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Abstract

Rotator cuff tendon injuries often occur at the tendon-to-bone interface (i.e., enthesis) area, with a 

high prevalence for the elderly population, but the underlying reason for this phenomenon is still 
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unknown. The objective of this study is to identify the histological, molecular, and biomechanical 

alterations of the rotator cuff enthesis with maturation and aging in a mouse model. Four different 

age groups of mice (newborn, young, adult, and old) were studied. Striking variations of the 

entheses were observed between newborn and other matured groups, with collagen content, 

proteoglycan deposition, collagen fiber dispersion significantly higher in the newborn group. The 

compositional and histological features of young, adult, and old groups did not show significant 

differences, except having increased proteoglycan deposition and thinner collagen fibers at the 

insertion sites in the old group. Nanoindentation testing showed that the old group had a smaller 

compressive modulus at the insertion site when compared with other groups. However, tensile 

mechanical testing reported that the old group demonstrated a significantly higher failure stress 

when compared with the young and adult groups. The proteomics analysis detected dramatic 

differences in protein content between newborn and young groups but minor changes among 

young, adult, and old groups. These results demonstrated: (1) the significant alterations of the 

enthesis composition and structure occur from the newborn to the young time period; (2) the 

increased risk of rotator cuff tendon injuries in the elderly population is not solely because of old 

age alone in the rodent model.
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1. Introduction

Rotator cuff tendon injuries are among the most common musculoskeletal diseases and 

result in shoulder pain and joint disorders 1. The injuries are associated with more than 4.5 

million physician visits and 40,000 surgical treatments annually in the United States 2, 3. The 

prevalence of rotator cuff injuries increases considerably with age 4. Injuries occur in about 

9.7% of people aged 20 years and younger, while it increases to 62% in people aged 80 

years and older 5. Despite improved instruments and surgical approaches, the retear rate of 

rotator cuff tears is ~7% for people of all age groups, and the retear rate for people over 70 

years old reaches 25% 6, 7. Although there is an apparent trend between the onset of rotator 

cuff injuries and aging, the underlying reason for this phenomenon is still unknown. Thus, 

an in-depth investigation of the native rotator cuff tendon-to-bone interface changes with the 

maturation and aging process is needed.

The rotator cuff consists of four muscles (subscapularis, supraspinatus, infraspinatus, and 

teres minor) that stabilize the shoulder joint. The tendon tissues attach to bone across 

a multi-tissue interface with spatial gradients in composition, structure, and mechanical 

properties 8-10. The tendon-to-bone interface (i.e., enthesis) has four different zones in 

general (i.e., tendon, non-mineralized fibrocartilage, mineralized fibrocartilage, and bone). It 

can minimize the stress concentration and mediate load transfer between the soft and hard 

tissues 11. Tenocytes populate the tendon zone, with linearly arrayed type I collagen fibers 
12. The fibrocartilage zone is populated by fibrochondrocytes, and is composed of types 

II and III collagen 13. The mineralized fibrocartilage zone is occupied by hypertrophic 

fibrochondrocytes with mineralization. The major extracellular matrices (ECM) of the 
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mineralized fibrocartilage zone are type II and type X collagen 14. The fourth zone consists 

of bone tissue, within which osteoblasts, osteocytes, and osteoclasts reside in a matrix of 

mineralized type I collagen 15. Advanced glycation end (AGE) products are the formation 

of cross-links between collagen fibrils by the addition of sugars 16, correlating with the 

aging process of both tendon and bone tissues 17, 18. The changes of AGE products at the 

tendon-to-bone interface with age are still unknown.

Currently, studies on the tendon-to-bone interface mainly focus on the development and 

healing of the enthesis 19-22. Very few studies have investigated the effects of maturation 

and aging. For example, researchers found that the absence of muscle loading impaired the 

function of the enthesis during development, resulting in defects in mineral accumulation 

and fibrocartilage formation 23. Plate et al. reported that compared to young rats, old 

ones had diminished tendon-to-bone healing after rotator cuff injury with decreased failure 

strength and collagen fiber organization 24. Wang et al. used a bovine model with three 

age groups representing neonatal, immature, and mature to study the ligament-to-bone 

interface of the anterior cruciate ligament (ACL). They primarily illustrated the histological 

changes at the interface area, including extracellular matrix, collagen fiber orientation, 

cellularity, alkaline phosphatase (ALP) activity, and mineral distribution 25. There are 

several limitations with the current studies. First, no study characterizes the property 

changes of the rotator cuff tendon-to-bone interface. Second, the mature group, with bovines 

at the ages of 2-5 years, in the previous studies is not old enough to represent the elder 

individuals in human beings 26, 27. Third, previous studies only qualitatively evaluated the 

histological variations at the enthesis without quantitative biomechanical and molecular 

analyses. Fourth, the factor of sex was not considered in previous studies’ designs. Thus, 

the effects of maturation and aging of the rotator cuff tendon-to-bone interface remains 

underexplored. A comprehensive understanding of the age-related changes at the enthesis 

will benefit both disease prevention and tissue regeneration.

Here, we conducted a systematic evaluation of the rotator cuff tendon-to-bone interface with 

respect to age at structural, molecular, and biomechanical levels. The overview of the study 

design is illustrated in Fig. 1. We used mice with four different age groups: newborn (day 0), 

young (2-3 months old), adult (6-8 months old), and old (15-18 months old). The old group 

of the mice represents humans at the ages of 60-65 years old 28. Histological analyses were 

performed, including overall collagen and proteoglycan distribution, types (type I, II, and 

III collagen) and fiber thickness (thin and thick fibers) of collagen distribution, the receptor 

for advanced glycation end products (RAGE) deposition, and collagen fiber orientation. 

Analyses of extracellular matrix components, including collagen and glycosaminoglycan 

(GAG), and DNA contents were conducted. Laser captured microdissection (LCM) can 

precisely isolate the region of interest from tissue sections under the microscope and 

allows for the performance of downstream analysis 29, 30. LCM has been applied for 

enthesis isolation of the postnatal mice 31, 32. Kawamot's film method enables cryosection 

preparation of bone tissue samples without chemically fixation and decalcification, avoiding 

potential denaturation of proteins 33. It also preserves the structure of the enthesis region 

after sectioning. We combined the LCM and Kawamot's film method to harvest the 

tendon-to-bone interface from the non-fixed and undecalcified cryosection samples of 
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all four groups, followed by proteomics analysis. For biomechanical analysis, both local 

compressive testing and bulk tensile testing of the tendon-to-bone interface were conducted.

2. Materials and methods

2.1. Animals and experimental groups

The research protocol and animal care were approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Nebraska Medical Center (UNMC). Swiss 

Webster mice purchased from Charles River Laboratories were used for the experiment. 

These mice are from four different age groups: newborn (N, day 0), young (Y, 2-3 months 

old), adult (A, 6-8 months old), and old (O, 15-18 months old). Fifty-one newborn mice 

were used for the newborn group. For the young, adult, and old groups, each group had 36 

mice with equal numbers of males and females.

2.2. Histological analysis

Six mice from each group were used to perform the histological analysis. For the young, 

adult, and old groups, equal numbers of males and females were used. For the newborn 

mice, the supraspinatus tendon with attached cartilage was dissected under a microscope. 

The supraspinatus muscle-tendon with attached humerus bone complexes from the other 

three age groups were also isolated. The harvested samples were fixed in buffered formalin, 

decalcified with Cal-Rite (Fisher Scientific, Hampton, NH, USA), routinely dehydrated, 

and paraffin-embedded. Sections of the embedded specimens, with 5μm thickness, were 

obtained along the long axis of the supraspinatus tendon. The sections were then treated 

with Hematoxylin and eosin (H&E) staining, Masson’s trichrome (MT) staining, Safranin 

O (SO) staining, and picrosirius red (PR) staining. The stained slides were scanned at 

40× magnification. The images of MT staining, SO staining, and PR staining were semi-

quantitatively analyzed with ImageJ software (National Institutes of Health, USA). The 

blue staining area of five randomly selected 50 μm × 50 μm areas at the enthesis region 

from the MT staining were measured for each image. The proportions of collagen’s area 

were expressed as the percentage of the blue stained area divided by the total area 34. The 

metachromasia areas of five randomly selected 50 μm × 50 μm areas at the enthesis region 

from the SO staining were measured for each image. The proportion of metachromasia area 

was expressed as the percentage of the metachromasia area divided by the total area 35. 

The orange and green stained areas within five randomly selected 50 μm × 50 μm areas at 

the enthesis region from the PR staining were measured for each image. The ratio of thin 

fibers / thick fibers was expressed as the percentage of the green-stained area divided by the 

orange-stained area 36, 37.

2.3. Immunohistochemistry (IHC) analysis

5-μm thick sections were deparaffinized with CitriSolv (Decon Labs, Inc., King of Prussia, 

PA, USA). These sections were then rehydrated by sequentially immersing them in ethanol 

with graded concentrations. The slides were treated with 10 mM sodium citrate buffer pH 

6.0 (Sigma, St. Louis, MO, USA) in a 75°C water bath for antigen retrieval. Sections for 

collagen type I and RAGE staining were prepared with VECTASTAIN® ABC Kits (Vector 

Laboratories, Burlingame, CA, USA). Sections for collagen types II and III staining were 
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prepared with M.O.M.® (Mouse on Mouse) Immunodetection Kits (Vector Laboratories, 

Burlingame, CA, USA). The sections were then incubated with 3% hydrogen peroxide in 

methanol to deactivate the endogenous peroxidase and subsequently blocked with blocking 

serum. After that, the sections were incubated overnight at 4°C with an anti-collagen 

type I primary antibody (Col I, NB600-408, Novus Biologicals, Littleton, CO, USA), anti-

collagen type II primary antibody (Col II, NB600-844, Novus Biologicals, Littleton, CO, 

USA), anti-collagen type III primary antibody (Col III, NBP1-05119, Novus Biologicals, 

Littleton, CO, USA), or anti-RAGE primary antibody (RAGE, sc-365154, Santa Cruz 

Biotechnology, Dallas, TX, USA). After washing with phosphate-buffered saline (PBS, 

Cytiva, Marlborough, MA, USA), the sections incubated with the anti-collagen type I 

primary antibody were treated with biotinylated secondary antibody goat anti-rabbit IgG 

(Vector Laboratories, Burlingame, CA, USA). The sections incubated with anti-collagen 

type II, anti-collagen type III, or anti-RAGE primary antibodies were treated with 

biotinylated secondary antibody anti-mouse IgG (Vector Laboratories, Burlingame, CA, 

USA). After washing with PBS, an avidin-biotin complex conjugated to peroxidase (Vector 

Laboratories, Burlingame, CA, USA) was utilized. The bound complexes were visualized 

by applying a DAB substrate (3,3’-diaminobenzidine, Vector Laboratories, Burlingame, CA, 

USA) to the sections. The images of the sections were taken by a light microscope (Leica, 

Wetzlar, Hesse, Germany). The average optical density (AOD) of all the IHC staining 

images were analyzed with the Immunohistochemistry Image Analysis Toolbox in ImageJ 
38. The H-DAB model was used for the IHC analysis, and the mean gray value was 

measured for semiquantification.

2.4. Second harmonic generation (SHG) imaging

The freshly isolated supraspinatus tendons with attached cartilage from newborn mice and 

the supraspinatus tendons with attached humerus bone from the other three groups were 

embedded in the super cryo-embedding medium (SCEM) (Section-lab, Hiroshima, Japan) 

without fixation or decalcification. Six tissue samples were utilized for the newborn mice 

group. Six tissue samples, with an equal number of males and females, were applied for 

the young, adult, and old groups. 20 μm thick sections were obtained by using cryostats 

(Leica CM1950, Wetzlar, Hesse, Germany) and were attached to the LCM film (Section-lab, 

Hiroshima, Japan). With the sectioned tissue sample facing upward, the LCM film was 

attached to a glass slide via transparent double-faced adhesive tape. The SHG imaging was 

performed by a SHG microscopy, as previously described 39. In brief, the SHG microscopy 

consists of a mode-locked Ti:Sapphire fs laser (MaiTai DeepSee HP, SpectraPhysics, 

Milpitas, CA, USA) and a laser scanning microscope (BX61WI, Olympus, Center Valley, 

PA, USA). The fs laser system has a fixed wavelength of 800 nm, pulse duration of 100 fs, 

and repetition rate of 80 MHz. The laser power before entering the microscope was set to 

be 50 mW. For imaging, a long working distance objective lens (NA 0.45, 20×, Olympus, 

Center Valley, PA, USA) was used, and the excited SHG signals were filtered by a bandpass 

filter (Tavg > 93% 370 – 410 nm, Semrock, West Henrietta, NY) and then acquired by 

photomultiplier detectors. Stacks of 1024 × 1024-pixel images with a view field of 500 

μm × 500 μm were obtained with a z step size of 300 nm. The collected SHG images 

were imported into FIJI software (National Institutes of Health, USA) for collagen fiber 

orientation analysis using the Directionality plugin, as previously described 40.
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2.5 Collagen, GAG, and DNA contents

The supraspinatus tendon and attached cartilage in newborn mice were dissected closely 

to the insertion site. The supraspinatus tendon and attached humerus bone in the young, 

adult, and old groups were also isolated near the interfacial region. For the newborn group, 

five samples were put into an Eppendorf™ conical tube, and six tubes with 30 samples in 

total were utilized. For the young, adult, and old groups, one male and one female sample 

were put into Eppendorf™ conical tubes, and six tubes, for a total of 12 samples, were 

applied for each group. The samples were lyophilized, and the dry weights were measured. 

The tissue samples were homogenized by using a bead mill homogenizer (Fisher Scientific, 

Hampton, NH, USA) and further digested with 300 μg/ml papain in 50 mM phosphate buffer 

(pH 6.5), including 5 mM cysteine and 5 mM ethylenediamine tetraacetic acid (EDTA) 

for 16 h at 65 °C. The collagen content was determined with a hydroxyproline assay 41. 

The samples were hydrolyzed using 4.8 N HCl. The dried hydrolysates were subsequently 

reacted with chloramine T reagent for oxidation. The Ehrlich’s aldehyde reagent was added 

to the samples at 65 °C for 20 min to create chromospheres. The amount of hydroxyproline 

was measured via a microplate reader (Bio-Tek Instruments, Winooski, VT, USA) at 550 

nm. A dimethylmethylene blue (DMMB) assay was utilized to quantify the sulfated GAG 

content 42. A DMMB dye solution was added to the papain digested hydrolysates to promote 

the formation of the GAG-DMMB complex. The complex was then dissolved with a 

complex dissociation reagent containing guanidine hydrochloride, sodium acetate trihydrate, 

and 1-propanol. The amount of GAG was measured via the microplate reader at 656 nm. 

The DNA content was measured using a PicoGreen dsDNA quantification kit according 

to the manufacturer’s instructions (Invitrogen, Waltham, MA, USA). Results for collagen, 

GAG, and DNA contents were normalized using the dry weight of the tissue samples and 

expressed in units of μg/mg.

2.6. Nanoindentation testing

The freshly isolated supraspinatus tendons with attached cartilage from newborn mice 

and supraspinatus tendons with attached humerus bones from the other three groups were 

prepared with the same approach mentioned in Section 2.4. Six tissue samples were utilized 

for each of the four groups. An equal number of males and females were used for the young, 

adult, and old groups. A 20 μm thick section was obtained by cryosection and attached to 

the LCM film, and the LCM film was attached to a glass slide with transparent double-faced 

adhesive tape. The section on the LCM film was rinsed with PBS and dried with absorbent 

paper before testing. A Triboindenter (Hysitron TI 950, EDEN Instruments, Alixan, France) 

was applied for the nanoindentation experiments. The probe used in the experiments was 

conical, and the diamond tip diameter was around 2 μm. The sectioned tissue sample was 

mounted on a glass slide without any glue. Displacement control was used, and a trapezoidal 

loading history was applied in three steps: 10 s loading, 5 s holding, and 10 s unloading. The 

loading and unloading rates were 200 nm/s. The force-displacement was obtained, and the 

associated reduced modulus was estimated directly from the machine. The reduced modulus 

Er can be converted to Young’s modulus Es using the following equation:
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1
Er

=
1 − vi2

Ei
+

1 − vs2
Es

where, the diamond tip, Ei, was 1140 GPa, and vi was 0.07. The Poisson’s ratio of the 

specimen, vs, was assumed to be 0.3. The maximum load was also measured from the 

force-displacement results.

2.7. Uniaxial mechanical characterizations

Uniaxial testing was performed using a universal testing system (Test Resources, Shakopee, 

MN, USA) (Fig. 6A). A total of 30 mouse shoulder bone-rotator cuff complexes were 

subjected to the testing, i.e., 5 females and 5 males for each age group (excluding the 

newborn group, because the samples of the newborn group were too small and fragile for 

tensile testing). To achieve secure clamping without sample damage/slippage, a polymer 

tape was used to wrap and reinforce the attached muscular part to increase clamping 

friction and prevent clamping damage (Fig. 6B). The toothed clamp surfaces and the 

reinforcement wrapping worked well, and most of our uniaxial testing did not experience 

sample damage or slippage (22 successful tests out of 30). The mouse bone-rotator cuff 

complex was small in size and had a delicate muscular tissue, which caused certain 

challenges for sample preparation, mounting, and testing. We did experience one or two 

sample losses in each group due to damage/slippage. Before testing, the length, width, and 

thickness were measured at multiple locations using a Vernier digital caliper and averaged 

for dimension estimations. During the testing, samples were fully submerged in 1× PBS 

to create a physiological environment. After preconditioning, the sample was subjected to 

failure mechanical testing by being loaded at a ramping rate of 10 mm/s until it reached 

failure (Fig. 6C). Note that all uniaxial testing was started with a tare load of 0.5 g. 

Engineering stress was calculated by normalizing the applied force to the estimated original 

cross-sectional area, and engineering strain was calculated by normalizing the amount of 

sample deformation to the initial gauge length (the reference length of the tendon).

2.8. Isolation of tendon-to-bone interface tissues using LCM for proteomics processing

The freshly isolated supraspinatus tendon with attached cartilage from newborn mice and 

supraspinatus tendons with attached humerus bones in the young, adult, and old groups were 

embedded in a SCEM without fixation or decalcification 33. Sections of 12 μm thickness 

were acquired with cryostats and attached to the LCM film. The LCM film was stuck 

to a plastic slide with a hole in it (Section-lab, Hiroshima, Japan). An LCM7000 (Leica, 

Wetzlar, Hesse, Germany) was used to isolate the tendon-to-bone interface tissue. The 

LCM parameters were listed as follows: power = 55, aperture = 12, speed = 15, specimen 

balance = 15, pulse frequency = 119, offset = 100. The micro-dissected enthesis samples 

were collected in a 0.2 ml thin-wall polymerase chain reaction (PCR) tube with a flat cup 

(Corning, Corning, NY, USA). The total collected area for each tube of the four groups 

was about 2.5-2.8 × 106 μm2. For the newborn group, nine samples of the supraspinatus 

tendons with attached cartilage were cryo-sectioned and randomly micro-dissected into three 

PCR tubes. For the young, adult, and old groups, two male and two female samples of the 
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supraspinatus tendon with attached humerus bone were cryo-sectioned and then randomly 

micro-dissected into three PCR tubes for each group. The collected samples were lysed 

in 22 μL of cell lysis buffer, consisting of 5% sodium dodecyl sulfate (SDS) and 50mM 

triethylammonium bicarbonate (TEAB) at a pH of 7.55, and then sonicated (UP200St, 

Hielscher, Teltow, Germany) on ice for three 10-second intervals at 30% amplitude with 

1-minute rest periods between intervals.

2.9. Suspension-Trapping (S-trap™) processing

An S-trap™ micro kit, including S-trap™ and included buffers (Protifi, Huntington, NY, 

USA), was used for sample processing. Briefly, each sample was reduced with 10 mM 

tris(2-carboxyethyl)phosphine in a thermomixer for 15 minutes set at 55°C at 1200 rpm, 

followed by alkylation with 20 mM methyl methanethiosulfonate in a thermomixer for 30 

minutes at room temperature at 1200 rpm. 27.5% phosphoric acid was used to acidify the 

proteins, then samples were diluted with 165 μL of S-Trap™ binding buffer (100 mM 

TEAB, 90% methanol with pH 7.1). The samples were then loaded onto S-Trap™ micro 

spin columns and washed three times with S-Trap™ binding buffer. 20 μg of Trypsin-LysC 

in 50 mM TEAB in water solution was added to the top of the S-Trap™ and then incubated 

at 37°C for 2 hours. Peptides were eluted serially with 50 mM TEAB in water, 0.2% 

aqueous formic acid, and 50% acetonitrile containing 0.2% formic acid. Combined peptide 

elutions were vacuum centrifuged to dryness.

2.10. Mass spectrometry (MS)

Peptide samples were diluted to 0.2 μg/μL measured by a Pierce Quantitative Fluorometric 

Peptide Assay using a Varioskan LUX multimode microplate reader. The samples (5 μL; 

1 μg per injection) were analyzed using a Dionex UltiMate™ 3000 RSLCnano liquid 

chromatography (LC) system coupled to an Orbitrap Exploris™ 480 mass spectrometer 

(Thermo Fisher Scientific, Waltham, MA, USA). Data acquisition and analysis settings 

are listed in supplementary information (Table S1&2). Data-dependent acquisition (DDA) 

and data-independent acquisition (DIA) sample sets, spiked with an iRT synthetic peptide 

mixture, were blocked and acquired in randomized order with digested E. coli injected 

immediately before and after every sixth sample to evaluate system performance. The 

consistency and reproducibility of the system performance were evaluated using QuiC 

(3.1.200602.47994).

2.11. MS Data analysis

DDA data were applied to create a spectral library using the Pulsar™ search engine in 

Spectronaut™ 14 (Biognosys, Switzerland). Default settings were used, with the exception 

that methylthio (C) was used as a fixed modification. Only precursors (i.e., MSI of 

peptides) and proteins with a Qvalue of 0.01 were considered identified. Data were globally 

normalized to the median peptide signal. A minimum of 3 fragments was used for peptide 

quantification. Proteins with a P value<0.05 (Student's t test) and an absolute average log2 

ratio >1 were considered differentially abundant between sample conditions. A volcano 

Plot was based on the results of the difference analysis (R version 3.6.1, ggplot2). The 

differential expression proteins (DEPs) were clustered and analyzed using the Hierarchical 

Cluster algorithm (pheatmap, 1.0.12).
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2.12. Statistical analysis

One-way analysis of variance (ANOVA) and the Tukey post hoc test were applied for 

histological staining analysis, SHG imaging analysis, biochemical analysis, IHC analysis, 

and compressive testing analysis. The uniaxial mechanical testing was analyzed by two-way 

ANOVA. All statistical analyses were performed with GraphPad. Statistical significance is 

expressed as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results

3.1. Collagen and proteoglycan distribution at the enthesis region

The H&E staining in Fig. 2A demonstrated the overall structure of the supraspinatus tendon-

to-bone interface in the four groups. The histological framework of the newborn group had 

a higher cell density and less organized cell or fiber orientation, which showed distinct 

differences from the other three groups. The similarities of the histological structures for 

the young, adult, and old groups were observed. Masson’s Trichrome staining illustrated 

the collagen distribution at the interface region in a blue color. The proportion of the 

collagen’s area was significantly decreased in the young, adult, and old groups compared 

with the newborn group (Fig. 2B). The red color in the Safranin O staining represented 

the proteoglycan deposition at the enthesis region. The proportion of the proteoglycan 

deposition area, or the metachromasia area, was lower in the young group than in the 

newborn group. The proportion of the proteoglycan deposition area then increased in the old 

group compared to the young and adult groups (Fig. 2C). The orange and green colors in 

the PR staining exhibited the thick and thin collagen fibers, respectively. The ratio of the 

thin fibers to thick fibers increased with age (Fig. 2D). No significant differences of the 

histological staining were observed between the males and females within the young, adult, 

or old group.

3.2. Collagen fiber organization at the enthesis region

Fig. 3A shows the SHG images of the supraspinatus tendon-to-bone interface in the 

newborn, young, adult, and old groups. Fig. 3B displays the representative dispersion 

graph of the collagen fibers at the enthesis area of each group. The dispersion of collagen 

fibers was significantly decreased in the young and adult groups compared to the newborn 

group (young: 13.74 ± 5.24°; adult: 14.68 ± 5.73°; old: 23.41 ± 4.58°), indicating more 

organized collagen fibers in the young and adult groups. The collagen fiber orientation 

became less organized in the old group, with the dispersion increasing to 19.47 ± 5.34°, but 

the differences among the young, adult, and old groups were not significant (Fig. 3C). No 

significant differences of the collagen fiber organization were observed between the males 

and females within the young, adult, or old group.

3.3. Collagen, GAG, and DNA contents

The supraspinatus tendon with attached humerus cartilage or bone units were isolated 

closely to the supraspinatus enthesis region for all four age groups. The harvested tissues 

were disrupted to measure the collagen, GAG, and DNA contents. The collagen content in 

the newborn group was significantly higher than that in the young, adult, and old groups 
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(newborn: 55.26 ± 6.91 μg/mg; young: 21.57 ± 3.08 μg/mg; adult: 25.62 ± 4.52 μg/mg; 

old: 24.82 ± 3.44 μg/mg) (Fig. 3D). The GAG content significantly decreased in the young, 

adult, and old groups compared with the newborn group (newborn: 13.53 ± 2.30 μg/mg; 

young: 4.06 ± 0.53 μg/mg; adult: 4.86 ± 0.62 μg/mg; old: 4.60 ± 1.06 μg/mg) (Fig. 3E). The 

DNA content was also significantly higher in the newborn group compared to the young, 

adult, and old groups (newborn: 4.37 ± 1.47 μg/mg; young: 1.37 ± 0.33 μg/mg; adult: 1.56 ± 

0.41 μg/mg; old: 1.06 ± 0.34 μg/mg) (Fig. 3F), indicating changes in cell numbers.

3.4. Types I, II, and III collagen and RAGE distribution

Fig. 4A demonstrates the distribution of types I, II, and III collagen and RAGE in the four 

age groups. The highest type I collagen stain intensity was observed at the supraspinatus 

tendon region. Some type I collagen was also observed in the cartilage/bone region in the 

newborn group. Type II collagen was mainly located at the tendon-to-bone interface region. 

Type III collagen was lightly stained, and the highest stain intensity was at the supraspinatus 

tendon region. RAGE was also concentrated in the supraspinatus tendon region. The average 

optical density (AOD) of the type I collagen was significantly higher in the newborn group 

than in the adult and old groups (Fig. 4B). The AOD of types II and III collagen and RAGE 

did not show distinct differences (Fig. 4C-E). No significant differences of the distribution 

and AOD of the type I, II, and III collagens and RAGE were observed between the males 

and females within the young, adult, or old group.

3.5. Nanoindentation testing of the enthesis regions

Nanoindentation has been used to test the mechanical property changes across soft-to-

hard tissue interfaces 43. It can provide specifically localized mechanical assessment of 

heterogeneous biomaterials with high resolution 44. We applied the nanoindentation tip 

to two enthesis regions, i.e., one region close to tendon and one region close to bone 

(for young, adult, and old groups)/cartilage (for newborn group) (Fig. 5A & D). The 

representative load-depth curve for each group is illustrated in Fig. 5G. The maximum 

load of the enthesis at the site near the tendon increased with maturation, peaked at adult 

stage, and dropped at old stage (not significant) (newborn: 532.34 ± 139.98 μN; young: 

826.99 ± 544.92 μN; adult: 1383.55 ± 572.67 μN; old: 869.45 ± 413.18 μN) (Fig. 5B). 

The Young’s modulus of the enthesis at the site near the tendon demonstrated a similar 

trend, i.e., increased with maturation, peaked at adult stage, and silghtly dropped at old stage 

(newborn: 0.098 ± 0.023 GPa; young: 0.16 ± 0.11 GPa; adult: 0.28 ± 0.12 GPa; old: 0.23 ± 

0.13 GPa) (Fig. 5C). The maximum load of the enthesis near the bone/cartilage also showed 

similar trend (newborn: 572.73 ± 57.51 μN; young: 1161.32 ± 400.59 μN; adult: 1402.14 

± 221.20 μN; old: 927.38 ± 256.26 μN) (Fig. 5E). The Young’s modulus of the enthesis 

near the bone/cartilage again showed a similar trend, but the difference between the adult 

and old groups was not significant (newborn: 0.105 ± 0.009 GPa; young: 0.34 ± 0.18 GPa; 

adult: 0.36 ± 0.10 GPa; old: 0.25 ± 0.10 GPa) (Fig. 5F). No significant differences of the 

maximum load and Young’s modulus for both indentation sites were observed between the 

males and females within the young, adult, or old group.
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3.6. Uniaxial mechanical behaviors and failure properties

The failure stress-strain curves of the bone-rotator cuff complex were plotted in Fig. 6D. 

The failure stress, failure strain, and maximum tensile modulus were obtained from the 

stress-strain curves. For the maximum tensile modulus, a short curve section before the 

yielding point was used for linear fitting to calculate the modulus value. The overall trends 

among young, adult, and old groups, as well as female versus male, are demonstrated in 

Fig. 6E-G. For failure stress (mechanical strength), no difference between young and adult 

mice was found, while old mice showed increased failure stress, especially the old male 

mice (young female: 662.83 ± 115.14 kPa; young male: 673.34 ± 167.22 kPa; adult female: 

468.59 ± 67.52 kPa; adult male: 668.74 ± 184.74 kPa; old female: 899.05 ± 467.39 kPa; old 

male: 1548.50 ± 153.68 kPa). The maximum tensile modulus represents the stiffness of the 

complex. An increasing trend was observed from young, to adult, to old mice, but only the 

difference between old male and young female groups was significant (young female: 7.41 

± 4.04 MPa; young male: 22.95 ± 11.16 MPa; adult female: 16.75 ± 6.83 MPa; adult male: 

24.76 ± 9.05 MPa; old female: 16.80 ± 3.68 MPa; old male: 32.71 ± 9.13 MPa). No obvious 

trend exists in the failure strain, except the complexes of young females had larger failure 

strains (more extensible) compared with the young male and adult male groups (young 

female: 0.11 ± 0.03%; young male: 0.036 ± 0.011%; adult female: 0.042 ± 0.015%; adult 

male: 0.040 ± 0.004%; old female: 0.073 ± 0.034%; old male: 0.074 ± 0.031%). Lastly, the 

male mice had higher overall failure stresses than the female mice in adult and old groups 

(Fig. 6E), and the male mice had larger overall maximum tensile moduli than the female 

mice in all three age groups (Fig. 6G). However, the differences between male and female 

mice in each group were not significant.

3.7. Proteomics sample preparation and analysis

The sample preparation process for LC-MS and proteomics analysis is shown in Fig. 7A. 

SCEM was applied to embed the freshly isolated tendon-cartilage units from the newborn 

group or tendon-bone units from the young, adult, and old groups without fixation and 

decalcification. The cryo-sectioned tendon-cartilage or tendon-bone unit was mounted on 

an LCM film, and the LCM film was attached to a plastic slide with a hole in it. The 

tendon-to-cartilage interface was isolated using an LCM machine for the newborn group 

(Fig. 7B & C). The tendon-to-bone interfaces were also harvested for the young, adult, 

and old groups (Fig. 7D & E). The isolated entheses were collected in the caps of PCR 

tubes with lysis buffer in them (Fig. 7F). An S-trap kit was used for the proteomics sample 

preparation. Mass spectrometry and data analysis were then performed.

In total, 968 proteins were identified for all the four groups. The protein profile in the 

newborn group was strikingly distinguished from the other three groups, and the protein 

profiles in the young, adult, and old groups were similar (Fig. 8A). The four age groups 

shared 813 proteins in common, while 33 proteins were only observed in the newborn 

group, and no unique protein was observed in the other three groups (Fig. 8B). The volcano 

plot of the young and newborn groups revealed dramatic protein abundance changes, with 

141 lower abundance proteins and 123 higher abundance proteins in the young group 

compared to the newborn group (Fig. 8C). The top 20 low abundance proteins and top 

20 higher abundance proteins are listed in Fig. 8C. The Gene Ontology (GO) analysis 
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and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation were 

performed. The differentially abundant proteins were primarily from cells and extracellular 

regions and participated in binding, catalytic activity, and structural molecule activity for 

the molecular functions (Fig. S1A). The KEGG pathway annotation demonstrated the 

differentially abundant proteins were mainly involved in ECM-receptor interaction, focal 

adhesion, carbon metabolism, the protein processing endoplasmic reticulum, and the PI3K-

Akt signaling pathway (Fig. S1B). The protein-protein interaction network is shown in Fig. 

S2. For the comparison of adult and young groups, only 2 proteins were lower abundance 

and 11 proteins were higher abundance in the adult group compared to the young group (Fig. 

S3). The protein profile of the old and adult groups was also similar. There were 28 lower 

abundance proteins and 15 higher abundance proteins in the old group compared to the adult 

group. The top 20 lower abundance proteins and 13 higher abundance proteins, with their 

names, are listed in Fig. 8D. The GO analysis and KEGG pathway annotation are illustrated 

in Fig. S4A & B.

4. Discussion

In this study, we have systematically characterized the molecular, histological, and 

biomechanical changes at the rotator cuff tendon-to-bone interface in four different age 

groups. In general, distinguished differences were observed between the newborn and young 

group (maturation process), while there were not many differences among the young, adult, 

and old groups (aging process).

The histological results indicated a decreased proteoglycan content and more organized 

collagen fibers at the interface area during the maturation process, which were also found in 

a previous study 25. Because of the inclusion of an old age group in the study, an increasing 

proteoglycan content and less organized collagen fibers were also identified during the 

aging process by comparing the differences between adult and old age groups. Masson’s 

Trichrome staining and quantitative collagen content measurement showed decreased 

collagen distribution at the interfacial region during the maturation process. The decreasing 

cellularity at the interface region during the maturation process was shown in the H&E 

staining and confirmed with DNA content measurement. There was not much alteration 

of type II collagen distribution among the four age groups, which was also found in the 

previous study 25. The accumulation of AGE has been correlated with the progression of 

many diseases related to aging 45. However, no distinct differences of RAGE distributions 

were found at the tendon-to-bone interfaces among the four age groups in our study. IHC 

can only evaluate the distribution and accumulation of AGE at the two-dimensional level 

without precisely quantitative measurement 46. The immunological detection method also 

has the problem of non-specific binding of the antibody 47. Thus, other high accuracy 

quantitative studies of AGE are needed. With the improvements in instrumentation, mass 

spectrometry might be a promising strategy for the targeted AGE measurement 48.

Age-dependent alterations of the local tissue compressive mechanical properties and the 

tensile mechanical properties of the humerus bone-supraspinatus tendon complex were 

characterized in this study. Nanoindentation testing showed that the maximum load and 

Young’s modulus at the enthesis increased during the maturation process, peaked at adult 
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stage, and slightly decreased at old stage. The measured modulus value correlated with 

the mineral content in the tested sample 49. An increased modulus indicated an elevated 

mineralization level in the tissue sample. ALP is an enzyme that is highly expressed in 

cell-mediated mineralization 50. Our proteomics data showed that the ALP protein level was 

more abundant in the young group compared to the newborn group and lower abundant 

in the old group compared to the adult group. This may partially explain the trend of 

compressive mechanical property alterations with maturation and aging. The limitation of 

indentation testing is the control of hydration status. With the alteration of the hydration 

status, mechanical properties for the tendon region in the tendon-bone complex’s sections 

varied. To keep the moisture level consistent among each group, the sectioned samples were 

moistened before testing with the same amount of PBS droplets for the same period of 

time 51. Thus, the nanoindentation results might not precisely represent the properties of 

the enthesis under physiological conditions. Otherwise, the trend among the four age groups 

should indicate the alteration of mechanical properties with age.

The results of uniaxial tensile mechanical testing on humerus bone-supraspinatus tendon 

complex showed some interesting observation. The failure stress in the old group, especially 

the old male group, increased significantly compared to the young and adult groups. 

The maximum tensile modulus also showed an increasing trend from the young to old 

groups, but the difference was only significant between the old male group and the 

young female group. The increased area of fibrocartilage in the Safranin O staining at 

the enthesis insertion site might explain the increased complex stiffness and failure stress 

at the old group. The fibrocartilage zone plays an essential role in the mechanical-loading 

transition between the tendon and bone tissues. A lack of fibrocartilage formation after 

rotator cuff injury repair usually results in a retear or recurrence at the enthesis 52. The 

accumulation of fibrocartilage might lead to augmented enthesis strength. Since the failure 

stress of the enthesis increased with age in this study, it contradicted our expectation and 

hypothesis. Therefore, for the mouse model, age alone might not be the dominant risk 

factor for increased rotator cuff injury rate. Other factors associated with the aging process, 

like overuse, accumulated tissue damages/injuries, and underlying chronic disease, might 

contribute to the vulnerability of the rotator cuff in the elderly populations 53, 54.

We combined LCM and Kawamot’s film methods to isolate the tendon-to-bone interface 

without fixation and decalcification. Due to the unclear boundary of the interface with 

tendon and bone, a small amount of tendon or bone tissues were collected together with 

the interface tissues. The collected tissues were then applied for proteomics analysis. Some 

proteins were found to play essential roles in the enthesis during the maturation and aging 

processes. Among the lower abundance proteins in the young group compared with the 

newborn group, we detected non-collagenous ECM proteins, matrilin-1, and matrilin-4, 

which were primarily expressed in cartilage and participated in the modulation of ECM 

assembly 55, 56. We also detected three types of collagens: collagen type XIV (alpha-1), 

collagen type IX (alpha-1), and collagen type XI (alpha-2). Collagen type IX and collagen 

type XIV are categorized as the collagen subfamily of fibril-associated collagens with 

interrupted triple helices (FACIT), and collagen type XI belongs to the fibrillar collagens 
57. Collagen type XI controls collagen fibrillogenesis and is associated with both tendon 

and cartilage collagen fibril assembly and organization 58, 59. FACIT collagens adhere to 
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the exterior of the microfibril and interact with small leucine-rich repeat proteoglycans 

(SLRP) to result in a higher-order structure 57. Chondroadherin belongs to the SLRP 60 and 

was also found in the downregulated proteins in the young age group. Among the higher 

abundance proteins in the young group compared with the newborn group, we found ALP, 

fibrillin-1, and Cu-Zn superoxide dismutase (SOD1). ALP is associated with cell-mediated 

mineralization 50, indicating increased mineralization at the tendon-to-bone interface during 

the maturation process. Fibrillin is a non-collagenous ECM protein that forms the structure 

of microfibrils, contributing to the elasticity of the connective tissue 61. SOD1 is an enzyme 

that scavenges superoxide anions, and elevated SOD1 might relate to the adaptation of the 

postnatal environment 62. As for the lower abundance proteins in the old group compared 

with the adult group, we detected matrix metalloproteinase-9 (MMP9), collagen type XI, 

and ALP. MMP9 can degrade the components of the ECM and participate in the growth 

and development of cartilage and bone tissues 63. The lower abundance of collagen type 

XI might indicate compositional changes of the collagen fibrils with age. The reduced 

ALP levels might suggest decreased mineralization levels at the tendon-to-bone interface 

with age. Elastin is upregulated in the old group compared to the adult group. Elastin is a 

non-collagenous ECM protein essential to the elasticity and resilience of connective tissues, 

like tendon and cartilage 64. The increase of elastin may also contribute to the increase of the 

failure stress in the old group.

We systematically characterized the variations of the rotator cuff tendon-to-bone interface 

during the maturation process (from newborn to young or adult). For histological changes at 

the enthesis, we found decreased proteoglycan and collagen deposition, reduced cellularity, 

increased thin collagen fiber ratio, and a more organized collagen fiber orientation. For 

biomechanical analysis, the maximum load and Young’s modulus of the nanoindentation 

testing were increased, while the uniaxial tensile testing did not show significant changes. 

For proteomics analysis, dramatic alterations of protein profiles from newborn to young 

were detected. We also evaluated the variations of the rotator cuff tendon-to-bone interface 

during the aging process (from adult to old). For the histology, proteoglycan deposition 

increased at the enthesis, and the collagen fiber orientation demonstrated a trend of being 

less organized with aging. For biomechanical testing, the maximum load and Young’s 

modulus of the nanoindentation testing showed a decreasing trend, while the uniaxial tensile 

testing revealed a significant increase of failure stress with aging, especially for the old male 

group. The protein profiles of the adult and old age groups showed similarities, and several 

proteins were identified that might play critical roles during the aging process of the rotator 

cuff tendon-to-bone interface.

In summary, our observations demonstrated the histological, biomechanical, and molecular 

alterations of the rotator cuff tendon-to-bone interface with age. Major molecular, 

histological, and mechanical changes primarily occur during the maturation process. A large 

animal model or human tissue samples for aging studies of the tendon-to-bone interface is 

needed to confirm the findings of this study. Detailed investigations with gene-deficient or 

knockout models are necessary to elucidate the function of these molecular changes during 

maturation and aging that we detected in the proteomics study. Based on the uniaxial tensile 

mechanical testing result, aging might not be the dominant risk factor for the increased 

prevalence of enthesis diseases. Other potential risk factors of rotator cuff injuries associated 

Jiang et al. Page 14

FASEB J. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with the aging process, like overuse, chronic injuries, and hormone level, should be studied 

during the aging process. These studies will inspire new methods to prevent the onset of the 

enthesis diseases and encourage novel strategies for the rotator cuff enthesis regeneration 

by recapitulating the structural, mechanical, and compositional properties of the mature 

enthesis.
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Refer to Web version on PubMed Central for supplementary material.
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ACL Anterior cruciate ligament

AGE Advanced glycation end

ALP Alkaline phosphatase

ANOVA Analysis of variance

AOD Average optical density

DDA Data-dependent acquisition

DEP Differential expression protein

DIA Data-independent acquisition

DMMB Dimethylmethylene blue

ECM Extracellular matrices

EDTA Ethylenediamine tetraacetic acid

FACIT Fibril-associated collagens with interrupted triple helices

FDR False discovery rate
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H&E Hematoxylin and eosin
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Jiang et al. Page 15

FASEB J. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LC Liquid chromatography

LCM Laser captured microdissection

MMP9 Matrix metalloproteinase-9

MS Mass spectrometry

MT Masson’s trichrome

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PR Picrosirius red

RAGE Receptor for advanced glycation end product

SCEM Super Cryo-embedding Medium

SDS Sodium dodecyl sulfate

SHG Second harmonic generation

SLRP Small leucine-rich repeat proteoglycans

SO Safranin O

SOD1 Cu-Zn superoxide dismutase

TEAB Triethylammonium bicarbonate
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Figure 1. 
Schematics of study design to identify the effects of maturation and aging on the rotator cuff 

tendon-to-bone interface. Created with BioRender.com.
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Figure 2. 
The histological staining and semi-quantification of the supraspinatus tendon-to-bone 

interface in four age groups. (A) The H&E, Masson’s Trichrome (MT), Safranin O (SO), 

and Picrosirius red (PR) staining of the supraspinatus tendon-to-bone interface with the 

newborn (N), young (Y), adult (A), old (O) groups. (B) The proportion of collagen’s area. 

(C) The proportion of metachromasia area. (D) The ratio of thin collagen fibers / thick 

collagen fibers. (T: tendon; C: cartilage; I: interface; B: bone; scale bar: 50 μm; n = 6, *p < 

0.05, **p < 0.01, ***p < 0.001)
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Figure 3. 
The alterations of collagen fiber organization, collagen and GAG contents, and DNA content 

for the supraspinatus tendon-to-bone interface in the four age groups. (A) The SHG imaging 

of the supraspinatus enthesis with the newborn (N), young (Y), adult (A), and old (O) groups 

(Scale bar: 50 μm). (B) The representative dispersion graphs of the supraspinatus entheses 

for the four age groups. (C) The dispersion analysis of the supraspinatus entheses. (D) 

Collagen content analysis. (E) GAG content analysis. (F) DNA content analysis. (n = 6, *p < 

0.05, **p < 0.01, ***p < 0.001)
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Figure 4. 
IHC staining and analysis of types I, II, and III collagen and RAGE in the four age groups. 

(A) The IHC staining of types I, II, and III collagen and RAGE in the newborn (N), young 

(Y), adult (A), and old (O) groups (T: tendon; C: cartilage; B: bone; scale bar: 50μm). (B) 

Average optical density (AOD) of type I collagen. (C) AOD of type II collagen. (D) AOD of 

type III collagen. (E) AOD of RAGE. (n = 6, *p < 0.05, **p < 0.01, ***p < 0.001)
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Figure 5. 
Nanoindentation testing. (A, D) Indentation sites of the enthesis. A: upper red dot indicates 

the indentation region near the tendon and the lower red dot indicates the region near the 

cartilage in the newborn group (T: tendon; C: cartilage); D: upper red dot indicates the 

indentation region near the tendon and the lower red dot indicates the region near the bone 

in the in the young, adult, or old groups. (T: tendon; B: bone). (B) The maximum load of 

the enthesis near the tendon. (C) The Young’s modulus of the enthesis near the tendon. (E) 

The maximum load of the enthesis near the cartilage/bone. (F) The Young’s modulus of the 

enthesis near the cartilage/bone. (G) The representative load-depth curve for all four age 

groups.
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Figure 6. 
Uniaxial mechanical characterizations. (A) Uniaxial mechanical testing device. (B) A 

sample was used for testing with a polymer wrap around the muscle part to achieve secure 

clamping. (C) Sample mounted for failure mechanical testing. (D) Failure stress-strain 

curves for (i) young female group, (ii) adult female group, (iii) old female group, (iv) young 

male group, (v) adult male group, and (vi) old male group. Comparisons of (E) failure 

stresses, (F) failure strains, and (G) maximum tensile moduli among the young female, 

young male, adult female, adult male, old female, and old male groups. (n = 3 for young 

male and young female groups, n = 4 for the adult male, adult female, old male, and old 

female groups, *p < 0.05)
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Figure 7. 
Sample preparation for LC-MS and proteomics analysis. (A) The sample preparation 

workflow. Created with BioRender.com. (B) The image of the supraspinatus tendon and 

humerus cartilage with intact enthesis before LCM in the newborn group. (C) The image 

of the supraspinatus tendon and humerus cartilage with enthesis isolated after LCM in the 

newborn group. (D) The image of the supraspinatus tendon and humerus bone with intact 

enthesis before LCM in the young, adult, or old groups. (E) The supraspinatus tendon with 

humerus bone images with enthesis isolated after LCM in the young, adult, or old groups. 

(F) The isolated entheses in the cap of the PCR collecting tube. (Scale bar: 50 μm)
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Figure 8. 
Proteomics analysis. (A) The heatmap of the four age groups, with three biological 

replicates for each group. The proteins selected were based on a false discovery rate (FDR) 

< 0.05 and an absolute average log2 ratio > 1. (B) The UpSet plot of all the proteins 

identified for the four age groups. (C) The volcano plot of proteins in the young and 

newborn groups. The blue dots represent the lower abundance proteins in the young group 

compared to the newborn group. The red dots represent the higher abundance proteins in 

the young group compared to the newborn group. The gray dots show the proteins with no 

difference between the two groups. The top 20 lower and higher abundance proteins are 

listed (FC: fold change). (D) The volcano plot of proteins in the old and adult groups. The 

blue dots represent the lower abundance proteins in the old group compared to the adult 

group. The red dots represent the higher abundance proteins in the old group compared to 

the adult group. The gray dots show the proteins with no difference between the two groups. 

The top 20 lower abundance and top 20 higher abundance proteins are listed (FC: fold 

change).
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