60 °C water for 15 min. Finally, the sections 
were dehydrated and sealed.

Micro‑CT scanning
Ectopic ossification at the tendon defect was observed 
using micro-CT with the same method we used before 
[19]. Patellar tendons that were to be analyzed were 
collected at 8 weeks post injury (n = 6), and then were 
wrapped in a homemade plastic tube and placed in the 
sample rack of a micro-CT system (Bruker MicroCT, 
Kontich, Belgium). The parameters were set as: volt-
age, 60 kV; current, 166 μA; and effective pixel size, 
10.699940 μm. Using Skyscan (BRUKER, Germany) soft-
ware, we set the threshold gray value to 50. The system 
automatically analyzed the volume of substances that had 
gray values greater than 50, which was the volume of the 
ectopic ossification blocks we observed.

Real‑time quantitative PCR
All the procedures were conducted as previously 
described [20]. Briefly, the mRNA expression levels of 
tendon-related (collagen 1a, Tenomodulin, Scleraxis), 
chondrocyte-related (collagen 2a, aggrecan and Sox9) 
and adipocyte-related (PPARγ, C/EBPα and FABP4) 
genes were determined using RT-PCR. Total RNA was 
extracted from tendons using TRIzol reagent (Takara, 
Dalian, China). cDNA was synthesized from total RNA 
using a Superscript III first-strand synthesis kit (TaKaRa). 
RT-PCR was performed using a SYBR Green RT-PCR 
kit (TaKaRa) and an ABI Prism 7900 Sequence Detec-
tion System (PE Applied Biosystems, Foster City, CA, 
USA). Expression levels were calculated relative to the 

expression of the housekeeping gene glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) with Bio-Rad 
CFX-Manager (Bio-Rad, USA). The relative expression 
levels of genes were calculated using the  2-∆∆Ct method. 
The primer sequences used in these experiments are 
listed in Table 1.

Western blotting
After collection, the patellar tendons were washed twice 
with PBS, and the tendons were cut as much as possible 
after weighing. Then, the lysis buffer (Thermo Fisher Sci-
entific Inc., Rockford, IL) was added to the 300 mg of tis-
sue in a proportion of 1.2 ml. After lysis on ice for 30 min, 
the lysis buffer was centrifuged at a speed of 13,500 rpm 
for 15 min. To the supernatant was added 25 μl of 5X 
loading buffer per 100 μl supernatant, and the mixture 
was boiled for 5 min. Total protein concentrations were 
determined by a bicinchoninic acid (BCA) protein assay 
kit (Thermo Fisher Scientific Inc). Equal amounts of tis-
sue lysates (30 μg/lane) were subjected to sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Table 1 Primers sequence for PCR analysis

Primer Sequence

Col1a Forward 5′-TGG TGA GAC GTG GAA ACC TG-3’

Reverse, 5′-CTT GGG TCC CTC GAC TCC TA-3’

TNMD Forward 5′-GCG ACA ATG TGA CTA TGT AC-3’

Reverse, 5′-GTC TTC TCC ACC TTC ACT TG-3’

Scx Forward 5′-AGA GAC GGC GGC GAG AAC -3’

Reverse, 5′-AAT CGC CGT CTT TCT GTC ACG-3’

TIMP3 Forward 5′-GGA TGT GGA GCT GAA GGA -3’

Reverse, 5′-GAT GTG AGG CAG GGA AGA -3’

MMP3 Forward 5′-GGG CTA TCC GAG GTC ATG AAG-3’

Reverse, 5′-CTT TGT GCC AAT GCC TGG AA-3’

FMOD Forward 5′-AAG ATC CCT CCC GTC AAC AC-3’

Reverse, 5′-GCT TGA TCT CGT TCC CAT CCA-3’

PPARγ Forward 5′-CCT TTA CCA CGG TTG ATT TCTC-3’

Reverse, 5′-GGC TCT ACT TTG ATC GCA CTTT-3’

C/EBPα Forward 5′-TAC CTG GGC TAC CAG GCG A-3’

Reverse, 5′-CGC GCC GCA TCT TGT ACT C-3’

FABP4 Forward 5′-CGA GAT TTC CTT CAA ACT GGG-3’

Reverse, 5′-TCT TGT AGA AGT CAC GCC TTTC-3’

Aggrecan Forward 5′-GGC GTC CAA ACC AAC CCG A-3’

Reverse, 5′-GGA GCT GAT CTC ATA GCG ATC-3’

Sox9 Forward 5′-GAG AAC GCA CAT CAA GAC GGA-3’

Reverse, 5′-TGT AGG TGA AGG TGG AGT AGAG-3’

Col2a Forward 5′-ATG CAG TCT TTC TTC GGC TTAG-3’

Reverse, 5′-TCA TCT GGA CGR RAG CGG TGTT-3’

GAPDH Forward 5′-TGA CTT CAA CAG CAA CTC -3’

Reverse, 5′-TGT AGC CAT ATT CAT TGT CA-3’
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and were then transferred to polyvinylidene difluoride 
membranes. After being blocked by 5% non-fat milk 
containing 0.1% Tris buffered saline with Tween (TBST) 
at room temperature for 2 h, the membranes were incu-
bated overnight at 4 °C with primary antibodies including 
anti-Col-1 (1:500; Abcam (ab34710)), anti-Col-3 (1:500; 
Abcam (ab7778)), anti-TNMD (1:1000; Abcam), anti-
Biglycan(1:500; Proteintech(16409)), anti-matrix metal-
loproteinase (MMP-3 (1:500; Cell Signaling Technology), 
anti-TIMP-3 ((1:500); Proteintech (10858)), anti-Col-2 
(Abcam (ab34712)), anti-aggrecan (Abcam (ab36861)), 
anti-Sox9 (Cell Signaling Technology(82630S)), anti-
FABP4 (Abcam (ab92501)), and anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Proteintech 
(HRP-60004)). After being washed three times in 0.1% 
PBST, membranes were incubated with a goat anti-rabbit 
IgG (H&L)-horseradish peroxidase conjugate (Protein-
tech) at room temperature for 2 h. Protein bands were 
detected by a chemiluminescence detection kit (LI-COR 
Biosciences, Lincoln, NE).

Statistical analysis
All measurement values are presented as the mean 
values±standard deviations. A Student’s t-test or Mann–
Whitney test was used to identify significant differences. 
A p < 0.05 was considered to indicate a statistically signif-
icant difference between groups.

Results
Histological scores showed that the healing effect in aged 
rats was worse than it was in young rats
To evaluate the influence of aging on tendon healing, we 
compared the effects of patellar tendon healing between 
young and aged rats using a histological scoring system 
established by previous researchers. There seemed to be 
more scar-like tissues on the surface of tendon defects 
in aged rats than there were in young rats (Fig. 1A). HE 
staining showed that the arrangement of collagen fib-
ers in the young group was more orderly than that in 
the aged rats (Fig. 1B). The score of the young group was 
7 ± 0.816 at week 2, while that of the aged group was 
2.5 ± 1.291. At week 4, the score of the young group was 
11.25 ± 1.258 and that of the aged group was 7.25 ± 0.957. 
In detail, the subgroups A, B, G, and H at week 2 and 
subgroups A, C, E, G, I at week 4 showed significant 
differences between young and aged rats. There are sig-
nificant differences between the two groups’ total scores 
both at 2 (p = 0.001) and 4 (p = 0.002) weeks postopera-
tively (Fig. 1C).

Collagen synthesis decreased in aged tendons
To determine the molecular mechanism of aging influ-
encing healing between the two groups, biochemistry 

experiments were conducted. The RT-PCR results in 
both groups showed no significant difference in the main 
protein in tendon Col-1 and the tenogenic and repair-
related markers tenomodulin (TNMD), Scleraxis (Scx), 
Cartilage oligomeric matrix protein (COMP), fibromod-
ulin (FMOD) and Matrix Metalloproteinases-3 (MMP-
3) at weeks 2 and 4. The gene expression of TIMP-3 
was decreased in the aged group at week 4(p = 0.036) 
(Fig.  2A). Though the results showed that there was 
no difference in the expression of Col-1 and MMP-3 at 
both weeks 2 and 4(Fig.  2B&C), immunohistochemical 
results demonstrated that the expression levels of Col-
3(p = 0.001), MMP-1(p = 0.001) and TIMP-1(p = 0.000) 
between the two groups were significantly higher in 
young rat tendons at week 4(Fig. 2D&E) and there was no 
difference in the expression of Col-1.

The chondrogenic‑related marker aggrecan was decreased 
in the process of tendon healing in aged rats
At week 4, we found the presence of cartilage or osteoid 
tissue in the tendon samples of both groups (Fig.  3A). 
Therefore, micro-CT was used to scan the patellar ten-
don 8 weeks after injury and found that there was a 
greater occurrence of osteoid tissue in the patellar tendon 
of the young rats than there was in the aged rats (Fig. 3B); 
however, there was no significant difference between 
the two groups (Fig. 3C, n = 6). Alcian blue staining was 
performed to measure the content of sulphated proteo-
glycans [21]. Alcian blue staining of the patellar tendon 
suggested that the sulphated proteoglycans in the patellar 
tendon of aged rats decreased relatively at weeks 2 and 4 
(Fig.  3D). At the same time, we examined the chondro-
genic markers aggrecan, sox9 and collagen II, and though 
we found no significant differences in gene expression, 
the expression of aggrecan at the protein level was much 
higher in young rats(p = 0.003) (Fig. 3E, F & G).

Increased accumulation of adipocytes was found in aged 
rats during tendon healing
Adipocyte accumulation after tendon injury is very com-
mon and hampers the tendon injury healing process. To 
analyze adipocyte accumulation in the tendon, Oil Red 
O staining, PCR, western blot and immunofluorescence 
staining were performed. Oil Red O staining showed that 
there were more adipocytes(p = 0.000) in the aged group 
at weeks 4 post injury than there were in the young group 
(Fig. 4 A&B). PCR results indicated significant increases 
in C/EBPα at weeks 2 (p = 0.045) and FABP4 at week 4 
(p = 0.001) (Fig.  4 C). Western-blot results showed sig-
nificant increases at weeks 2 (p = 0.002) and 4 (p = 0.001) 
in the expression of FABP4 in the tendons of aged rats 
(Fig.  4D&E); the same result was further confirmed by 
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Fig. 1 The comparison of the gross appearance, hematoxylin and eosin (H&E) staining and histologic scores of the patellar tendon defects in young 
and aged rats. (A). The representative images of gross appearance of the patellar tendon at weeks 0, 2 and 4 postoperatively. (B). The representative 
images of patellar tendons of young and aged rats were observed by HE staining. The scale bar is 200 μm. (C). Histologic scores of young and aged 
rat patellar tendons. A: ECM organization of the whole tendon, B: proteoglycan content, C: cellularity/cell-matrix-ratio, D: cell distribution, E: cell 
nucleus morphology, F: organization of repair tissue of the tendon callus, G: transition from defect to normal tissue, H: configuration of callus, I: 
degenerative changes/tissue metaplasia, J: vascularization in the defect area and K: inflammation. *:p < 0.05, **:p < 0.01. n = 5

(See figure on next page.)
Fig. 2 Biochemical analysis of tenogenic and repair-related markers in patellar tendons from young and aged rats. (A). Quantitative 
reverse-transcription polymerase chain reaction was used to determine the gene expression levels of Col1a, TNMD, Scx, COMP, FMOD, MMP3 and 
TIMP3 in young and aged rat tendons at weeks 2 and 4. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. 
(B). Western blot analysis of the protein expression levels of Col-1 and MMP-3. GAPDH was used as an internal control. (C). Quantitative analysis 
of western blot results. *p < 0.05, **p < 0.01, ***p < 0.001, and n = 3. (D). Comparison of the expression levels of Col-1, Col-3, MMP-1 and TIMP-1 in 
young and aged rat tendons by immunohistochemical staining. Black scale bar: 20 um. (E). Quantitative analysis of the immunohistochemical 
staining of Col-1, Col-3, MMP-1 and TIMP-1. *p < 0.05, **p < 0.01, ***p < 0.001, and n = 5
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Fig. 2 (See legend on previous page.)
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immunofluorescence staining, which showed that FABP4 
was highly expressed in regenerated tissues (Fig. 4F).

Discussion
Tendon healing has always been a challenging problem, 
especially for aged people. The focus of studies on age-
related tendon injury and tendinopathy is the influence 
of aging on tendon structures, compositions or func-
tions, but such a focus ignores how aging affects healing 
responses. The healing mechanism of tendon injuries in 
aged rats remains unknown. It is of great importance to 
determine the key factors influencing tendon healing and 
the molecular mechanisms.

Perfect re-establishment of an injured tendon is sup-
posed to recover well-organized collagen structure; 
both abnormal ectopic endochondral ossification and 
adipocyte accumulation can interrupt the natural heal-
ing process. In histological results, we found that the 
organization of the repair tissue of the tendon callus was 
completely changed in aged tendons. In addition, there 
seemed to be less inflammatory cells infiltrated in week 2 

aged tendons, though there was no significant difference 
between groups. In this research, there were some differ-
ence between young and aged tendons in term of repair-
related makers. We found the gene expression of TIMP-3 
and the protein expression levels of Col-3, MMP-1 and 
TIMP-1 were significantly decreased in week 4 aged ten-
dons. Col-3 can form heterotypic fibrils in combination 
with Col-1 and is mainly involved in tendon repair and 
growth [22]. The downregulation of Col-3 in aged rats 
demonstrated that the healing process may proceed more 
slowly than that in young rats. Matrix metalloproteinases 
are a large family of zinc-dependent endopeptidases that 
regulate ECM remodeling [23]. The function of matrix 
metalloproteinases is to modify all components of the 
ECM, including collagens, proteoglycans and fibronec-
tins [24]. Collagen breakdown is triggered by MMP-1, 
and after degradation by MMP-1, other MMPs can com-
plete collagen degradation. TIMP-1 is the TIMP that acts 
in the inhibition of MMP-1. TIMP-1 and TIMP-3 are 
thought to maintain tendon homeostasis with MMPs [25]. 
Furthermore, TIMP-3 is also involved in promoting cell 

Fig. 3 Analysis of the chondrogenic changes in the patellar tendons in young and aged rats. (A). Representative images of HE staining of the 
patellar tendon at week 4 in aged and young rats. Arrow head: chondrocyte-like cells in tendon. (B).Three-dimensional reconstruction of the 
patellar tendon. Red: patellar tendon; Blue: bone-like tissues. (C). Quantitative analysis of ectopic ossification of patellar tendons from young and 
aged rats 8 weeks post injury. (D). Representative images of Alcian blue staining of the patellar tendon at weeks 2 and 4 in young and aged rats. (E). 
RT-PCR of the gene expression levels of aggrecan, Sox9 and col-2. GAPDH was used as an internal control. *p < 0.05, **p < 0.01, ***p < 0.01, and n = 3. 
(F). Western blot analysis of the protein expression levels of aggrecan and Sox9. GAPDH was used as an internal control. (G). Quantitative analysis of 
western blot results (n = 3)
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proliferation and regulating angiogenesis and apoptosis 
[26]. The different expression levels of MMP-1, TIMP-1 
and TIMP-3 may account for the poor organization of 
repair tissue in aged rats and by balancing the expression 
of MMPs and TIMPs tendon regeneration might be effec-
tively improved.

In this study, we found that cartilage-like cells appeared 
around the tendon defect 4 weeks after the injury. In 
the histopathological studies of chronic tendinopathy, 
some chondrocyte-like cells were observed surround-
ing the microtear sites within the Achilles tendon in the 
early period of the disease [27, 28], and some severe late 
changes could also be seen, such as tendon calcification, 
cartilage and ossification [29]. Similar problems have 
been detected in human patients with Achilles tendinop-
athy [30]. The results from the Alcian blue staining for 

the patellar tendon hinted that the proteoglycan content 
was greater in young rats than in aged rats. In addition, 
the important chondrogenic-related marker aggrecan 
was simultaneously reduced. The results above indicated 
that there may be an erroneous presence of chondro-
cytes in both groups and there were more in the young 
group. However, micro-CT scan results of the tendons at 
week 8 showed ectopic ossification in both the aged and 
young rats, while the content in the tendons of aged rats 
appeared to be lower; nevertheless, further quantitative 
analysis showed no significant difference between the 
two groups.

Adipocyte accumulation is one of the most com-
mon pathological changes that occurs in tendinopathy 
or in ruptured tendons [31, 32]. The Oil Red O staining 
results are a direct indicator of lipid accumulation, and 

Fig. 4 Analysis of adipogenic changes in the patellar tendons in young and aged rats. (A) Oil Red O Staining of the tendons of young and aged rats. 
(B). Quantitative analysis of area% of Oil Red O (n = 9). (C) Quantitative reverse-transcription polymerase chain reaction of the gene expression levels 
of PPARγ, C/EBPα and FABP4. (D). Western blot analysis of the protein expression level of FABP4 (n = 3). (E). Quantitative analysis of western blot 
results. (F). Immunofluorescence staining of the patellar tendons from young and aged rats
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our results suggested that more adipocytes accumulated 
around the tendon defect 4 weeks after injury. Mean-
while, the qPCR, western blot and immunofluorescence 
staining results showed a higher expression of the adi-
pogenic marker Fatty acid-binding protein 4 (FABP4), 
which indicated an abnormality in the healing process 
of aged rats. FABP4, also known as aP2, is a member of 
the intracellular FABP family, which binds long-chain 
fatty acids and other hydrophobic ligands [33, 34] and is 
involved in fatty acid uptake, transport, and metabolism 
[35, 36]. We believe that this may indirectly impair ten-
don repair and it is useful to limit the adipocyte accumu-
lation. In our previous study on tendon healing, we found 
that the abnormal differentiation of TSCs is the key rea-
son for adipocyte accumulation [17]. Furthermore, other 
studies have also found that there is greater fatty content 
in aged animals than in young animals [13, 37]. However, 
it is unclear whether the adipocytes that accumulated 
were a result of local stem cell differentiation or metas-
tasis of the surrounding tissue. The mechanism of adipo-
cyte accumulation in aged rats needs to be investigated in 
further studies.

There are still several limitations in this study. First, 
we did not expand the study to patients in a clinic, and 
the tendons were not of human origin. Second, we 
selected 2 and 4 weeks after injury as the time points of 
analysis; thus we may miss some important information 
at other time points. Last, we did not perform in vitro 
experiments to identify the changes that aging causes.

In many tissues, cell senescence is induced by aging 
[38, 39], which impairs wound healing [40]. In recent 
years, a small population of stem cells has been identi-
fied in tendons from several species [41, 42], and they 
have been termed tendon-derived stem/progenitor cells 
(TSPCs). TSPCs have characteristics of clonogenic-
ity, self-renewal and multilineage differentiation, and 
they express key tendon-related genes, such as Scle-
raxis (Scx) and tenomodulin (Tnmd) [43]. Moreover, 
tendon-specific stem cells differentiate into tenocytes 
by default [44]. Studies have shown that TSPCs could 
promote tendon repair and regeneration [45]. Owing 
to these capabilities, TSCs play a crucial role in ten-
don maintenance and regeneration after injury [46, 
47]. The function of TSPCs is an important factor in 
studying the repair of age-related tendon injuries. As 
previously reported, TSCs require a specific microen-
vironment, the so-called stem cell niche, which may 
influence their stemness or differentiation capability 
[47, 48]. Do changes in the environment of aged TSPCs 
also affect their functions? How does the function of 
TSPCs change, and is this change key to tendon repair 
disorders in aged individuals? These questions need to 
be addressed further.

Conclusions
In conclusion, our findings indicate that tendon heal-
ing is impaired in aged rats, and it is characterized by 
a significantly lower histologic score, decreased collagen 
synthesis and more substantial adipocyte accumulation 
in the patellar tendon after repair. To improve collagen 
synthesis and to inhibit adipocyte accumulation may 
benew targets for improving age-related tendon injuries.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12891- 021- 04838-w.

Additional file 1. 

Acknowledgements
We would like to thank the technical support we received from the Medical 
Laboratory and Research Center, Southwest Hospital, Army Medical University.

Authors’ contributions
Fan Lai, Kanglai Tang, Wan Chen and Yunjiao Wang contributed to study design 
and data interpretation. Fan Lai, Hong Tang, Jingjing Wang, Kang Lu, Youxing Shi, 
Yupeng Guo and Xuting Bian contributed to data collection and statistical analysis. 
Xuan Zhang, Gang He, Mei Zhou, Binghua Zhou and Jiqiang Zhang contributed 
to manuscript preparation. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
[NSFC, No. 81572133&81572152&81772330] and the Personalized Training 
Program for Leading Talents (No. 4139Z2C2).

Availability of data and materials
All datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All methods are reported in accordance with ARRIVE guidelines. All proce-
dures were conducted in strict accordance with the institutional guidelines for 
laboratory animal treatment and care and were approved by the Army Medi-
cal University of Institutional Animal Care and Use Committee (IACUC).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Sports Medicine Center, Southwest Hospital, Army Medical 
University, Chongqing 400038, China. 2 Department of Blood Transfusion, 
Xinqiao Hospital, Army Medical University, 400037 Chongqing, China. 3 Depart-
ment of Neurobiology, Army Medical University, 400038 Chongqing, China. 

Received: 9 February 2021   Accepted: 29 October 2021

References
 1. Thomopoulos S, Parks WC, Rifkin DB, Derwin KA. Mechanisms of tendon 

injury and repair. J Orthopaedic Res. 2015;33(6):832–9.
 2. Yamamoto A, Takagishi K, Osawa T, Yanagawa T, Nakajima D, Shitara 

H, et al. Prevalence and risk factors of a rotator cuff tear in the general 

https://doi.org/10.1186/s12891-021-04838-w
https://doi.org/10.1186/s12891-021-04838-w


Page 10 of 10Lai et al. BMC Musculoskeletal Disorders          (2021) 22:949 

population. Journal of shoulder and elbow surgery / American Shoulder 
and Elbow Surgeons [et al]. 2010;19(1):116–20.

 3. Gaglian N, Menon A, Cabitza F, Compagnoni R, Randelli P. Morphological 
and molecular characterization of human hamstrings shows that tendon 
features are not influenced by donor age. Knee Surgery Sports Trauma-
tology Arthroscopy. 2017.

 4. Popov C, Kohler J, Docheva D. Activation of EphA4 and EphB2 reverse 
signaling restores the age-associated reduction of self-renewal, migra-
tion, and actin turnover in human tendon stem/progenitor cells. Front 
Aging Neurosci. 2015;7:246.

 5. Rees JD, Wilson AM, Wolman RL. Current concepts in the management of 
tendon disorders. Rheumatology. 2006;45(5):508–21.

 6. Kletsas D, Pratsinis H, Zervolea I, Handris P, Sevaslidou E, Ottaviani E, et al. 
Fibroblast responses to exogenous and autocrine growth factors relevant 
to tissue repair. The effect of aging. Ann N Y Acad Sci. 2000;908:155–66.

 7. Chen L, Wang GD, Liu JP, Wang HS, Liu XM, Wang Q. Cai XH: miR-135a 
modulates tendon stem/progenitor cell senescence via suppressing 
ROCK1. Bone. 2015;71:210–6.

 8. Harryman DT 2nd, Mack LA, Wang KY, Jackins SE, Richardson ML, Matsen 
FA 3rd. Repairs of the rotator cuff. Correlation of functional results with 
integrity of the cuff. J Bone Joint Surg Am. 1991;73(7):982–9.

 9. Boileau P, Brassart N, Watkinson DJ, Carles M, Hatzidakis AM, Krishnan SG. 
Arthroscopic repair of full-thickness tears of the supraspinatus: does the 
tendon really heal? J Bone Joint Surg Am. 2005;87(6):1229–40.

 10. Kannus P. Structure of the tendon connective tissue. Scand J Med Sci 
Sports. 2000;10(6):312–20.

 11. Wood LK, Arruda EM, Brooks SV. Regional stiffening with aging in tibialis 
anterior tendons of mice occurs independent of changes in collagen 
fibril morphology. J Appl Physiol. 2011;111(4):999–1006.

 12. Marqueti RC, Durigan JLQ, Oliveira AJS, Mekaro MS, Guzzoni V, Aro AA, 
et al. Effects of aging and resistance training in rat tendon remodeling. 
FASEB J. 2018;32(1):353–68.

 13. Guzzoni V, Selistre-de-Araújo HS, de Cássia Marqueti R. Tendon Remod-
eling in Response to Resistance Training, Anabolic Androgenic Steroids 
and Aging. Cells. 2018;7:12.

 14. Zhang J, Yuan T, Wang JHC. Moderate treadmill running exercise prior 
to tendon injury enhances wound healing in aging rats. Oncotarget. 
2016;7(8):8498–512.

 15. Dunkman AA, Buckley MR, Mienaltowski MJ, Adams SM, Thomas SJ, 
Kumar A, et al. The injury response of aged tendons in the absence of 
biglycan and decorin. Matrix Biology. 2014;35:232–8.

 16. Zhang J, Yuan T, Wang JH. Moderate treadmill running exercise prior 
to tendon injury enhances wound healing in aging rats. Oncotarget. 
2016;7(8):8498–512.

 17. Bian X, Liu T, Zhou M, He G, Ma Y, Shi Y, et al. Absence of estrogen 
receptor beta leads to abnormal adipogenesis during early tendon 
healing by an up-regulation of PPARgamma signalling. J Cell Mol Med. 
2019;23(11):7406–16.

 18. Stoll C, John T, Conrad C, Lohan A, Hondke S, Ertel W, et al. Healing 
parameters in a rabbit partial tendon defect following tenocyte/biomate-
rial implantation. Biomaterials. 2011;32(21):4806–15.

 19. Fan L, Wang J, Wan C, Wei W, Tang K. Comparative study of the ability of 
tendon stem cells and bone-marrow stem cells to promote the repair 
of the tendon-bone Interface. J Biomaterials & Tissue Engineering. 
2016;6(3):197–207.

 20. Wang Y, He G, Tang H, Shi Y, Kang X, Lyu J, et al. Aspirin inhibits inflamma-
tion and scar formation in the injury tendon healing through regulating 
JNK/STAT-3 signalling pathway. Cell Prolif. 2019;52(4):e12650.

 21. Christiane, Stoll, and, Thilo, John, and, Claudia, Conrad, and, Anke: Healing 
parameters in a rabbit partial tendon defect following tenocyte/biomate-
rial implantation.

 22. Birk DE, Mayne R. Localization of collagen types I, III and V during tendon 
development. Changes in collagen types I and III are correlated with 
changes in fibril diameter. Eur J Cell Biol. 1997;72(4):352–61.

 23. Egeblad M, Werb Z: New functions for the matrix metalloproteinases in 
cancer progression. 2(3):161–174.

 24. Klein T, Bischoff R: Active Metalloproteases of the A Disintegrin And Met-
alloprotease (ADAM) Family: Biological Function and Structure. Journal of 
Proteome Research, 10(1):17–33.

 25. Sharma P, Maffulli N. Biology of tendon injury: healing, modeling and 
remodeling. J Musculoskelet Neuronal Interact. 2005;6(2):181–90.

 26. Brew K, Nagase H. The tissue inhibitors of metalloproteinases (TIMPs): 
an ancient family with structural and functional diversity. Biochimica Et 
Biophysica Acta Molecular Cell Research. 2010;1803(1):55–71.

 27. De Mos M, Koevoet W, van Schie HTM, Kops N, Jahr H, Verhaar JAN, et al. 
In Vitro Model to Study Chondrogenic Differentiation in Tendinopathy. 
Am J Sports Med. 37(6):1214–22.

 28. Xu Y, Murrell GAC: The Basic Science of Tendinopathy. 466(7):1528–1538.
 29. Yun FR, Lui PPY, Rolf CG, Wong YM, Lee YW, Chan KM: Expression of 

chondro-osteogenic BMPs in clinical samples of patellar tendinopathy. 
20(7):1409–1417.

 30. Adams CWM, Bayliss OB: Acid mucosubstances underlying lipid deposits 
in ageing tendons and atherosclerotic arteries. 18(2):191–195.

 31. Lin D, Alberton P, Caceres MD, Volkmer E, Schieker M, Docheva D. 
Tenomodulin is essential for prevention of adipocyte accumulation and 
fibrovascular scar formation during early tendon healing. Cell Death Dis. 
2017;8(10):e3116.

 32. Oak NR, Gumucio JP, Flood MD, Saripalli AL, Davis ME, Harning JA, et al. 
Inhibition of 5-LOX, COX-1, and COX-2 increases tendon healing and 
reduces muscle fibrosis and lipid accumulation after rotator cuff repair. 
Am J Sports Med. 2014;42(12):2860–8.

 33. Zimmerman AW, Veerkamp JH. New insights into the structure and 
function of fatty acid-binding proteins. Cell Mol Life Ences Cmls. 
2002;59(7):1096–116.

 34. Coe NR, Bernlohr DA. Physiological properties and functions of 
intracellular fatty acid-binding proteins. Biochim Biophys Acta. 
1998;1391(3):287–306.

 35. Hotamisligil GS, Bernlohr DA. Metabolic functions of FABPs—mechanisms 
and therapeutic implications. Nat Rev Endocrinol. 2015;11:10.

 36. Furuhashi M, Saitoh S, Shimamoto K, Miura T. Fatty acid-binding protein 
4 (FABP4): pathophysiological insights and potent clinical biomarker of 
metabolic and cardiovascular diseases. Clinical Medicine Insights Cardiol-
ogy. 2015;2014(Suppl 3):23–33.

 37. Svensson RB, Heinemeier KM, Couppe C, Kjaer M, Magnusson SP. Effect of 
aging and exercise on the tendon. J Appl Physiol. 2016;121(6):1237–46.

 38. Schosserer M, Grubeckloebenstein B, Grillari J: [Principles of biological 
aging] 2015, 48(3):285–294.

 39. Chinta SJ, Woods G, Rane A, Demaria M, Campisi J, Andersen JK. Cellular 
senescence and the aging brain. Exp Gerontol. 2015;68:3–7.

 40. Telgenhoff D, Shroot B. Cellular senescence mechanisms in chronic 
wound healing. Cell Death & Differentiation. 12(7):695–8.

 41. Chang HL, Lee FY, Tarafder S, Kao K, Mao JJ. Harnessing endog-
enous stem/progenitor cells for tendon regeneration. J Clin Investig. 
2015;125(7):2690–701.

 42. Bi Y, Ehirchiou D, Kilts TM, Inkson CA, Embree MC, Sonoyama W, et al. 
Identification of tendon stem/progenitor cells and the role of the extra-
cellular matrix in their niche. Nat Med. 2007;13(10):1219–27.

 43. Lui PP. Markers for the identification of tendon-derived stem cells in vitro 
and tendon stem cells in situ - update and future development. Stem 
Cell Res Ther. 2015;6:106.

 44. Zhang J, Wang JH. Characterization of differential properties of rabbit 
tendon stem cells and tenocytes. BMC Musculoskelet Disord. 2010;11:10.

 45. Ni M, Lui PP, Rui YF, Lee YW, Lee YW, Tan Q, et al. Tendon-derived stem 
cells (TDSCs) promote tendon repair in a rat patellar tendon window 
defect model. J Orthopaedic Res. 2012;30(4):613–9.

 46. Chen L, Dong SW, Liu JP, Tao X, Tang KL, Xu JZ. Synergy of tendon stem 
cells and platelet-rich plasma in tendon healing. J Orthopaedic Res. 
2012;30(6):991–7.

 47. Ming N, Rui YF, Tan Q, Liu Y, Xu LL, Chan KM, et al. Engineered scaffold-
free tendon tissue produced by tendon-derived stem cells. Biomaterials. 
34(8):2024–37.

 48. Zhang J, Li B, Wang JH-C: The role of engineered tendon matrix in the 
stemness of tendon stem cells in?vitro and the promotion of tendon-like 
tissue formation in?vivo. 32(29):6972–6981.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Effects of aging on the histology and biochemistry of rat tendon healing
	Abstract 
	Introduction: 
	Method: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Ethics statement
	Animal model
	Hematoxylin and eosin (HE), Alcian blue and oil red O staining
	Immunofluorescence staining
	Immunohistochemical staining
	Micro-CT scanning
	Real-time quantitative PCR
	Western blotting
	Statistical analysis

	Results
	Histological scores showed that the healing effect in aged rats was worse than it was in young rats
	Collagen synthesis decreased in aged tendons
	The chondrogenic-related marker aggrecan was decreased in the process of tendon healing in aged rats
	Increased accumulation of adipocytes was found in aged rats during tendon healing

	Discussion
	Conclusions
	Acknowledgements
	References


