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Abstract

Regenerative functions of exosomes rely on their contents which are influenced by pathological 

stimuli, including hypoxia, in rotator cuff tendon injuries (RCTI). The hypoxic environment 

triggers tenocytes and adjacent adipose-derived mesenchymal stem cells (ADMSCs) to release 

regenerative mediators to the ECM via the exosomes which elicit autocrine/paracrine responses to 

protect the tendon matrix from injury. We investigated the exosomal protein contents from 

tenocytes and subcutaneous ADMSCs from the shoulder of Yucatan microswine cultured under 

hypoxic conditions (2% O2). The exosomal proteins were detected using high-resolution mass-

spectrometry nano-LC-MS/MS Tribrid system and were compiled using ‘Scaffold’ software. 

Hypoxic exosomes from tenocytes and ADMSCs carried 199 and 65 proteins, respectively. The 

key proteins identified by mass spectrometry and associated with ECM homeostasis from hypoxic 

ADMSCs included MMP2, COL6A, CTSD and TN-C and those from hypoxic tenocytes were 

THSB1, NSEP1, ITIH4 and TN-C. These findings were confirmed at the mRNA and protein level 

in the hypoxic ADMSCs and tenocytes. These proteins are involved in multiple signaling 

pathways of ECM repair/regeneration. This warrants further investigations for their translational 

significance in the management of RCTI.
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Introduction

Tissue repair, following an injury or insult, is orchestrated by the trans-differentiation of 

various resident and recruited cell phenotypes which includes both stem cells and somatic 

cells. The well-coordinated autocrine and paracrine signaling triggered by these cells 

facilitate the repair response and activate tissue healing [1]. Usually, the cells involved in 

tissue repair/regeneration act by releasing their contents to the injury site by the exocytosis 

of micro/nano-vesicular exosomes. The contents of these exosomes function as stimuli 

and/or signals for the adjacent cells [2]. Exosomes are vesicles of 20–100 nm diameter and 

are packed with signaling biomolecules including proteins, lipids and nucleic acids (mainly 

miRNAs). The exosomes are critical in tissue regeneration as their contents are potential 

regulators of cell-cell and cell-ECM (extracellular matrix) communication [3], [4]. The 

signaling molecules (microRNAs and proteins) released by native and/or manipulated 

exosomes possess significant therapeutic potential to address several pathological issues [3]. 

However, the identification of appropriate signals and proper stimuli for the cells to secrete 

exosomes of therapeutic interest is challenging [5].

Rotator cuff tendon injuries (RCTI) are common and represent a major cause for shoulder 

pain and weakness [6], [7]. The disorganization of ECM and persistent sterile inflammation 

are the classical pathological features of tendon injuries which delay the healing responses 

and impair the regenerative mechanisms [8], [9], [10]. Tendon is a highly collagenous and 

hypocellular tissue comprised primarily of tenocytes- the tendon cells responsible for 

collagen homeostasis and mechanical function [11]. A drastic increase in cell density and 

infiltration of fat tissues (in severe cases) in the tendon matrix have been observed in 

patients, both of which are considered to be the major hallmarks of severe RCTI [12]. 

However, the signaling mechanisms driving the increased cell density in RCTI tendon 

matrix have yet to be discovered. Interestingly, the heterogeneous phenotype of tenocytes 

have been reported in tendon tissue which is believed to play regulatory and functional roles 

in tendon regeneration [13] [14].

Stem cells have significant therapeutic value for augmenting tendon-to-bone healing, owing 

to their inherent regenerative potential [15]. Mesenchymal stem cells (MSCs) exhibit prime 

significance in tendon tissue engineering and regeneration due to their excellent paracrine, 

immunomodulatory and angiogenic potential [16] [17]. Evidence from clinical and animal 

studies using autologous MSCs exhibited improved healing effects with minimal side 

effects. However, the available information in the literature is inconclusive and the 

mechanism of action of MSCs in tendon healing is still largely unknown and warrants 

further research [18]. In addition, the risk of teratoma formation following stem cell 

administration raises concerns for stem cell-based regenerative strategies employed in the 

management of various diseases including RCTI [6]. Moreover, more than 90% of the 

injected stem cells are generally lost by extrusion within hours of administration [19].

Evidence from human biopsy and animal models has revealed that hypoxia is the primary 

trigger for the initiation and progression of RCTI pathology. Despite the hypovascular nature 

of tendon tissue, the extreme hypoxia triggers apoptosis and necrosis of tenocytes, 
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aggravating RCTI [20], [21]. On the other hand, hypoxia modulates the inflammatory and 

repair responses mediated through HIF-1α [20]. The hypoxic environment promotes the 

migration and proliferation of MSCs as well as resident tendon stem cells to facilitate tendon 

healing [22], [23]. Therefore, the exosome-mediated communication between the cells of 

injured tissue and the resident/MSCs from surrounding tissues is a crucial event to initiate 

tissue regeneration [24], [25]. We hypothesize that, following a hypoxic insult, the RCTI 

tenocytes and the adjacent subcutaneous adipose tissue-derived stem cells release exosomes 

loaded with mediators that elicit autocrine and paracrine responses to protect the tendon 

tissue from injury and accelerate regenerative responses. Based on this background, the 

focus of this study is to screen and compare the protein mediators contained in the exosomes 

of hypoxia-challenged tenocytes and the adjacent subcutaneous adipose-derived 

mesenchymal stem cells (ADMSCs) isolated from the shoulder of Yucatan microswine.

Materials and methods

Tenocyte isolation

Tenocytes were isolated from the infraspinatus tendon of Yucatan microswine following 

previously published protocols. Yucatan microswine were recruited in the research project of 

DKAgrawal with prior approval from the IACUC of Creighton University, Omaha, NE, 

USA. The tendon tissues were harvested post-sacrifice for tenocyte isolation. Briefly, the 

skin around the shoulder region was disinfected using iodine and 70% isopropanol. The 

infraspinatus tendon tissue was harvested by dissecting the shoulder, washed with serum free 

DMEM containing antibiotics, finely chopped and digested with collagenase-1 at 37°C for 

1–2 hours. The partially digested tendon tissue was collected by centrifugation and placed in 

culture flask for explant culture. The tendon cells migrated out from the tissue and adhered 

to the culture ware and became confluent within 12–14 days. The cells were pooled from six 

microswine and the cells in passage 2–4 were used for the studies. The isolated tenocytes 

were maintained in collagen-1 coated (Zen-Bio) culture wares using DMEM containing 20% 

FBS and antibiotics under standard cell culture conditions (37°C and 5% CO2).

Characterization of swine tenocytes

The cells were grown in a chamber slide, washed in sterile PBS, fixed with 5% formalin for 

30 min and immunofluorescence of tenocyte biomarkers, tenomodulin and scleraxis were 

performed following our previously published protocols [8], [13]. The primary antibodies 

(1:100 dilution) used were anti-goat tenomodulin and anti-goat scleraxis and the secondary 

antibody was donkey-anti-goat-594 (1:300 dilution). Nuclei were counterstained with 4′,6-

diamidino-2-phenylindole (DAPI) and imaged using a fluorescent microscope (VS120-S6-

W, Olympus) at 20× magnification. A negative control with secondary antibody alone was 

maintained in a similar manner to detect background fluorescence and to set the exposure 

time.

Isolation of adipose-derived MSCs (ADMSCs)

The ADMSCs were isolated from the subcutaneous fat surrounding the shoulder joint of the 

Yucatan microswine following previously published protocols [26]. Briefly, the skin around 

the shoulder region was disinfected and an incision was made using a scalpel. The 
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subcutaneous fat tissue surrounding the shoulder was aseptically harvested, washed with 

serum-free DMEM containing antibiotics, minced and digested with collagenase-1 (1mg/ml) 

at 37°C for 45–60 min. The digested adipose tissue was strained through 100μm pore size 

mesh and the cells were pelleted by centrifugation at 300g for 10 min. The cell pellets were 

suspended in DMEM containing 5% FBS and antibiotics and seeded in T25 culture flasks. 

The cells were confluent in 6–8 days and the cells from passage 2–4 were used for the 

studies.

Characterization of swine ADMSCs

The isolated ADMSCs were characterized by positive immunostaining to ADMSC 

biomarkers as determined by immunofluorescence using the above-mentioned protocol. The 

primary antibodies used were anti-goat CD44, anti-mouse GFAP, anti-mouse CD34, anti-

mouse SOX2, and anti-mouse vimentin and the secondary antibodies were donkey-anti-

goat-488 and donkey-anti-mouse-594. Nuclei were counterstained with 4′,6-diamidino-2-

phenylindole (DAPI) and imaged using a fluorescent microscope (VS120-S6-W, Olympus) 

at 20× magnification.

Isolation of exosomes

The cells (tenocytes and ADMSCs) were cultured in T75 culture flasks under normoxia and 

hypoxia (2% O2) in DMEM containing 5% exosomes-depleted serum (Invitrogen) for 24h 

and the exosomes were isolated using commercially available kit following manufacturer’s 

instructions (Invitrogen). Briefly, the culture media was centrifuged at 2,000g for 30 mins at 

4°C and the supernatant was incubated with exosomes isolation media for 24h at 4°C 

followed by centrifugation at 12,000g for 1h at 4°C. The supernatant was removed, and the 

exosome pellet was suspended in sterile PBS, stored at 4°C (temporarily) and used for 

further studies.

Transmission electron microscopy (TEM)

The freshly isolated exosomes were fixed overnight using ice-cold 2% glutaraldehyde in 0.1 

M Sorenson’s buffer (pH 7.4) at 4°C. The samples were prepared for TEM analysis as 

reported previously [27]. The exosomes were then mounted onto formvar/silicon monoxide 

coated 200 mesh copper grids (Ted Pella Inc., Redding, CA). Grids were glow discharged 

for 60 seconds at 20μA with a GloQube glow discharge unit (Quorum Technologies, East 

Sussex, UK) prior to use. The sections were negatively stained with NanoVan (Nanoprobes, 

New York, NY) and examined using a Tecnai G2 Spirit TWIN (FEI, Hillsboro, OR) at a 

voltage of 80kV. Images were acquired digitally with an AMT (Woburn, MA) digital 

imaging system. NIH ImageJ software was used for determining the diameter of exosomes.

Screening of exosomal proteins using mass spectrometry

The exosomal contents were subjected to electrophoresis using SDS-PAGE. Then the protein 

fractions were excised from all bands of the SDS-PAGE gel, pooled, destained, reduced with 

tris-carboxyethylphosphine, alkylated with iodoacetamide, and digested overnight with 

sequencing-grade trypsin (Promega). Tryptic peptides were eluted from the gel and 

concentrated to 20μl by vacuum centrifugation and analyzed using a high-resolution mass 
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spectrometry nano-LC-MS/MS Tribrid system, Orbitrap Fusion™ Lumos™ coupled with 

UltiMate 3000 HPLC system (Thermo Scientific). Approximately, 500ng peptides were run 

by the pre-column (Acclaim PepMap™ 100, 75μm × 2cm, nanoViper, Thermo Scientific) 

and the analytical column (Acclaim PepMap™ RSCL, 75 μm × 15 cm, nanoViper, Thermo 

Scientific). The samples were eluted using a 2h linear gradient of acetonitrile (4–45 %) in 

0.1% formic acid. The peptide samples were analyzed using Mascot (Matrix Sciences, 

London, UK). Mascot was set up to search the SwissProt database (selected for Sus scrofa) 

based on the digestion enzyme trypsin. Parameters on MASCOT were set as follows: (1) 

Enzyme: trypsin, Max missed cleavage: (2) Peptide charge: 1+, 2+ and 3+, (3) Peptide 

tolerance: ± 0.8 Da, (4) Fixed modifications: carbamidomethyl (C), Variable modifications: 

oxidation (M), phospho (ST) and phospho (Y), MS/MS tolerance: ± 0.6 Da, (5) Instrument: 

ESI-TRAP. MASCOT results for different gel cuts of the same sample were combined and 

analyzed using Scaffold software (vs 4.7.5, Proteome Software Inc., Portland, OR), which 

allows multiple search results to be condensed into a single result scaffold file which was 

then converted to MS-excel sheets. The average of peptide counts from the control groups 

were compared with the hypoxic groups and the relative fold-change (RFC) was determined 

with respect to control (Av. Control – Av. Hypoxic/Av. Control).

qRT-PCR

Total cellular RNA was isolated by trizol method from hypoxic as well as normoxic 

tenocytes and ADMSCs, quantified using nanodrop, and 1μg RNA from each group was 

reverse transcribed to cDNA using cDNA synthesis kit (Promega) following the 

manufacturer’s protocol for 40μl reaction. The mRNA transcripts for the genes THBS1, 

NSEP1, TN-C, and ITIH4 from tenocytes and COL6A2, CTSD, MMP2 and TN-C from 

ADMSCs were amplified and quantified by real-time PCR (Applied Biosystems, CA, 

U.S.A.) using SYBR Green chemistry using corresponding forward and reverse primers for 

each gene (Table 1) according to previously published protocol [28]. The 18s rRNA for 

tenocytes and GAPDH for ADMSCs were used as housekeeping reference gene. The 

program set up was 95°C for 10 minutes; and 40 cycles of 95°C for 15 s, 60°C for 1 min. 

mRNA expression of the genes were normalized with the expression level of 18s rRNA. The 

fold-change of mRNA expression of the mitochondrial markers was determined by 2^-ΔΔCT 

method using the housekeeping gene and normoxic tenocytes and ADMSCs were used as 

control. The experiments were conducted in quadruplicates for ADMSCs and 7 times for 

tenocytes. The results are represented as fold-change with respect to normoxic control 

protocol [28].

Expression of the major proteins identified from exosomes under hypoxic and normoxic 
tenocytes and ADMSCs

The tenocytes and ADMSCs were subjected to hypoxia and the immuno-positivity of 

tenocyte exosomes to thrombospondin-1(THBS1; ab-1823), nuclease-sensitive element-

binding protein 1 (NSEP1; ab-114999), tenascin-C (TN-C; ab-226916), and inter-alpha-

trypsin inhibitor heavy chain H4 (ITIH4; ab-240221), and of ADMSCs exosomes to 

collagen type VI alpha 2 chain (COL6A2; ab-6588), cathepsin-D (CTSD; ab-72915), MMP2 

(ab-110186) and tenascin-C (TN-C; ab-226916) were determined as mentioned in the 

previous section. The cells grown under normoxic conditions were used as control. Four-to-
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five images from different experiments were used for mean fluorescence intensity (MFI) 

determination using ImageJ software and the MFI values were normalized to 100 cells [28], 

[29].

Statistical analysis

The diameter of exosomes was represented as average ± standard deviation and the level of 

significance within the group was calculated by one sample ‘t’ test using Shapiro-Wilk 

normality test using GraphPad prism software. The level of significance was set at P values 

<0.05. For mass spectrometry analysis, the peptide identifications contained at least two 

identified peptides and were accepted with greater than 90% probability by the Peptide 

Prophet algorithm with Scaffold delta-mass correction [30], [31]. The proteins that 

contained similar peptides and could not be differentiated based on MS/MS analysis alone 

were grouped to satisfy the principles of parsimony and the proteins sharing significant 

peptide evidence were grouped into clusters. Scaffold analysis was used to validate MS/MS-

based peptide and protein identifications. The average of peptide counts from the control 

groups were compared with the hypoxic groups and the results were expressed as fold-

change. The mRNA expression was expressed in fold-change relative to normoxic control 

and was represented as average ± standard error of mean. The statistical significance was 

calculated by Dunnett’s multiple comparison test using GraphPad prism software. The 

protein expression of biomarkers was represented as average ± standard error of mean with 

respect to MFI/100 cells and the statistical significance was calculated by one sample ‘t’ test 

using GraphPad prism software.

Results

Tenocytes and ADMSCs under hypoxia carried abundant exosomes

The tenocytes isolated from Yucatan microswine were immunopositive to tenomodulin and 

scleraxis (Fig. 1A). The ADMSCs were immunopositive to GFAP, CD44, CD34, SOX2 and 

vimentin (Fig. 1B). The exosomes were isolated from tenocytes and ADMSCs cultured 

under hypoxic conditions and the TEM imaging revealed their morphology and size (Fig. 

1C). The exosomal contents in the tenocytes were more in quantity than in the ADMSCs and 

the average diameter of ADMSC exosomes was found to be 24.86 ± 5.67 nm (n=14, NS) 

and that of tenocyte exosomes were found to be 23.37 ± 5.58 nm (n=99, P<0.05).

Screening of exosomal proteins using mass spectrometry identified several regenerative 
mediators

The expression of 199 proteins were detected in hypoxic tenocytes in comparison with the 

normoxic controls (Table S1) with an overall relative fold-change (RFC) ranging from −10 

to +4.62 (Fig. 2A). Among these, the RFC of 104 proteins ranged from −2 to +2, 50 proteins 

were in the range of −10 to −2 (Table S1) and 45 of them were within the range of +2 to +5 

(Table S1). The proteins with RFC > 2 (16 Nos., Table S2A) and RFC < 2 (15 Nos., Table 

S2B) were considered to be relevant and their overall functions were depicted in Table S2A 

and Table S2B. Similarly, 65 proteins were detected in hypoxic ADMSCs in comparison 

with the normoxic controls (Table S3). The overall RFC value ranged from −7 to +4 (Fig. 

2B). Among these, the RFC of 24 proteins ranged between −2 to +2, 18 proteins were in the 
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range of −7 to −2 (Table S3) and 11 of them were in the range of +2 to +4 (Table S3) and 12 

proteins were found to be uncharacterized (Table S3). The proteins with RFC > 2 (5 Nos., 

Table S2C) and RFC < 2 (8 Nos., Table S2C) were considered to be relevant and their 

overall functions are depicted in Table S2C.

The upregulated proteins from hypoxic ADMSCs which are associated with ECM 

homeostasis were MMP2, COL6A, CTSD and TN-C and those from hypoxic tenocytes were 

THSB1, NSEP1, ITIH4 and TN-C. Among the highly expressed proteins, the ECM 

glycoprotein tenascin (TN-C) was upregulated in both tenocytes and ADMSCs. These 

proteins were further examined for their expression on their respective cell types under 

hypoxic conditions.

Major ECM associated genes screened from exosomes were upregulated at mRNA level

The ECM associated proteins that were upregulated in the exosomes of hypoxic ADMSCs 

included MMP2, COL6A, CTSD and TN-C and the mRNA transcript analysis of these 

genes revealed similar alterations as in exosomes (Fig. 3A). More than 5-fold upregulation 

of MMP2 (P<0.01) transcripts were observed in hypoxic ADMSCs when compared with 

normoxic cells. Similarly, COL6A exhibited a significant increase (~7-fold, P<0.001) in 

hypoxic cells when compared to normoxic ADMSCs. The expression of CTSD transcripts 

from hypoxic ADMSCs was found to be similar to that of control cells (P>0.05). In addition, 

the expression of TN-C was increased in hypoxic cells, however, was statistically not 

significant (P>0.05). Similarly, THSB1, NSEP1, ITIH4 and TN-C were the major exosomal 

proteins contained in the exosomes of hypoxic tenocytes and the mRNA transcript analysis 

of these genes revealed similar trend (Fig. 3B). The miRNA transcripts for NSEP1 (~7-fold, 

P<0.001) and TN-C (~7-fold, P<0.001) were significantly upregulated in hypoxic tenocytes 

when compared with the normoxic controls. ITIH4 transcripts were also increased (~2-fold, 

P>0.05) however, was not statistically significant. And, no considerable alteration in THSB1 

(P>0.05) transcripts was observed in hypoxic tenocytes when compared with normoxic cells. 

Thus, MMP2, COL6A, NSEP1 and TN-C were significantly upregulated and there was a 

trend of upregulation of CTSD, THSB1 and ITIH4 transcripts, however, were not 

statistically significant.

Major ECM associated genes screened from exosomes were upregulated at the protein 
level

The mean fluorescence intensity (MFI) for the protein expression of CTSD (P<0.001) and 

TN-C (P<0.05) was significantly greater in hypoxic ADMSCs when compared to the 

corresponding normoxic cells (Figs. 4A, 4B and 4C). The MFI corresponding to the 

expression of MMP2 and COL6A were also increased in hypoxic ADMSCs, however, were 

not statistically significant (Figs. 4D, 4E and 4F). In hypoxic tenocytes, the MFI for the 

protein expression of NSEP1 (P<0.05) was significantly higher when compared with 

normoxic tenocytes (Figs. 4D, 4E and 4F). The protein expression of TN-C and THSB1 

displayed upregulation in hypoxic tenocytes, however, was statistically not significant (Figs. 

4D, 4E and 4F). The expression of ITIH4 was similar between normoxic and hypoxic 

tenocytes. Thus, the protein expression studies revealed significant upregulation of CTSD, 

TN-C and NSEP1 among the seven upregulated proteins obtained from mass spectrometry. 
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MMP2, COL6A and THSB1 were also increased, however, was not statistically significant 

(Figs. 4A–4F).

Discussion

The findings in this study revealed changes in the protein contents of exosomes in ADMSCs 

and tenocytes under the influence of hypoxia. Generally, the tendon cells are adapted to 

withstand the hypoxic insult by upregulating the expression of the mediators for cell survival 

and energy conservation [32], [33], [34]. For example, the hypoxic stimulation of epithelial 

cells releases exosomes, which in turn triggers the adjacent fibroblast population to 

upregulate type I collagen synthesis and facilitate ECM remodeling and local tissue repair 

[35]. Also, the hypoxia activates the differentiation of ADMSCs to tenocytes via HIF-1α 
signaling, and the hypoxia-driven genes, especially VEGF, accelerate the hypoxic 

adaptations/responses to various cell phenotypes [36], [37], [38]. These findings led to the 

hypothesis that the hypoxic insult in the shoulder tenocytes and adjacent ADMSCs results in 

the release of survival/regenerative mediators through the exocytosis of exosomes to the 

ECM. Screening of the exosome contents paves the way to understand their regenerative/

repair mechanisms and opens new translational avenues for exosomes as cell-free 

therapeutics in the management of RCTI.

Interestingly, the tissue remodeling protein, tenascin, was upregulated in the exosomes of 

both tenocytes and ADMSCs. Tenascin is associated with collagen fibers and concentrated 

mainly in the tendon belly and is pivotal for proper organization and orientation of collagen 

fibers [39]. Also, tenascin upregulation has been associated with most tendon disorders 

(especially at the sites where excessive mechanical force is required) implying its role in 

maintaining the mechano-elastic properties of tendon tissue [39], [40]. Based on these 

results, it is reasonable to speculate that the coordination of surviving cells increases the 

local concentration of tenascin to compromise/defend the loss of mechanical integrity 

following RCTI.

Thrombospondin-1 (TSP-1), the most upregulated protein of tenocyte exosomes, is a 

matricellular protein that plays a significant role in wound healing and ECM remodeling 

[41]. Even though members of TSP family (TSP-3 and TSP-4) were reported in regenerative 

tendon tissues, the exact function of TSP-1 has not been studied in rotator cuff tendon 

tissues [42]. However, our result revealed the possible involvement of TSP-1 in tendon 

regeneration following hypoxic insult which warrants further investigation. In addition, the 

nuclease-sensitive element-binding protein 1 (NSEP-1) or Y-box binding protein-1 (YB-1), 

the suppressor of type I collagen gene, [43] were also upregulated in the exosomes of 

tenocytes. Interestingly, there was a concomitant decrease in observed collagen type I 

content in the exosomes of tenocytes. This suggests that the hypoxia-mediated activation of 

YB-1 results in the downregulation of type I collagen, resulting in the concomitant 

upregulation of type III collagen, the typical hallmark of RCTI [9], [45], [100], [101].

Inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4), a glycoprotein and protease inhibitor, 

stabilizes the ECM by counteracting the fibrotic changes mediated by MMPs and 

proinflammatory cytokines [46], [47]. Similarly, alpha 2-HS glycoprotein (AHSG) or fetuin-
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A, which was found to be upregulated in the exosomes of hypoxic tenocytes, exhibits 

multiple functions including insulin signaling, prevention of ECM calcification, 

immunomodulation, TGF-β signaling and acts as an endogenous ligand for TLR-4 [48], 

[49], [50]. Even though the role of AHSG in RCTI has not been well defined, the AHSG-

inhibitory effects of MMPs suggest its possible role in ECM disorganization and 

inflammation associated with RCTI [51]. Interestingly, our recent findings revealed MMP 

hyperactivity (especially MMP-9) and TLR-4-mediated activation of inflammasomes in the 

pathophysiology of ECM disorganization following RCTI [8], [52]. Hence, the ratios of 

MMPs to ITIH4 and AHSG determine the pathological/regenerative fate of tendon tissues 

following RCTI which warrants further investigation.

Apart from the glycolytic function, the hydrolytic enzyme α-enolase (ENO1) participates in 

multiple biological functions such as a surface marker for hematopoietic cells, plasminogen 

receptors on endothelial cells and as a hypoxic stress protein [53]. The surface expression of 

ENO1 accumulates plasminogen and activates the degradation of ECM [53]. However, 

ENO1-mediated degradation of collagens or other matrix components have not been 

reported. The upregulation of ENO1 in the cytosol of hypoxic cells contribute to tolerating 

the oxidative/ischemic stress by increasing anaerobic metabolism and reducing the survival 

rate of fibroblasts- resulting in insufficient ECM deposition [54], [55]. These findings 

suggest that the increased content of ENO1 promotes tenocyte survival via energy 

conservation and prevention of hypoxic damage. However, the extracellular function of 

ENO1 in hypoxic tenocytes requires further attention.

Fibronectin is a normal constituent of the tendon matrix and facilitates the attachment, 

spreading and adhesion of cells in addition to the prevention of cell detachment from the 

friction of gliding [56]. In addition, fibronectin acts as binding sites for collagen and 

hyaluronic acid and functions as tissue lubricant [56]. Fibronectin promotes ECM formation 

through the RGD mediated interaction with integrins, association with cytoskeletal actin and 

by providing vascularization for collagen deposition [57]. Following RCTI, the level of 

fibronectin increases along with collagen type III and downregulates to a/the basal level after 

the healing process is completed [58], [59]. The upregulation and increased secretion of 

fibronectin in the exosomes of hypoxic tenocytes suggests that tenocytes respond to hypoxia 

by secreting matrix components such as tenascin, fibronectin and thrombospondins in order 

to compromise for the ECM disorganization characterized by the decrease in collagen type I 

to III ratio following RCTI.

Apart from the ECM component proteins and ECM regulatory/repair proteins, the hypoxic 

tenocytes carried increased levels of cell survival proteins and anti-oxidant mediators in the 

exosomes. For example, the 14–3-3 family of proteins protects the cells from apoptosis via 

Akt signaling by sequestering several pro-apoptotic mediators including Bad and FOXO 

[60]. Furthermore, the 14–3-3 proteins shield the cells from oxidative injury through the 

activation of Mst family kinase (MST1) and by triggering several pro-survival proteins [61]. 

Therefore, 14–3-3 proteins can be considered as hypoxia responsive signals for cell survival 

[62]. Apart from cell survival proteins, several antioxidant signaling proteins including 

alpha-2-HS-glycoprotein, hemoglobin fetal subunit-beta, and transthyretin [50], [63], [64] 

were upregulated in the exosomes of hypoxic tenocytes. Glutaredoxin-1 (Grx1), the anti-
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oxidant sulfhydryl disulfide oxidoreductase enzyme, protects the cells from oxidative stress, 

metabolic/glucose stress and apoptosis through the activation of selenoproteins [65], [66]. 

However, Grx1 was downregulated in the exosomes of hypoxic tenocytes, suggesting the 

possibility for alternate routes of antioxidant signaling responses in tenocytes without the 

involvement of selenoprotein, which requires further investigation.

Seven out of fifteen downregulated proteins in the exosomes of hypoxic tenocytes belonged 

to the keratin family of cytoskeletal proteins. Cytoskeletal keratins are a family of 

intermediate filaments with diverse cellular functions such as cell motility, differentiation, 

signaling and survival. The plasticity and dynamicity of keratins are essential to retain the 

cell phenotype and the maintenance of cell-cell and cell-ECM interactions [67], [68]. 

Interestingly, it has been reported that hypoxia triggers the disassembly of keratin filaments 

via complex III-generated mitochondrial ROS. The hypoxia responsiveness of keratin 

disassembly offers a feedback inhibition to ROS by altering the intracellular organization 

and location of mitochondria in addition to stimulating cell migration across the oxygen 

gradient [69]. This suggests another probable cellular event associated with tissue 

regeneration- the alteration of plasticity and dynamicity of keratin filaments in tendon tissue, 

additionally warranting further research.

Dolichyl-diphospho oligosaccharide-protein glycosyl transferase subunit (also called 

advanced glycation end product receptor-1 or AGER1) functions as a cell surface receptor 

which protects the cells from AGE-mediated oxidative stress [70]. The cytoprotective effects 

of AGER1 have been attributed to its ability to facilitate the removal of AGEs by 

endocytosis, inhibition of RAGE (the conventional receptor for AGE which triggers 

inflammation), MAPK, and NF-κB [70], [71]. Transient hypoxia and subsequent AGE 

mediated oxidative stress has been considered to be the major trigger for AGER1 expression, 

however, persistent oxidative stress reduces the AGER1 activity [70]. This suggests a 

possible reason for the decreased level of AGER1 in hypoxic tenocytes, as observed in our 

findings. In addition, the comorbidity of diabetes has been proven to be associated with 

RCTI. In diabetes, the increase in AGEs results in non-enzymatic crosslinking of the 

collagen fibrils in the tendon matrix, preventing the hydrolytic turnover of ECM and further 

affecting the mechanical integrity of the tissue [72], [73], [74]. Our recent finding 

demonstrated an increased expression of RAGEs in the tendon tissues of both RCTI patients 

and rat models, revealing the impact of HMGB1-RAGE axis-mediated sterile inflammation 

and ECM disorganization in RCTI pathology [8], [75]. Therefore, the assessment of the ratio 

of AGER1-to-RAGE and their competition for AGE binding may reveal the health status of 

tendon ECM [71].

Four (two ECM components – type VI collagen and tenascin and two ECM remodeling 

enzymes – MMP2 and cathepsin-D) out of five upregulated proteins in the exosomes of 

hypoxic ADMSCs were directly associated with ECM biology. Collagen type VI and 

tenascin (described above) have been upregulated in tendon tissues following RCTI [76]. 

The interaction of type VI collagen with type I and III subtypes is prerequisite for ECM 

homeostasis. Specifically, collagen VI triggers the activation of various MMPs, promotes 

fibroblast activation and mobilization for ECM synthesis and acts as a reservoir for various 

growth mediators [77], [78]. Even though gelatinase-A (MMP2) is an ECM remodeling 
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enzyme (which degrades type I collagen the major component of tendon ECM), its 

hyperactivity is associated with the tendon ECM disorganization in RCTI patients [52]. 

Interestingly, the release of MMP-2 from ADMSCs is crucial for their subsequent 

differentiation into cells of the musculoskeletal lineage [79]. Similarly, the upregulation of 

aspartate protease cathepsin-D (predominantly intracellular) in the exosomes of hypoxic 

ADMSCs suggests its ECM remodeling function. Both the association of cathepsin-D 

expression with MMPs and its potential role in the inactivation of TIMP2 have already been 

established under physiological and pathological conditions [80], [81]. Interestingly, we 

observed a concomitant increase of MMP2 along with cathepsin-D, signifying the potential 

role of ADMSCs in ECM regeneration. Moreover, the findings such as the type VI collagen 

as a substrate for MMP2, tenascin as an inducer for MMP2 and association of cathepsin-D 

with both MMP2 and tenascin [82], [83], [84] suggest the exosomal content of ADMSCs 

under hypoxic conditions drives the ECM repair, warranting further investigation.

Three (Hsp70, endoplasmin, and PDI) out of eight downregulated proteins in the hypoxic 

exosomes exhibited the function of molecular chaperons. The expression of these molecular 

chaperons maintains the proteostasis and fidelity of stem cell signaling and also helps to 

retain the self-renewal capacity of stem cells [85]. In addition, these chaperons are necessary 

for stem cell differentiation, protection of the cells from various stresses, maintenance of 

ECM integrity, and immunomodulation [86], [87], [88]. Interestingly, we observed the 

concomitant downregulation of two proteins (Pigment epithelium-derived factor and 

annexin) which have an anti-inflammatory function, suggesting the association of the 

chaperone proteins (mentioned above) in preventing inflammation. Therefore, it is 

reasonable to speculate that under normoxic conditions, ADMSCs function by releasing 

exosomal contents for maintaining ECM integrity and modulating the immune responses. 

However, under hypoxia, the exosomes carry ECM components, ECM remodeling enzymes 

and inflammatory mediators, suggesting that the extent of hypoxia drives the ECM 

regeneration via an alteration in the exosomal contents.

Vimentin is an MSC marker which belongs to type III intermediate filaments that is 

responsible for cellular resistance to various types of stress. However, depleted level of 

cellular vimentin represents an increased differentiation state of stem cells characterized by 

the upregulation of differentiation markers [89]. Vimentin facilitates wound healing via the 

activation of keratin filaments, however, excessive scarring is produced [90]. Interestingly, 

extracellular vimentin has been identified to be an activating ligand for superoxide 

production by interacting with the non-toll pattern recognition receptor (nontoll PRR), 

Dectin-1. The Vimentin-Dectin-1 axis is pro-inflammatory and is a potent inducer of 

oxidative damage to membrane lipids [91]. This suggests that the decreased level of 

vimentin in the exosomes of hypoxic ADMSCs represents tissue regeneration by defending 

oxidative stress and inflammation.

The major focus of this study was to screen and identify the proteins contained in the 

exosomes of tenocytes and ADMSCs isolated from the swine shoulder in response to 

hypoxia. Even though most of the detected proteins were associated with ECM repair/

remodeling, there existed several proteins that functions in gene expression, cell biology and 

exosome integrity which are also related either directly or indirectly to ECM homeostasis. 
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Furthermore, several intracellular proteins were present in the exosomes of both tenocytes 

and ADMSCs and their extracellular functions are still largely unknown. In the current 

study, the exosomal proteins were screened based on their relative fold change. The majority 

of the detected proteins were excluded since they did not meet the inclusion criteria of the 

fold change difference of two. The excluded proteins may also have an impact on tendon 

tissue regeneration, which warrants further investigations. In addition, the mechanism of 

action and signaling cascade of the detected proteins requires further examination at the 

cellular and molecular level in regard to RCTI.

Among the screened proteins, MMP2, COL6A, CTSD and TN-C from hypoxic ADMSCs 

and THSB1, NSEP1, ITIH4 and TN-C from hypoxic tenocytes were directly associated with 

ECM homeostasis. The expression status of these proteins (discussed above in regard to 

their ECM function) at the protein and mRNA level revealed a similar trend to the respective 

exosomes. Similarly, these seven proteins were upregulated in the cells of shoulder tissues 

under the influence of hypoxia at the mRNA and protein levels. These findings confirmed 

the association of these protein mediators in the regulation of ECM regeneration following a 

hypoxic insult. Hypoxia being a significant contributing factor for the initiation of RCTI, the 

upregulation of these seven proteins in shoulder tenocytes and surrounding ADMSCs 

reflects the alterations in the tendon ECM regenerative machinery following hypoxia and the 

subsequent initiation of pathology. At the same time, the effect and interactions of other 

significantly altered exosomal proteins should not be neglected.

Moreover, the cumulative signaling effects, interconnecting networks and the possible 

combination of exosomal proteins released from tenocytes and ADMSCs requires further 

attention. For instance, the NetworkAnalyst program [9], [29] revealed the interaction of the 

seven upregulated proteins from both tenocytes and ADMSCs that are directly associated 

with ECM function (input genes given were THBS1, NSEP1, TN-C, ITIH4, COL6A2, 

CTSD, MMP2) which involve 97 genes (excluding the input genes) and constitutes 40 

pathways (Fig. 5, Tables S4 and S5). In fact, this reveals the complexity of protein-protein 

interactions and the network of downstream signaling of exosomal proteins in response to 

hypoxia. In addition, several uncharacterized proteins were contained in the studied 

exosomes, which requires further characterization and functional analyses. Furthermore, the 

non-protein mediators carried in the exosomes, such as miRNAs, non-coding RNAs and 

lipids play functional and/or regulatory roles in the tissue regeneration [92]. Also, the study 

examined primarily the highly altered exosomal proteins. However, potential role of less 

altered proteins to influence the RCTI pathology cannot be ruled out and warrants further 

investigation. To the best of our knowledge, this is the first report on the exosome biology of 

rotator cuff tenocytes and shoulder subcutaneous adipose tissue in regard to RCTI pathology. 

However, the elucidation of the molecular interplay between tenocytes and adjacent 

ADMSCs under hypoxic conditions and the downstream ECM regenerative pathways 

mediated by the exosomal proteins warrants extensive in silico, in vitro, and in vivo 
investigations. Nonetheless, the expression of regenerative protein mediators in the 

exosomes released by the tenocytes and ADMSCs in response to hypoxia opens new 

translational opportunities for the management of RCTI.
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Conclusions

The proteins contained in the exosomes of hypoxia-challenged tenocytes and the 

subcutaneous ADMSCs isolated from the shoulder of Yucatan microswine revealed the 

expression of protein mediators associated with ECM regeneration. The exosomes of 

tenocytes and ADMSCs cultured under hypoxic conditions carried 199 and 65 proteins 

respectively, when compared with respective normoxic cells. The difference in fold-change 

was the screening criteria. Sixteen upregulated proteins and 15 downregulated proteins from 

tenocytes and 5 upregulated proteins and 8 downregulated proteins from ADMSC were 

considered to be relevant. Most of these proteins were associated with ECM homeostasis, 

cell integrity, antioxidant response and inflammation, suggesting the impact of exosome 

signaling in ECM regeneration. Among the screened proteins, MMP2, COL6A, CTSD and 

TN-C from hypoxic ADMSCs and THSB1, NSEP1, ITIH4 and TN-C from hypoxic 

tenocytes were directly associated with ECM homeostasis which exhibited similar 

expression at the mRNA and protein levels. Moreover, these proteins are involved in 

multiple signaling pathways dealing with ECM repair/regeneration which warrants further 

investigation and may open translational significance of exosome-based management 

strategies for RCTI.
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Fig. 1: 
(A) Characterization of tenocytes: Immunofluorescence analysis for the expression of 

Scleraxis and Tenomodulin showing their expression. Images were acquired at 20× 

magnification using CCD camera attached to the Olympus microscope. (B) Characterization 

of ADMSCs: Immunofluorescence analysis for the expression of CD44, CD34, GFAP, 

SOX2 and Vimentin showing their expression. Images were acquired at 20× magnification 

using CCD camera attached to the Olympus microscope. (C) The examination of the 

exosome morphology using TEM analysis in tenocytes (i) and ADMSCs (ii) cultured under 

hypoxic conditions. The tenocytes under hypoxia exhibited more exosomes but smaller size 

than compared with hypoxic ADMSCs.
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Fig. 2: 
The pie diagram showing the distribution of proteins based on the relative fold change. (A) 

Proteins detected from the exosomes of tenocytes and (B) proteins detected from the 

exosomes of ADMSCs.
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Fig. 3: 
qRT-PCR analysis for the expression of COL6A2, CTSD, TN-C and MMP2 by ADMSCs 

(A) and THBS1, NSEP1, TN-C, and ITIH4 by tenocytes (B) cultured under hypoxic 

condition with respect to normoxic controls: The results were expressed as fold change of 

expression relative to control. (NS – non-significant, and * P<0.05, ** P<0.01 and *** 
P<0.001)
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Fig. 4: 
Immunofluorescence analysis for the expression of COL6A2, CTSD, TN-C and MMP2 by 

ADMSCs cultured under (A) hypoxia, (B) normoxia and (C) quantification of the expression 

proteins normalized to 100 cells and for the expression of THBS1, NSEP1, TN-C, and 

ITIH4 by tenocytes cultured under (D) hypoxia, (E) normoxia and (F) quantification of the 

expression proteins normalized to 100 cells: Images in the left columns show nuclear 

staining with DAPI; the images in the middle column show expression of proteins while the 

images in the right column show overlay of proteins with DAPI. Images were acquired at 

20× magnification using CCD camera attached to the Olympus slide scanner. The graphs (C 

and F) represent MFI mean values with standard error. (NS – non-significant, * P<0.05, and 

*** P<0.001).
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Fig. 5: 
Genes interconnecting with THBS1, NSEP1, TN-C, ITIH4, COL6A2, CTSD, and MMP2 as 

examined by NetworkAnalyst indicating the interplay of exosome proteins between 

ADMSCs and tenocytes.
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Table 1:

Primer sequences used for PCR

THBS1

Fw AGATCCCGGCTACAACTGCC

Rev ATCTGTGCAGGGGTTACGGG

NSEP1

Fw GACAGAATGTGTACCGGGGCT

Rev CTCTCGGGGTTGTCTTTGGC

TN-C

Fw TGCTGAACGAACTGCCCACAT

Rev CCATCTGGGGTGGCATCTGAA

ITIH4

Fw TTTGCCCCGGAGGTCTGGTC

Rev TCCCCACTGAAGCTGACAAGG

COL6A2

Fw CTCACGGAGTGCGACGTCAT

Rev ACTTGGGGTCCTTGGCGATG

CTSD

Fw CCCCGCATCTCCGTGAACAA

Rev TGCGCGTGACGTTGTGATAG

MMP2

Fw CGCCCCCAAAACGGACAAAG

Rev CTGGTCGAGTTCGCCTGTCT

18s rRNA

Fw ACGTTGGCGAGAGCGTGG

Rev AGGTGGAGGAGGCGAGAGAG

GAPDH

Fw CGGAGTGAACGGATTTGGCCG

Rev GGAACTTGCCGTGGGTGGAA
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