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ABSTRACT
Purpose/Aim: Metabolic disorders are risk factors for rotator cuff injuries, which suggests that the 
rotator cuff is sensitive to local metabolic fluctuations. However, the link between the metabolic 
microenvironment and pathologic features of acute tear versus chronic degeneration is currently 
unknown. The overarching goal of this study was to evaluate alterations in tendon metabolite 
profiles following acute tear or chronic degeneration of the rotator cuff. We hypothesized that 
injury types (acute tear vs. chronic degeneration) would result in distinct metabolite profiles 
relative to clinically unaffected tendon controls.
Materials and Methods: We utilized untargeted metabolomics to identify pathways that were 
altered at the time of rotator cuff repair (RCR; acute tear) or reverse total shoulder arthroplasty 
(rTSA; chronic degeneration) relative to total shoulder arthroplasty controls (TSA; tendon clinically 
unaffected).
Results: Acute tears to the rotator cuff were associated with an overall decrease in tendon 
metabolites. This global decrease was primarily associated with glycolic acid and decreased 
tricarboxylic acid (TCA) cycle activity. Conversely, chronic tendon specimens from patients under-
going rTSA showed an overall increase in metabolites. Most notably, chronic injury was associated 
with increased levels of multiple amino acids including alanine, aspartate, lysine, and proline.
Conclusions: Overall, this study demonstrates that distinct metabolite profiles are associated with 
injury types, and that therapeutic strategies should address both cellular and matrix components 
regardless of injury induction. The specific pathways identified paired with validated, established, 
treatment methods may serve as novel therapeutic targets for patients who suffer from rotator 
cuff injuries.
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Introduction

Numerous metabolic disorders, including increased 
fasting glucose1 and diabetes,2,3 hypercholesterolemia,4 

and hyperuricemia,5 have been identified as risk factors 
for rotator cuff injuries. This link between systemic 
metabolic dysfunction and rotator cuff pathologies sug-
gests that the rotator cuff is sensitive to metabolic shifts 
and that local metabolic fluctuations may be associated 
with injury. However, the extent to which metabolic 
changes within the rotator cuff tendon are linked to 
pathologic features following either acute tear or 
chronic degeneration is currently unknown.

Repetitive overuse of the rotator cuff tendon induces 
microdamage within the highly organized extracellular 
matrix,6 which, if not balanced with rest, initiates cellular 
cascades responsible for chondroid metaplasia, fatty 

infiltration, and collagen disorganization, all hallmarks 
of chronic tendon degeneration or tendinopathy.7–11 In 
contrast, acute tears of the rotator cuff, due to trauma, are 
characterized by a defined macroscopic loss of tendon 
continuity (either partial or full thickness), followed by 
formation of a fibrotic scar12 associated with collagen 
synthesis dysregulation.13 Both etiologies result in loss of 
mechanical function and pain and require surgical inter-
vention either with a reverse total shoulder arthroplasty 
for chronic degeneration or rotator cuff repair for an 
acute tear. While these techniques primarily seek to 
restore mechanical function, they do not address the 
underlying cellular metabolic changes that may contri-
bute to the high prevalence of revision surgeries asso-
ciated with rotator cuff injuries. As a first step in 
addressing this gap, there is a critical need to understand 
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the relationship between tendon metabolism and injury,14 

particularly in the rotator cuff.
A recent metabolomics study focusing on shoulder 

stiffness due to impingement syndrome or lesions in 
the long head of the biceps found lipid-related meta-
bolite changes in the rotator interval and anterior cap-
sule, specifically associated with sphingomyelin 
glycerophospholipids.15 Additionally, high correlations 
in these altered metabolites were associated with serum 
cholesterol, which may be associated with shoulder 
stiffness.15 While informative to other shoulder pathol-
ogies, this study excluded patients with pathology to the 
rotator cuff tendons. Furthermore, rotator cuff studies 
have primarily focused on muscle, as opposed to ten-
don, related metabolic changes. In patients with rotator 
cuff tears, 2-[(18)F]-fluoro-2-deoxy-d-glucose (FDG) 
uptake measured via positron emission tomography 
(PET) was decreased in the supraspinatus and infraspi-
natus muscles relative to the contralateral non-injured 
muscles.16 Notably, by 6 months following surgical 
repair, glucose uptake in the supraspinatus muscle 
was no longer significantly different from the non- 
injured side.17 To date, no studies have analyzed rotator 
cuff tendon clinical specimens for altered metabolite 
changes.

The overarching goal of this study was to evaluate 
alterations to tendon metabolite profiles following 
acute tear or chronic degeneration of the rotator cuff. 
We hypothesized that injury type (e.g., acute tear vs. 
chronic degeneration) would result in distinct metabo-
lite profile differences relative to clinically unaffected 
tendon controls. To test this, we utilized untargeted 
metabolomics to identify metabolic pathways that 
were altered at the time of rotator cuff repair (RCR; 
acute tear) or reverse total shoulder arthroplasty (rTSA; 
chronic degeneration) relative to total should arthro-
plasty controls (TSA; tendon clinically unaffected). 
Understanding the relationship between injury and cel-
lular metabolism in the rotator cuff may allow for the 
identification of novel strategies for the treatment of 
both acute tear and chronic degeneration rotator cuff 
pathologies.

Methods

Specimen collection

Under IRB approval and with patient consent (Rush 
University Medical Center; #17011032), tendon speci-
mens were taken at the time of Rotator Cuff Repair 
(RCR, acute tear injury, n = 14, for metabolomics only), 
Reverse Total Shoulder Arthroplasty (rTSA, chronic 
degeneration, n = 15, each specimen analyzed for both 

metabolomics and histology), and Total Shoulder 
Arthroplasty (TSA, clinically unaffected tendon, sepa-
rate n = 16 for metabolomics and n = 14 for histology). 
Due to size limitations during specimen retrieval, all 
specimens were not able to be used for all analyses. 
Specified donor age was between 40 and 85 years of age, 
with exclusion criteria for the history of radiation of 
upper extremities and tobacco use. Only patients who 
had failed appropriate non-surgical management for at 
least 6 months qualified. For each specimen, the follow-
ing clinical parameters were noted: 1) age, 2) sex, 3) 
duration of symptoms, 4) time between diagnosis and 
surgery, 5) prior non-surgical failed treatments such as 
injections or physical therapy, and 6) diabetes. 
Specimens collected for metabolomics were immedi-
ately (within 10 min of retrieval) frozen in liquid nitro-
gen and stored at −80 °C until analysis. Specimens 
collected for histology were placed into 10% neutral 
buffered formalin until analysis.18

Histology and histopathology

Following fixation in 10% neutral buffered formalin, 
rTSA and TSA specimens were processed, embedded 
in paraffin, and 5 µm longitudinal sections were 
obtained. Sections were deparaffinized and stained 
with Hematoxylin and Eosin (H&E). Slides were graded 
by a Board-Certified Veterinary Pathologist for both 
the Bonar19 and Movin20 Tendinopathic Scoring 
Guidelines following standards established within the 
field.18 All slides were blinded prior to grading, and all 
groups were analyzed together within the same 
timeframe.

Metabolomic specimen processing

Tissue samples were pulverized in a chilled mortar and 
pestle, weighed (for normalization of raw metabolite 
abundances to specimen weight), placed in 1 mL of 
50% methanol, and transferred to the Analytical 
Resources Core—Bioanalysis and Omics (ARC-BIO) 
at Colorado State University for metabolomics proces-
sing. For specimens submitted to metabolomics, the 
average (average (STD)) weight for each group was as 
follows: RCR 225.72 mg (138.28 mg), rTSA 294.82 mg 
(90.85), TSA 267.41 mg (96.52 mg). Using 
a QsonicaTM sonicator, the samples were sonicated 
10 s on and 20 s off for 30 min at an amplitude of 
80%. The supernatant was transferred to a new vial and 
evaporated under nitrogen. To ensure appropriate tis-
sue fragmentation, two additional sonication steps were 
completed. First, sonication was conducted using 1 mL 
of 100% ULCMS-grade methanol for 15 min with the 
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previous settings. The resultant extract was then com-
pletely evaporated under nitrogen and stored at −20 °C. 
Second, sonification was conducted using 500 µL 
MTBE and 500 µL 75% MeOH/25% water for 30 min 
in a cold-water bath, then shaking for 2.5 h at 4 °C 
before further sonification for 30 min in a cold-water 
bath. Samples were then centrifuged for 15 min at 
3500 rpm at 4 °C and the supernatant was added to 
the same vial holding previous sample extracts and 
completely evaporated under nitrogen.

This pooled extract was then divided into two separate 
fractions by using a biphasic procedure. 1 mL of cold 
MTBE:MeOH:Water (6:3:1) was added to the vial, fol-
lowed by 350 µL water. Samples were vortexed for 20 min 
at 4 °C to ensure resuspension. The biphasic system was 
centrifuged for 15 min at 3500 rpm at 4 °C. A 400 µL 
aliquot of the organic layer was completely evaporated 
under nitrogen and resuspended in 160 µL of UPLCMS- 
grade 1:1 toluene/methanol and the upper and lower 
layers transferred to separate vials for further processing. 
The remaining organic layer was washed with 100% 
MTBE and completely removed from the remaining aqu-
eous layer. The aqueous layer was diluted with 900 µL of 
2:2:1 acetonitrile/methanol/water and incubated for 1 h at 
−80 °C and then for 1 h at −20 °C. The samples were 
centrifuged for 15 min at 3750 rpm and 4 °C, and the cold 
incubation and centrifugation were repeated. 1 mL of the 
supernatant was transferred to a new 2 mL clear glass 
autosampler and then diluted a second time with 500 µL 
of 2:2:1 acetonitrile/methanol/water and briefly vortexed. 
The samples were incubated overnight at −20 °C prior to 
centrifuging for 15 min at 3750 rpm and 4 °C. 600 µL of 
supernatant was transferred to a clean 2 mL glass vial, 
which was then completely evaporated under nitrogen 
and re-suspended in 300 µL of 2:2:1 acetonitrile/metha-
nol/water and briefly vortexed. After an overnight incu-
bation at −20 °C, the samples were centrifuged for 15 min 
at 3750 rpm and 4 °C. 200 µL of supernatant was trans-
ferred to a new 2 mL clear glass autosampler vial for GC- 
MS analysis. ULCMS grade water was utilized for all 
extraction steps.

Gas chromatography Mass spectroscopy (GCMS; 
polar metabolomics)

The aqueous phase re-suspension was dried under 
nitrogen, re-suspended in 30 μL of pyridine containing 
25 mg/mL of methoxyamine hydrochloride, incubated 
at 60 °C for 1 h, sonicated for 10 min, and incubated for 
an additional 1 h at 60 °C. Next, 30 μL of N-methyl- 
N-trimethylsilyltrifluoroacetamide with 1% trimethyl-
chlorosilane (MSTFA +1% TMCS, Thermo Scientific) 
was added, and samples were incubated at 60 °C for 

45 min, briefly centrifuged, cooled to room tempera-
ture, and 100 μL of the supernatant was transferred to 
a 150 μL glass insert in a GC-MS autosampler vial. 
Metabolites were detected using a Trace 1310 GC 
coupled to a Thermo ISQ mass spectrometer (Thermo 
Scientific). Samples were injected in a 1:10 split ratio. 
Separation occurred using a 30 m TG-5 MS column 
(Thermo Scientific, 0.25 mm i.d., 0.25 μm film thick-
ness) with a 1.2 mL/min helium gas flow rate, and the 
program consisted of 80 °C for 30 sec, a ramp of 15 °C 
per min to 330 °C, and an 8 min hold. Masses between 
50 and 650 m/z were scanned at 5 scans/sec after elec-
tron impact ionization.

Ultra-high performance liquid chromatography 
Mass spectroscopy (UPLCMS; non-polar 
metabolomics)

Aliquots of different volumes of the organic layer from 
sample extraction (normalized according to sample 
weight) were taken and suspended in 400 µL of 1:1 
toluene methanol to normalize for weight variations 
between the original sample tissues. Samples were diluted 
20-fold with 1:1 toluene/methanol prior to injecting 1 µl 
of extract onto a Waters Acquity UPLC system in rando-
mized order. Separation was achieved using a Waters 
Acquity UPLC CSH Phenyl Hexyl column (1.7 µM, 
1.0 × 100 mm), using a gradient from solvent A (Water, 
0.1% ammonium formate) to solvent B (Acetonitrile, 
0.1% formic acid). Injections were made at 99% A, held 
at 99% A for 1 min, ramped to 98% B over 12 min, held at 
98% B for 3 min, and then returned to starting conditions 
over 0.05 min and allowed to re-equilibrate for 3.95 min, 
with a 200 µL/min constant flow rate. The column and 
samples were held at 65 °C and 6 °C, respectively. The 
column eluent was infused into a Waters Xevo G2 
Q-TOF-MS with an electrospray source in positive 
mode, scanning 50–2000 m/z at 0.2 s per scan, alternating 
between MS (6 V collision energy) and MSE mode (15–-
30 V ramp). Calibration was performed using sodium 
iodide with 1 ppm mass accuracy. The capillary voltage 
was held at 2200 V, source temperature at 150 °C, and 
nitrogen desolvation temperature at 350 °C with a flow 
rate of 800 L/hr.

Data processing

Raw mass spectrometry data were processed using an 
R-based workflow for feature detection, retention time 
alignment, feature grouping, peak filling, feature clus-
tering. XCMS (v.3.8.1) was used for feature detection 
and retention time alignment. Processing was per-
formed using R (v.R Core Team 2019). Feature data 
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were input as an xcms object with ramclustR parameter 
settings of st = 1.22 sr = 0.5 and maxt = 24.4. 
RAMClustR for GCMS and st = 2.7 sr = 0.5 and maxt  
= 54.RAMClustR for UPLCMS (version 1.0.9) was uti-
lized to cluster features into spectra.21 Feature data 
included both MS and indiscriminate MS/MS data.22 

Features were normalized to total signal using “tic” 
normalization. The feature similarity matrix was clus-
tered using fastcluster package hierarchical clustering 
method using the average method. The dendrogram 
was cut using the cutreeDynamicTree function from 
the dynamicTreeCut package. Cutting parameters 
were set to minModuleSize = 2, hmax = 0.5, and 
deepSplit = FALSE.

For GCMS 10,074 features were collapsed into 883 
spectra. For UPLCMS, 5284 features were collapsed 
into 696 spectra. Molecular weight was inferred using 
the do.findmain function, which calls the 
interpretMSSpectrum package.23 Annotations were 
assigned using the RAMClustR annotate function. 
Annotation priority was assigned from highest priority 
to lowest: RAMsearch for GMCS, and MSFinder spec-
trum search, MSFinder structure, MSFinder formula, 
interpretMSSpectrum M. MSFinder structures were 
considered from databases for UPLCMS. For GCMS, 
smiles structures were retrieved for each inchikey with-
out a structure using the Pubchem API24 called from 
RAMClustR using the getSmilesInchi function. 
Compounds were assigned to chemical ontogenies 
using the ClassyFire API.24 For UPLCMS, database 
priority was set to HMDB SMPDB ChEBI LipidMAPS 
Serum Csf BLEXP. Smiles structures were retrieved for 
each inchikey without a structure using the Pubchem 
API24 called from RAMClustR using the getSmilesInchi 
function. Compounds were assigned to chemical onto-
genies using the ClassyFire API.24

All annotated metabolites were matched to a HMDB 
identification number for relevance by cross- 
referencing the compound name against the GOLM 
metabolome database.25 For GCMS, 212 unique meta-
bolites were identified from 883 spectra. For UPLCMS, 
121 unique metabolites were identified from 696 spec-
tra. GCMS and UPLCMS identified metabolites can be 
seen in Supplemental 1 and Supplemental 2, respec-
tively. Chemometric analysis using partial least square 
discriminant analysis (PLS-DA) and pathway analysis 
was performed in MetaboAnalyst 4.0.26 Chemometric 
analysis allowed for global data visualization through 
principal component plots, heatmap clustering, and 
variable importance in the projection (VIP). For 
MetaboAnalyst, sample abundances were not normal-
ized (as raw metabolite abundances were previously 
normalized to specimen weight) or transformed but 

were auto-scaled (mean-centered and divided by the 
standard deviation of each variable). Both GCMS and 
UPLCMS significant metabolites were uploaded for 
pathway analysis. For RCR (acute tear injury) and 
rTSA (chronic injury) comparisons relative to TSA 
controls, 115 and 15 metabolites, respectively, were 
identified in MetaboAnalyst and utilized for pathway 
analysis.

Statistical Analysis

All statistics were conducted in GraphPad Prism 
v10.1.2 (San Diego, CA). For patient demographic 
information, groups (RCR, rTSA, and TSA) were 
compared using a One-Way ANOVA with Tukey’s 
Post-Hoc Comparisons. For GCMS and UPLCMS 
individual metabolite comparisons, groups (RCR, 
rTSA, and TSA) were compared using a Kruskal– 
Wallis test with Dunn’s Post-Hoc Comparisons. For 
histological grading, groups (rTSA, TSA) were com-
pared using a Mann–Whitney test. For metabolomic 
and histological associations for rTSA specimens, 
a non-parametric Spearman Correlation was con-
ducted, with false-discovery rate (FDR) corrections 
conducted using a two-stage linear step-up procedure 
of Benjamini, Krieger, and Yekutieli with a 1% FDR. 
Significance for all comparisons was set to p < 0.05.

Results

Specimen demographics

A summary of patient demographic information can 
be seen in Table 1. When comparing the age of 
patients for each specimen group, rTSA specimens 
were obtained from patients of a significantly 
increased age relative to RCR and TSA (histology) 
patients (p < 0.0001 and p = 0.03, respectively). No 
significant differences in duration of symptoms 
(months) and time from diagnosis (months) were 
seen between groups (p = 0.10 and p = 0.40, respec-
tively). For sex, the majority of rTSA specimens were 
from female patients, while the majority of TSA 
specimens were from male patients. When reported, 
diabetes was only present in at most one patient per 
group; therefore, due to the limited sample size, 
analysis of diabetes as a co-morbidity for tendon 
injury could not be conducted in the current study.

Histopathology

Histology was conducted on specimens obtained from 
rTSA (chronic tendon injury) and TSA (clinically 
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unaffected tendon) patients to determine the specific 
degree of tendon pathology. Due to the size (approxi-
mately 1 cm3) of tissue removed during RCR (acute tear 
injury), histology was not possible as tissue collected 
was prioritized for metabolomics. TSA specimens 
exhibited mild collagen disruption (Figure 1(a)), 
slightly increased vascular profiles (Figure 1(b)), and 

increased tenocytes and extracellular matrix 
(Figure 1(c)). rTSA specimens exhibited disruption of 
the collagen fibers (Figure 1(d)), with the presence of 
medium-to-large vacuolated lakes (Figure 1(e)) and 
hyalinized collagen and increased extracellular matrix 
(Figure 1(f)). Histopathological grading demonstrated 
that, relative to TSA specimens, rTSA specimens 

Table 1. Patient demographic information.
TSA

RCR rTSA Metabolomics Histology p-value

Age (years) 57.85 (10.15)A 72.15 (5.16)A,B 64.85 (5.34) 64.33 (11.01)B p = 0.0002
Duration of Symptoms (months) 58.71 (82.80) 20.67 (11.36) 164.25 (215.46) 218.4 (226.4) p = 0.10
Time from Diagnosis (months) 11.63 (18.28) 3.5 (2.18) 2.33 (1.04) 4.8 (3.46) p = 0.40
Sex N = 7 F 

N = 7 M
N = 9 F 
N = 6 M

N = 4 F 
N = 11 M

N = 4 F 
N = 10 M

N/A

Diabetes N = 1 Yes 
N = 5 No 
N = 8 NS

N = 1 Yes 
N = 2 No 

N = 12 NS

N = 15 NS N = 0 Yes 
N = 2 No 

N = 12 NS

N/A

*Data represented as Average (Standard Deviation); One-way ANOVA p-value listed with matching superscripts denoting significant differences between 
groups for post-hoc comparisons; Abbreviations: F = Female, M = Male, NS = Not Specified. 

Figure 1. Representative photomicrographs of TSA (A-C) and rTSA (D-F) specimens. (A) Fiber bundles mildly undulated, with patches 
of slight pallor. (B) Increased vascular profiles (arrows) admixed with small to medium sized vacuolated lakes (#) containing 
basophilic stippled extracellular matrix. (C) Increased numbers of tenocytes and extracellular matrix between fibers. (D) Parallel 
arrangement of tendon fibers disrupted and dissected by haphazardly arranged collagen bundles and vascular profiles. Remnant 
tendon fibers highlighted with asterisk. (E) Disruption of fiber structure and arrangement due to expansion by medium to large 
vacuolated lakes (#) containing degenerate collagen and matrix and increased numbers of disorganized tenocytes. (F) Complete loss 
of fiber structure and arrangement, and replacement with hyalinized collagen (arrows) and increased amount of extracellular matrix. 
(G) Bonar and (H) Movin histopathology scores for TSA and rTSA specimens. Data presented as median with individual data points 
marked and p-values denoted. Open symbols represent specimens from female patients and closed specimens represent specimens 
from male patients. Individual (I) Bonar and (J) Movin parameters presented as median (range) with p-values between TSA and rTSA 
groups.
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exhibited both a higher Bonar (p = 0.01; Figure 1(g)) 
and Movin score (p = 0.007; Figure 1(h)) suggestive of 
increased tendon pathologies. Within Bonar scoring, 
significant differences between groups were observed 
for tenocytes (p = 0.0005), collagen (p = 0.003), and vas-
cularity (p = 0.04), but not ground substance (p = 0.61) 
(Figure 1(i)). With Movin scoring, significant differ-
ences between groups were observed for fiber arrange-
ment (p = 0.04), regional variation in cellularity (p =  
0.002), increased vascularity (p = 0.004), hyalinization 
(p = 0.02), and glycosaminoglycan content (p = 0.04), 
but not rounding of nuclei (p = 0.41) and decreased 
collagen stainability (p = 0.14) (Figure 1(j)). Overall, 
these data demonstrate that TSA specimens only dis-
played anticipated mild age-related degenerative back-
ground pathology relative to rTSA specimens. Notably, 
no sex-specific separation in Bonar or Movin scoring 
within the groups was appreciated (Figure 1(g-h), open 
vs. closed symbols). Overall, the histopathologic 
changes observed validate that the TSA specimens can 
serve as an appropriate control for the metabolomic 
comparisons conducted in this study.

Global metabolite profiling

Based on PLS-DA analysis, no appreciable global differ-
ences in GMCS polar or UPLCMS nonpolar metabolite 
profiles were detected when specimens were stratified by 
age (Supplemental 3), duration of symptoms 
(Supplemental 4), and time from diagnosis 
(Supplemental 5), irrespective of specimen type. This was 
appreciated through principal component plots with over-
lapping groups and Variable Importance in the Projection 
(VIP) scores for individual metabolites all less than 2.0 or 
VIP scores of greater than 2.0 associated with non- 
consistent trends (e.g., increasing metabolite abundances 
not directly related to increasing duration of symptoms or 
time from diagnosis). Overall, this suggests that these para-
meters (age, duration of symptoms, and time from diag-
nosis) did not contribute to appreciable or clinically 
relevant metabolite variability in our particular sample set. 
When stratified by sex, irrespective of specimen type, global 
separation of GCMS polar metabolites was appreciated 
between males and females based on the principal compo-
nent plot, with males generally exhibiting lower abundance 
of amino acids including lysine, proline, and alanine based 
on VIP scores of less than 2.0 (Supplemental 6). Further, the 
following UPLCMS nonpolar metabolites showed VIP 
scores of greater than 2.0 when stratified by sex with 
males having a lower abundance: two phosphatidylserines, 
one phosphatidylinositol, one diacylglycerol, one 

lysophosphatidylcholine, one ceramide (N-docosanoyl- 
(4E,14Z)-sphinga-4,14-dienine), and a triterpene saponin 
(Tragopogonsaponin B). Due to the disparity in sample size 
between sexes of the different groups, individual metabolite 
statistical comparisons between sexes were unable to be 
conducted. When possible, sexes were delineated in the 
results to identify trends.

When separated by specimen type (RCR, rTSA, vs. 
TSA), the first two principal components for PLS-DA 
contributed to more than 40% of the separation for all 
comparisons (Figure 2(a,b)), with the remaining prin-
cipal components each associated with less than 5% for 
GCMS and 17% for LCMS. When PLS-DA plots were 
paired with heatmap clustering analysis, results show 
that acute RCR specimens demonstrated a distinct 
metabolite profile relative to both normal TSA and 
chronic degenerated rTSA specimens. This was evident 
primarily for polar GCMS analysis (Figure 2(a,c)), with 
minor separation observed for nonpolar UPLCMS ana-
lysis (Figure 2(b,d)). While rTSA specimens were more 
similar to TSA specimens, some separation was evident. 
Individual metabolites driving variability are described 
below based on injury-type comparisons (e.g., acute 
tear vs. chronic degeneration).

Rotator cuff repair (acute tear injury) metabolomics

Relative to TSA control specimens, RCR specimens taken at 
the time of surgery exhibited an overall decrease in 78 polar 
GCMS (Figure 3(a)) and 43 nonpolar UPLCMS metabolites 
(Figure 3(b)), with few metabolites being significantly 
increased relative to controls. With respect to VIP scoring, 
glycolic acid was the only metabolic reaching a VIP score of 
greater than 2.0 (Figure 3(c)) denoting that glycolic acid 
may be a major driver of GCMS global profiling differences 
(Figure 3(c)). No metabolites reached a VIP score of greater 
than 2.0 for UPLCMS analyses (Figure 3(d)). To explore 
glycolic acid changes further, individual statistical analysis 
demonstrated that glycolic acid was significantly decreased 
in RCR specimens relative to TSA specimens (RCR average 
(STD) relative abundance 3.06 × 107 (8.37 × 107); TSA 
average (STD) relative abundance 8.43 × 106 (2.37 × 107); 
p < 0.0001, Supplemental 1). Despite the significance of 
glycolic acid itself, this metabolite did not contribute to 
specific pathway differences seen via pathway analysis.

Combined GMCS and UPLCMS pathway analysis 
revealed that five pathways associated with the citrate 
cycle (Tricarboxylic Acid Cycle; TCA cycle) 
(Figure 3(e)) demonstrated a Holm adjusted p-value 
of less than 0.05 denoting significance. Specifically, 
these included pyruvate metabolism (the primary 
source of Acetyl CoA which initiates the TCA cycle), 
the TCA cycle itself, and pathways associated with TCA 
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intermediate metabolites.27 As the central pathway, all 
identified metabolites in the TCA cycle including pyr-
uvate (p < 0.0001; Figure 4(a)), citrate (p = 0.01, 
Figure 4(b)), isocitrate (p = 0.008, Figure 4(c)), 2-oxo-
glutarate (p < 0.0001, Figure 4(d)), Malate (p = 0.001; 
Figure 4(e)), and Fumarate (p = 0.003, Figure 4(f)), 
were decreased in RCR specimens relative to TSA con-
trols. Metabolites in other pathways including alanine 
(beta- (3TMS), p < 0.0001), two asparagine derivatives 
(1: [−H2O] (2TMS), p = 0.003; 2: (3TMS), p = 0.01), 
glutamate (glutamic acid (2TMS), p = 0.002), three glu-
tamine derivatives (1: [−H2O] (2TMS), p = 0.04, 2: 
[−H2O] (3TMS), p = 0.002, 3: glutamine, DL (3TMS), 
p = 0.005), glycerate (glyceric acid (3TMS), p = 0.03), 

lactate (lactic acid (2TMS), p = 0.02), and ornithine 
(4TMS, p = 0.009), were also decreased in RCR speci-
mens relative to TSA controls (Supplemental 1). 
Notably, no sex-specific separation in metabolite abun-
dance within each group was appreciated (Figure 4, 
open vs. closed symbols).

Reverse total shoulder arthroplasty (chronic injury) 
metabolomics

Relative to control TSA specimens, rTSA specimens taken 
at the time of surgery exhibited an overall increase in 14 
polar GCMS metabolites (Figure 5(a)). Few nonpolar 
UPLCMS metabolites were significantly altered 

Figure 2. GCMS polar metabolite (A, C) and UPLCMS nonpolar metabolite (B, D) partial least-squares discriminant analysis (PLS-DA) 
Principal component plots (A-B) and heatmap clustering (C-D) for rotator cuff repair (RCR, acute tendon tear injury), reverse total 
shoulder arthroplasty (rTSA, chronic tendon degeneration), and total shoulder arthroplasty (TSA, tendon control) specimens.
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(Figure 5(b)). VIP scoring demonstrated that Proline and 
an Amino Acid Derivative were the primary GCMS meta-
bolites (Figure 5(c)), and a Phospatidylserine, Triterpene 
Saponin (Tragopogonsaponin B), and Phosphatidylcholine 
were the primary UPLCMS metabolites driving metabolite 
profile separation (Figure 5(d)). When metabolites were 
individually analyzed, the nonspecific Amino Acid 
Derivative (p = 0.0045, Supplemental 1), Proline (p =  
0.006, Figure 6(a), and Phospatidylserine (p = 0.0092, 
Supplemental 2) were found to be statistically increased 
in rTSA relative to TSA specimens. Tragopogonsaponin B 
(p = 0.06) and Phosphatidylcholine (p = 0.07) did not reach 
significance between groups (Supplemental 2).

Combined GMCS and UPLCMS pathway analysis 
revealed that a single pathway, Alanine, Aspartate, 
and Glutamate metabolism, demonstrated a Holm 
adjusted p-value of 0.02 denoting significance 

(Figure 5(e)). While significant, the impact score of 
this pathway (which represents the importance of an 
individual pathway relative to the entire metabolic net-
work) was 0.22 suggesting that metabolites in this path-
way show changes but may not be fully driving 
biological changes within this pathway. Amino acids 
such as Alanine and Aspartate, which were significant 
metabolites in this pathway, and Lysine were all 
increased in rTSA specimens relative to TSA controls 
(Alanine p = 0.001, Figure 6(b); Aspartate p = 0.01, 
Figure 6(c); Lysine p = 0.03, Figure 6(d)). Notably, no 
sex-specific separation in metabolite abundance within 
each group was appreciated (Figure 6, open vs. closed 
symbols).

Given that rTSA specimens were portioned and uti-
lized for both metabolomics and histology, 
a Spearman’s correlative analysis was undertaken to 

Figure 3. Metabolite comparisons between rotator cuff repair (RCR, acute tendon tear injury) and total shoulder arthroplasty (TSA, 
tendon control) specimens for GCMS nonpolar (A, C) and UPLCMS polar (B, D) metabolites demonstrating the number of significantly 
altered metabolites (A-B) and variable importance in projection (VIP) scores (C-D). Significant pathways (Holm p-value of < 0.05) from 
combined pathway analysis utilizing both polar and nonpolar significant metabolites (E).
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determine if metabolite levels were associated with 
varying degrees of tendon pathology. No significant 
correlations were observed following false-discovery 
rate corrections (Supplemental 7).

Discussion

The overarching goal of this study was to evaluate 
alterations to tendon metabolite profiles following 
acute tear or chronic degeneration of the rotator cuff. 
Relative to patients undergoing TSA (clinically unaf-
fected tendon controls), tendons from patients under-
going RCR (acute tear injury) demonstrated distinct 
global metabolite profiles as compared to patients 
undergoing rTSA (chronic degeneration), as evidenced 
by PLS-DA analysis. Further classification of metabolite 
differences via individual metabolite comparisons and 
pathway analysis showed that acute injuries were asso-
ciated with alterations to cellular pathways, while 
chronic injuries demonstrated alterations to pathways 
involved in extracellular matrix production and turn-
over. These specific pathways identified may assist in 
the development of novel treatment strategies to target 
both injury types.

Acute tears to the rotator cuff were associated with 
a shift toward decreased tendon metabolite abundance 
(121 of 333 polar and nonpolar metabolites; 36.3%). 
Altered metabolites were primarily associated with gly-
colic acid and decreased TCA cycle activity, both major 
players in cellular oxidative respiration and energetics. 
Increasingly in the last 10 years, poly-lactic-co-glycolic 
acid (PLGA), has been utilized in scaffolds and nano-
materials for the treatment of tendon injuries. PLGA 
scaffolds have been shown to have tunable mechanical 
properties,28 suitable degradation and subsequent 
release kinetics of bioactive compounds,29 and have 
performed favorably in preclinical tendon repair 
models.30–32 Further, exogenous glycolic acid moieties 
following polymer degradation may counteract 
decreased endogenous levels seen following injury; 
however, the specific role of PLGA or glycolic acid in 
tendon repair has yet to be determined.

The results herein also demonstrate that decreased 
TCA cycle activity is associated with acute tendon tear 
injuries. Conversely, transected rat Achilles tendons 
have shown increased TCA intermediates 1 week post- 
op,33 and increased TCA activity in-vitro has been 
shown to stimulate human injured flexor tendon cells 
toward chondrogenic differentiation,34 a known marker 

Figure 4. Significant alterations in citrate cycle (TCA cycle) inputs pyruvate (A) and intermediates citrate (B), isocitrate (C), 
2-oxoglutarate (D), malate (E), and fumarate (F) in rotator cuff repair (RCR, acute tendon tear injury) specimens relative to total 
shoulder arthroplasty (TSA, tendon control) specimens. Data is presented as mean ± STD with individual specimens denoted and 
p-values marked. Open symbols represent specimens from female patients and closed specimens represent specimens from male 
patients.
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of tendinopathy.35,36 As human tendons in the current 
study were collected between 1 and 48 months from 
injury diagnosis, a variable temporal response in TCA 
metabolite regulation may occur with injury, which 
should be further explored. Overall, the data supports 
that acute injury repair strategies should not only aim 
to provide structural continuity through bridging of 
tendon gaps but also maintain TCA cycle metabolism 
through additive bioactive compounds. Notably, the 
timing of TCA cycle maintenance should be considered 
as it relates to senescent, apoptotic, or necrotic tendon 
cellular mechanisms which have not been explored to 
date in relation to metabolic pathways.

Converse to acute tear injury, chronic degenerated 
tendon specimens from patients undergoing rTSA 
showed a shift toward increased metabolite abundance 
(15 of 333 polar and nonpolar metabolites; 4.5%). 
Specific metabolites identified as altered in the 
human specimens herein included phosphatidylserine, 
triterpene saponin (tragopogonsaponin b), phosphati-
dylcholine, and amino acids. Increased levels of 

phosphatidylserine may be associated with apoptosis 
through targeted signaling of phagocytosis by macro-
phages, which has been previously shown to occur in 
Achilles tendon cells.37 To date, no relationship could 
be identified between tendon and triterpene saponin 
(tragopogonsaponin b), as this metabolite is primarily 
associated with plants and may be nonspecific. We 
have previously shown using a mouse model of 
chronic tendinopathy that initiating injury was asso-
ciated with increased metabolic activity using both 
transcriptomic38 and metabolomic39 methods, particu-
larly during the early phase of tendon degeneration. 
Specifically, increased phosphatidylcholine metabolites 
were evident,39 so it is interesting that injured human 
tendon specimens herein conversely showed decreased 
levels relative to controls. Notably, phosphatidylcho-
line has been associated with enhanced lubrication 
during tendon injuries40 and may be important in 
myotendinous maintenance,41,42 which is particularly 
relevant for the rotator cuff. As chronic specimens 
were collected over a large timeframe (time from 

Figure 5. Metabolite comparisons between reverse total shoulder arthroplasty (rTSA, chronic tendon injury) and total shoulder 
arthroplasty (TSA, tendon control) specimens for GCMS nonpolar (A, C) and UPLCMS polar (B, D) metabolites demonstrating the 
number of significantly altered metabolites (A-B) and variable importance in projection (VIP) scores (C-D). Significant pathways 
(Holm p-value of < 0.05) from combined pathway analysis utilizing both polar and nonpolar significant metabolites (D).
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diagnosis 1.5–7.0 months), differences in phosphati-
dylcholine changes between mouse and human speci-
mens may indicate a temporal chronic injury 
response. Therefore, future preclinical studies should 
control for the level of chronicity (early, moderate, 
end-stage).

Most notably, chronic injury was associated with 
increased levels of the amino acids’ alanine, aspartate, 
lysine, and proline. A systemic review recently touted 
the importance of amino acid synthesis on tendon and 
muscle healing,43 however controlled studies are 
needed to fully understand the ramifications before 
use in clinical practice. Generally, the role of individual 
amino acids has been understudied in tendon. Amino 
acid racemization (enantiomer conversion), specifically 
with aspartate, has been used as a measure of collagen 
turnover in tendon.44 Collagen is comprised of 
a repeating triplet of X-Y-Glycine residues with 
X primarily being proline (28%) and Y primarily 
hydroxyproline (38%).45 The other proportions of 

X and Y can be any other amino acid; therefore, any 
change in the amino acid metabolite pool, may have 
ramifications on collagen synthesis, turnover, and orga-
nization, which have all been implicated to play a role 
in tendinopathy.46 In humans, the alanine, aspartate, 
lysine, and proline amino acid composition of the 
alpha-1 chains of collagen type I (COL1), collagen 
type II (COL2), and collagen type III (COL3) are very 
similar, with maximum variations of 1.7% seen between 
these three collagen types.47 As these are the most 
commonly studied collagen variants associated with 
injury, further research is needed to understand how 
relatively small variations in amino acid composition 
may affect fibrotic scar tissue formation (higher abun-
dance of COL3 to COL1) in acute injury13 and chon-
droid metaplasia (increased COL2 abundance) in 
chronic injury.6,7,9

Indeed, scurvy, osteogenesis imperfecta, and Ehlers 
Danlos syndrome directly affect the collagen amino 
acid structure, inhibiting proper organization, 

Figure 6. Significant alterations in amino acids including proline (A), alanine (B) and aspartate (C), and lysine (D) in reverse total 
shoulder arthroplasty (rTSA, chronic tendon injury) specimens relative to total shoulder arthroplasty (TSA, tendon control) specimens. 
Data is presented as mean ± STD with individual specimens denoted and p-values marked. Open symbols represent specimens from 
female patients and closed specimens represent specimens from male patients.
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stabilization, and/or function. In osteogenesis imper-
fecta, the majority of cases are caused by another 
amino acid replacing every third glycine.48 Scurvy is 
associated with decreased ascorbic acid which results in 
inhibition of proline and lysine hydroxylation for 
appropriate collagen organization.49 Types of Ehlers 
Danlos syndrome result from deficiency in lysyl- 
hydroxylase inhibiting the hydroxylation of lysine resi-
dues for appropriate cross-linking of collagen trimers.50 

Further work is needed to delineate the specific role of 
individual amino acids in degenerative tendon disease 
for the identification of potential treatment interven-
tions. Of note, disproportionate patient sex demo-
graphics may have contributed to differences between 
rTSA (chronic degenerated) and TSA (clinically unaf-
fected tendon control) specimens. While there were 
a higher proportion of female rTSA specimens and 
male TSA specimens, sex-specific separation in meta-
bolite abundance was not evident when individual 
metabolites were analyzed in this study. Future work 
will seek to delineate the role that sex may play in 
tendon metabolism.

Limitations of the current study include the size of 
specimens obtained from patients undergoing RCR and 
TSA. Due to the small size, these specimens could not 
be utilized for both metabolomics and histology, which 
was possible for the rTSA specimens. Therefore, meta-
bolite levels could not be directly correlated to patho-
logic features. Additionally, rTSA patients were 
significantly older than both RCR and TSA (histology) 
patients. Therefore, the histological pathology differ-
ences between rTSA and TSA specimens may be asso-
ciated with age-related effects. Interestingly, TSA 
specimens showed some mild, age-related degenerative 
changes on histopathology. Therefore, despite the age 
differences, tissue-related aging changes may have been 
accounted for in the experimental design. Importantly, 
no difference in age between rTSA and TSA (metabo-
lomics) specimens was evident. As RCR and rTSA 
metabolite profiles were not directly compared, the 
difference in age has little effect on the current study, 
except when considering global metabolite differences 
between those groups. As no studies to date have 
sought to determine age-related effects of metabolism 
on tendon, the influence of this factor is unknown.

In summary, this study demonstrates that metabolite 
profiles are associated with injury type and reiterates 
that acute tears and chronic degeneration of the rotator 
cuff tendons should be treated distinctly. While we 
primarily consider acute tear injuries to be associated 
with a loss or extracellular matrix continuity, we found 
that cellular metabolic pathways were altered with 
injury type. Conversely, while we typically consider 

chronic injury to be associated with degenerative cel-
lular and subsequent nuanced extracellular matrix 
changes, we found that metabolic pathways associated 
with extracellular production and turnover were pri-
marily altered. Therefore, therapeutic strategies should 
address both cellular and matrix changes regardless of 
the type of injury induction. Overall, the specific path-
ways identified, paired with validated, established 
methods (scaffolds, physical rehabilitation), may serve 
as novel therapeutic targets for patients who suffer 
from both acute tears and chronic degeneration of the 
rotator cuff tendons.
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