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ABSTRACT: Osteoarthritis is an age-related degenerative musculoskeletal
disease characterized by loss of articular cartilage, synovitis, and subchondral
bone sclerosis. Osteoarthritis pathogenesis is yet to be fully elucidated with no
osteoarthritis-specific biomarkers in clinical use. Ex vivo equine cartilage
explants (n = 5) were incubated in tumor necrosis factor-α (TNF-α)/
interleukin-1β (IL-1β)-supplemented culture media for 8 days, with the media
removed and replaced at 2, 5, and 8 days. Acetonitrile metabolite extractions of
8 day cartilage explants and media samples at all time points underwent one-
dimensional (1D) 1H nuclear magnetic resonance metabolomic analysis, with
media samples also undergoing mass spectrometry proteomic analysis. Within
the cartilage, glucose and lysine were elevated following TNF-α/IL-1β
treatment, while adenosine, alanine, betaine, creatine, myo-inositol, and uridine
decreased. Within the culture media, 4, 4, and 6 differentially abundant
metabolites and 154, 138, and 72 differentially abundant proteins were identified at 1−2, 3−5, and 6−8 days, respectively, including
reduced alanine and increased isoleucine, enolase 1, vimentin, and lamin A/C following treatment. Nine potential novel
osteoarthritis neopeptides were elevated in the treated media. Implicated pathways were dominated by those involved in cellular
movement. Our innovative study has provided insightful information on early osteoarthritis pathogenesis, enabling potential
translation for clinical markers and possible new therapeutic targets.
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■ INTRODUCTION

Osteoarthritis (OA) is an age-related degenerative muscu-
loskeletal disease characterized by loss of articular cartilage,
synovial membrane dysfunction, abnormal bone proliferation,
subchondral bone sclerosis, and altered biochemical and
biomechanical properties.1,2 For horses in the United King-
dom, OA is one of the leading welfare issues, resulting in
substantial morbidity and mortality.3,4 It is estimated that OA
accounts for 60% of lameness seen in horses.5 Within OA,
extracellular matrix (ECM) degradation is driven by multiple
matrix metalloproteinases (MMPs) and a disintegrin and
meta l loprote inases wi th thrombospondin moti f s
(ADAMTSs).6 However, the underlying pathogenesis of OA
is yet to be fully elucidated with no disease-modifying
treatments currently available.7,8 While a number of putative
biomarkers have been identified for OA diagnosis in the horse,
none are currently used within clinical practice.9 Presently,
equine OA is predominantly diagnosed through diagnostic
imaging and clinical examination. However, due to the slow
onset of the condition, this often leads to substantial pathology
of the joint, particularly to articular cartilage prior to
diagnosis.10 There is therefore a need to develop diagnostic
tests that are sensitive and specific to the early stages of OA,
which are repeatable and reproducible, as well as gaining a

greater understanding of the underlying pathogenesis.11,12

Early detection of OA could enable timely management
interventions, which could potentially slow the progression of
the disease.
Tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-

1β) are both proinflammatory cytokines, which are central in
OA pathogenesis.13 TNF-α and IL-1β are secreted by
mononuclear cells, synoviocytes, and articular cartilage and
upregulate the gene expression of MMPs, ADAMTS-4, and
ADAMTS-5, leading to significant ECM degradation.14−16

Elevations in TNF-α and IL-1β are regularly identified within
the OA synovial fluid (SF), including that of horses.17−19

TNF-α and IL-1β have therefore become established
experimental treatments for modeling OA pathology within
in vitro and ex vivo studies, having been used both
independently and as a combined treatment.20−28
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Proteomics is the systematic, large-scale study of proteins
within biological systems to assess the quantities, isoforms,
modifications, structure, and function.29 Previous studies have
undertaken mass spectrometry (MS)-based proteomics using
TNF-α and IL-1β OA models for secretome analysis of
chondrocytes in vitro and ex vivo cartilage explants.20−22,25

Results from these studies included increased media levels of
MMPs, cartilage oligomeric matrix protein (COMP), aggrecan,
and collagen VI.
During OA pathology, disease-associated peptide fragments

(neopeptides) are generated from cartilage breakdown due to
increased enzymatic activity/abundance of MMPs, ADAMTSs,
cathepsins, and serine proteases.30−32 MS analysis of these
neopeptides can then be applied to identify potential early OA
biomarkers.33 Previously, a murine 32 amino acid peptide
fragment, generated through increased activity of MMP and
ADAMTS-4/5 and subsequent aggrecan degradation, was
found to drive OA pain via Toll-like receptor 2.34 Neopeptide
targeting therefore has the potential to provide a localized
analgesic at the site of joint degeneration.33 Numerous equine
OA studies investigating both synovial fluid (SF) and cartilage
have identified potential neopeptides of interest.30,35−37

Development of antibodies targeted to OA-specific neo-
peptides would provide the ability to monitor cartilage
degeneration, assess therapeutic response, and potentially
provide future novel therapeutic targets.33,38

Metabolomics uses a systematic methodology to compre-
hensively identify and quantify the metabolic profiles of
biological samples.39 1H nuclear magnetic resonance (NMR)
metabolomics analysis provides a high level of technical
reproducibility with a minimal level of sample preparation.40
1H NMR analysis has previously been used to investigate OA
in the SF of humans, horses, pigs, and dogs.9,41−47 Synovial
metabolites alanine, choline, creatine, and glucose have been
identified as differentially abundant in OA across multiple
studies and species.9,41,43−46 NMR techniques have also
previously been used to characterize the cartilage with high-
resolution magical angle spinning (HRMAS) NMR utilized to
assess the enzymatic degradation of bovine cartilage.48−50 A
guinea pig OA model using HRMAS NMR identified
elevations in methylene resonances associated with chondro-
cyte membrane lipids and an increase in mobile methyl groups
of collagen.51 Another HRMAS NMR study of human OA
cartilage identified a reduction in alanine, choline, glycine,
lactate methyne, and N-acetyl compared to that of the healthy
control cartilage.52 However, no NMR studies to date have
investigated the metabolic profile of culture media following
the incubation of ex vivo cartilage within an OA model.
This is the first study to carry out 1H NMR metabolomic

analysis of extracted cartilage metabolites and to undertake 1H
NMR analysis of culture media using the TNF-α/IL-1β ex vivo
OA cartilage model. Additionally, this is also the first study to
use a multi-“omics” approach to simultaneously investigate the
metabolomic profile of ex vivo cartilage and metabolomic/
proteomic profiles of culture media using this OA model and
conduct an integrated pathway analysis. It was hypothesized
that following TNF-α/IL-1β treatment of ex vivo equine
cartilage, 1H NMR metabolomic and MS proteomic platforms
would identify a panel of cartilage metabolites, which were able
to differentiate the control from the treated cartilage and a
panel of metabolites, proteins, and neopeptides within the
associated culture media, which were differentially abundant at
each tested time point of the early OA model.

■ METHODS

Equine Ex Vivo Cartilage Collection

A full-thickness cartilage was removed from all articular
surfaces within five separate metacarpophalangeal joints of
five 9-year-old mares of unknown breed within 24 h of
slaughter at a commercial abattoir (F Drury and Sons,
Swindon, U.K.). Cartilage samples were collected as a
byproduct of the agricultural industry. The Animals (Scientific
Procedures) Act 1986, Schedule 2, does not define collection
from these sources as scientific procedures, and ethical
approval was therefore not required. The cartilage collected
from all joints was considered macroscopically normal with a
score of 0 according to the OARSI histopathology initiative
scoring system for horses53 (Figure S1). The cartilage was
washed in complete media containing Dulbecco’s modified
Eagle’s medium (DMEM, 31885-023, Life Technologies,
Paisley, U.K.) supplemented with 10% (v/v) fetal calf serum
(FCS, Life Technologies), 5 μg/mL amphotericin B (Life
Technologies), and 100 U/mL streptomycin and penicillin
(Sigma-Aldrich, Gillingham, U.K.) (Figure S2).
The cartilage was dissected into 3 mm2 sections and divided

into two for each donor (control and treatment wells) on a 12-
well plate (Greiner Bio-One Ltd., Stonehouse, U.K.). The
explants were incubated for 24 h in complete media within a
humidified atmosphere of 5% (v/v) CO2 at 37 °C. The culture
media was removed, the explants were washed in phosphate-
buffered saline (PBS, Sigma-Aldrich), and replaced with the
serum-free media (control) or serum-free media supplemented
with 10 ng/mL TNF-α (PeproTech EC Ltd., London, U.K.)
and 10 ng/mL IL-1β (R&D Systems Inc., Minneapolis,
Minnesota) (treatment). After 48 h, the media was removed,
centrifuged at 13 000g, 4 °C for 10 min, the supernatant was
removed, and ethylenediaminetetraacetic acid (EDTA)-free
protease inhibitor cocktail (Roche, Lewes, U.K.) was added to
the cell-free media. The supernatant was then snap-frozen in
liquid nitrogen and stored at −80 °C. The cartilage was
washed in PBS, and control/treatment culture media was
replaced as appropriate. Media collection was repeated at 5 and
8 days. After day 8, the cartilage was washed in PBS, weighed,
snap-frozen in liquid nitrogen, and stored at −80 °C.
NMR Metabolomics

Cartilage Metabolite Extraction. Equal masses of
cultured cartilage explants (in addition to three macroscopi-
cally normal equine cartilage samples, each divided into three
to assess metabolite extraction reproducibility) were thawed
out over ice and added to 500 μL of a 50:50 (v/v) ice-cold
acetonitrile (ThermoFisher Scientific, Massachusetts): dd
1H2O and incubated on ice for 10 min. The samples were
then sonicated using a microtip sonicator at 50 kHz and 10 nm
amplitude in an ice bath for three 30 s periods and interspersed
with 30 s rests (that ensured the extraction mixture
temperature did not exceed 15 °C). The extraction mixture
was then vortexed for 1 min and centrifuged at 12 000g for 10
min at 4 °C, and the supernatant was transferred before being
snap-frozen in liquid nitrogen, lyophilized, and stored at −80
°C.39

Cartilage−NMR Sample Preparation. Each lyophilized
sample was dissolved through the addition of 200 μL of 100
μM PO4

3− pH 7.4 buffer (Na2HPO4, VWR International Ltd.,
Radnor, Pennsylvania; and NaH2PO4, Sigma-Aldrich) contain-
ing 100 μM trimethylsilyl propionate-d4 (TSP, Sigma-Aldrich)

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00143
J. Proteome Res. 2020, 19, 3652−3667

3653

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00143/suppl_file/pr0c00143_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.0c00143/suppl_file/pr0c00143_si_001.pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00143?ref=pdf


and 1.2 μM sodium azide (NaN3, Sigma-Aldrich) in 99.9%
deuterium oxide (2H2O, Sigma-Aldrich). The samples were
vortexed for 1 min and centrifuged at 12 000g for 2 min, and
190 μL of the supernatant was removed and transferred into 3
mm outer diameter NMR tubes using a glass pipette.
Culture Media−NMR Sample Preparation. The culture

media was thawed over ice and centrifuged for 5 min at
21 000g and 4 °C. One hundred and fifty microliters of thawed
culture media was diluted to a final volume containing 50% (v/
v) culture media, 40% (v/v) dd 1H2O, 10% 2H2O, and
0.0025% (v/v) NaN3, within an overall concentration of 500
mM PO4

3− pH 7.4 buffer. The samples were vortexed for 1
min and centrifuged at 13 000g for 2 min at 4 °C, and 250 μL
of the supernatant was removed and transferred to 3 mm outer
diameter NMR tubes using a glass pipette.
NMR Acquisition. For each individual sample, one-

dimensional (1D) 1H NMR spectra, with the application of a
Carr−Purcell−Meiboom−Gill (CPMG) filter to attenuate
macromolecule (e.g., proteins) signals, were acquired using
the standard vendor pulse sequence cpmgpr1d on a 700 MHz
NMR Bruker Avance III HD spectrometer with an associated
TCI cryoprobe and a chilled Sample-Jet autosampler. All
spectra were acquired at 25 °C, with a 4 s interscan delay, 256
transients for cartilage spectra and 128 transients for media
spectra, with a spectral width of 15 ppm. Topsin 3.1 and
IconNMR 4.6.7 software programs were used for acquisition
and processing undertaking automated phasing, baseline
correction, and a standard vendor processing routine
(exponential window function with a 0.3 Hz line broadening).
In addition to all cartilage extracts and culture media samples,
protease inhibitor cocktail and treatment cytokines TNF-α and
IL-1β were also analyzed separately to evaluate their
metabolite profiles.
Metabolite Annotation and Identification. All acquired

spectra were assessed to determine whether they met the
minimum reporting standards (as outlined by the Metab-
olomics Society) prior to inclusion for statistical analysis.54

These included appropriate water suppression, flat spectral
baseline, and consistent line widths. Metabolite annotations
and relative abundances were carried out using the Chenomx
NMR Suite 8.2 (330-mammalian metabolite library). When
possible, metabolite identifications were confirmed using 1D
1H NMR in-house spectral libraries of metabolite standards.
All raw 1D 1H NMR spectra, together with annotated
metabolite HMDB IDs and annotation level, are available
within the EMBL-EBI MetaboLights repository (www.ebi.ac.
uk/metabolights/MTBLS1495).55 Quantile plots of 1D 1H
NMR spectra are shown in Figure S3.

Culture Media Proteomics

Protein Assay and StrataClean Resin Processing.
Culture media was thawed over ice and centrifuged for 5
min at 21 000g and 4 °C. Media sample concentrations were
determined using a Pierce 660 nm protein assay (Thermo
Scientific, Waltham, Massachusetts). Fifty micrograms of
protein for each sample was diluted with dd H2O, producing
a final volume of 1 mL. A StrataClean resin (10 μL) (Agilent,
Santa Clara, California) was added to each sample, rotated for
15 min, and centrifuged at 400g for 1 min, and the supernatant
was removed and discarded. The samples were then washed
through the addition of 1 mL of ddH2O, vortexed for 1 min,
and centrifuged at 400g for 1 min, and the supernatant was

removed and discarded. The wash step was repeated two
further times.

Protein Digestion. One hundred and sixty microliters of
25 mM ammonium bicarbonate (Fluka Chemicals Ltd.,
Gillingham, U.K.) containing 0.05% (w/v) RapiGest (Waters,
Elstree, Hertfordshire, U.K.) was added to each sample and
heated at 80 °C for 10 min. DL-Dithiothreitol (Sigma-Aldrich)
was added to produce a final concentration of 3 mM and
incubated at 60 °C for 10 min, and then iodoacetamide
(Sigma-Aldrich) was added (9 mM final concentration) and
incubated at room temperature in the dark for 30 min. Two
micrograms of proteomics-grade trypsin (Sigma-Aldrich) was
added to each sample and rotated at 37 °C for 16 h, and
trypsin treatment was then repeated for a 2 h incubation. The
samples were centrifuged at 1000g for 1 min, the digest was
removed, trifluoroacetic acid (TFA, Sigma-Aldrich) was added
(0.5% (v/v) final concentration), and rotated at 37 °C for 30
min. Finally, the digests were centrifuged at 13 000g and 4 °C
for 15 min, and the supernatant was removed and stored at 4
°C.

Label-Free LC-MS/MS. All media digests were randomized
and individually analyzed using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) on an UltiMate 3000 Nano
LC System (Dionex/Thermo Scientific) coupled to a Q
Exactive Quadrupole-Orbitrap instrument (Thermo Scien-
tific). Full LC-MS/MS instrument methods are described in
the Supporting Information. Tryptic peptides, equivalent to
250 ng of protein, were loaded onto the column and run over a
1 h gradient, interspersed with 30 min blanks (97%, v/v) high-
performance liquid chromatography grade H2O (VWR
International), 2.9% acetonitrile (Thermo Scientific), and
0.1% TFA. In addition to individual time points, the pooled
samples for control and treatment groups were also analyzed to
investigate the differences in the overall secretome. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifiers PXD017153 and
10.6019/PXD017153.56 Representative ion chromatograms
are shown in Figure S4.

LC-MS/MS Spectra Processing and Protein Identi-
fication. Spectral alignment, peak picking, total protein
abundance normalization, and peptide/protein quantification
were undertaken using Progenesis QI 2.0 (Nonlinear
Dynamics, Waters). The exported top 10 spectra for each
feature were then searched against the Equus caballus database
for peptide and protein identifications using PEAKS Studio 8.5
(Bioinformatics Solutions Inc., Waterloo, Ontario, Canada)
software. Search parameters were as follows: precursor mass
error tolerance, 10.0 ppm; fragment mass error tolerance, 0.01
Da; precursor mass search type, monoisotopic; enzyme,
trypsin; maximum missed cleavages, 1; nonspecific cleavage,
none; fixed modifications, carbamidomethylation; and variable
modifications, oxidation or hydroxylation and oxidation
(methionine). A filter of a minimum of two unique peptides
was set for protein identification and quantitation with a false
discovery rate (FDR) of 1%.

One-Dimensional Sodium Dodecyl Sulfate Polyacry-
lamide Gel Electrophoresis (1D SDS PAGE). Media
samples for each donor were combined for all time points
and analyzed via one-dimensional sodium dodecyl sulfate
polyacrylamide gel electrophoresis (1D SDS PAGE). One
microgram of each sample was added to the Laemmli loading
buffer Novex (Thermo Scientific) producing a final concen-
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tration of 15% glycerine, 2.5% SDS, 2.5% tris(hydroxymethyl)-
aminomethane, 2.5% HCL, and 4% β-mercaptoethanol at pH
6.8 and heated at 95 °C for 5 min. The samples were loaded
onto a 4−12% Bis−Tris polyacrylamide electrophoresis gel
(NuPAGE Novex, Thermo Scientific), and protein separation
was carried out at 200 V for 30 min at room temperature.
Protein bands were visualized via silver staining (Thermo

Scientific) following the manufacturer’s instructions. Gel
images were converted to 8-bit grayscale, and protein band
intensities were analyzed using densitometry with the software
ImageJ (NIH, Bethesda, Maryland).

Semitryptic Peptide Identification. To identify potential
neopeptides, a “semitryptic” search was undertaken. The same
PEAKS search parameters were used for protein identification,

Table 1. Metabolites Annotated within the Cartilage and Culture Media Using Chenomxa

database identifier metabolite identification cartilage cartilage reliability media media reliability

HMDB00695 2-oxoisocaproate Y MS level 2
HMDB00491 3-methyl-2-oxovalerate Y MS level 2
HMDB31645 acetamide Y MS level 2
HMDB00042 acetateb Y MS level 1 Y MS level 1
HMDB01659 acetoneb Y MS level 2
HMDB00050 adenosine Y MS level 2
HMDB00517 arginine Y MS level 2
HMDB00191 aspartate Y MS level 1
HMDB00043 betaine Y MS level 1
HMDB00097 choline Y MS level 1
HMDB00094 citrate Y MS level 1 Y MS level 1
HMDB00064 creatine Y MS level 1
HMDB00562 creatinine Y MS level 1 Y MS level 1
HMDB00192 cystine Y MS level 2
HMDB00122 D-glucose Y MS level 1
HMDB04983 dimethyl sulfone Y MS level 2
HMDB00108 ethanolb Y MS level 1
HMDB00142 formateb Y MS level 2 Y MS level 2
HMDB00123 glycine Y MS level 1 Y MS level 1
HMDB00870 histamine Y MS level 2
HMDB00172 isoleucine Y MS level 1 Y MS level 1
HMDB00863 isopropanolb Y MS level 2
HMDB00190 lactateb Y MS level 1 Y MS level 1
HMDB00161 L-alanine Y MS level 1 Y MS level 1
HMDB00062 L-carnitine Y MS level 2
HMDB00148 L-glutamate Y MS level 1 Y MS level 1
HMDB00641 L-glutamine Y MS level 1 Y MS level 1
HMDB00177 L-histidine Y MS level 1
HMDB00687 L-leucine Y MS level 1 Y MS level 1
HMDB00159 L-phenylalanine Y MS level 1 Y MS level 1
HMDB00167 L-threonine Y MS level 2 Y MS level 2
HMDB00158 L-tyrosine Y MS level 1 Y MS level 1
HMDB00883 L-valine Y MS level 1 Y MS level 1
HMDB00182 lysine Y MS level 1 Y MS level 1
HMDB00765 mannitolb Y MS level 1
HMDB01875 methanolb Y MS level 2
HMDB00696 methionine Y MS level 1 Y MS level 1
HMDB01844 methylsuccinate Y MS level 2
HMDB00211 myo-Inositol Y MS level 1
HMDB03269 nicotinurate Y MS level 2 Y MS level 2
HMDB00895 O-acetylcholine Y MS level 2
HMDB00210 pantothenate Y MS level 2
HMDB00267 pyroglutamate Y MS level 2
HMDB00243 pyruvate Y MS level 1
HMDB00086 sn-glycero-3-phosphocholine Y MS level 2
HMDB00254 succinateb Y MS level 1 Y MS level 1
HMDB00929 tryptophan Y MS level 1
HMDB00300 uracil Y MS level 2
HMDB00296 uridine Y MS level 1
HMDB00001 τ-methylhistidine Y MS level 2

aMetabolites additionally identified using a 1D 1H NMR in-house library have been assigned to the Metabolomics Standards Initiative (MSI) level
1. Y = yes.60 bMetabolites removed from subsequent analyses.
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with the exception that “nonspecific cleavage” was altered from
“none” to “one”. The “peptide ion measurements” file was then
exported and analyzed using the online neopeptide analyzer
software tool.38

Statistical Analysis

Cartilage metabolite profiles were normalized using proba-
bilistic quotient normalization (PQN).57 Media metabolites
were normalized to the TSP concentration, and protein
profiles were normalized to total ion current (TIC). Prior to
multivariate analysis, metabolite and protein profiles were
Pareto-scaled.58 MetaboAnalyst 3.5 (http://www.
metaboanalyst.ca) was used to produce principal component
analysis (PCA) plots and provide principal component 1
(PC1) loading magnitude values. t-Tests were carried out
using MetaboAnalyst 3.5 (protein and metabolite abundances)
and the neopeptide analyzer (neopeptides) with p < 0.05 (and
a fold change of >2 for proteins) considered statistically
significant. The Benjamini−Hochberg false discovery rate
method was applied for the correction of multiple testing.59

The SPSS 24 software package was used to produce all
boxplots and PC1 loading magnitude graphs.

Pathway Analysis

Owing to the minimal annotation of the equine genome,
equine proteins and metabolites were converted to their
human orthologues prior to pathway analysis. Functional
analyses of differentially expressed proteins and metabolites
within the culture media were undertaken to evaluate the
differences due to the application of TNF-α and IL-1β at all
three time points. Networks, functional analyses, and canonical
pathways were generated through the use of ingenuity pathway
analysis (IPA, Ingenuity Systems, Redwood City, California)
on the list of differentially expressed proteins and metabolites,
p < 0.05. Protein and metabolite symbols were used as
identifiers, and the Ingenuity Knowledge Base gene was used as
a reference for pathway analysis. These molecules were
overlaid onto a global molecular network contained in the
Ingenuity Knowledge Base. Networks of network-eligible
molecules were algorithmically generated based on their
connectivity. The functional analyses identified the biological
functions and diseases that were most significant to the data

set. A right-tailed Fisher’s exact test was used to calculate the p
values. Canonical pathway analyses identified pathways from
the IPA library of canonical pathways that were most
significant to the data sets.

■ RESULTS

NMR Metabolomics

Protease Inhibitor Cocktail, TNF-α, and IL-1β Metab-
olite Profiles. Protease inhibitor cocktail was found to have
high levels of mannitol, and thus this metabolite was removed
from all analyses. Within the spectral profiles of TNF-α and IL-
1β acquired separately, the metabolites acetate, acetone,
ethanol, formate, lactate, methanol, and succinate were
identified. These metabolites were therefore also removed
from further analyses.

Analysis of Cartilage Metabolites. Acetonitrile metab-
olite extraction was identified to be highly reproducible with
technical replicates clustering within a PCA plot for three
separate macroscopically normal cartilage samples (Figure S5).
In total, 35 metabolites were identified within the equine
cartilage (Table 1). Of these, following the removal of
metabolites previously mentioned, eight were identified as
being differentially abundant between the control and
treatment groups (Figure 1). Glucose and lysine levels were
elevated following TNF-α/IL-1β treatment, while adenosine,
alanine, betaine, creatine, myo-inositol, and uridine levels
decreased. PCA identified that metabolite profiles separated
into two distinct clusters, separating the control and treatment
groups (Figure 2A). Of the top 25 PC1 loadings, myo-inositol
was found to be the most influential cartilage metabolite in
separating the control and treated samples, followed by
glucose, betaine, and alanine (Figure 2B).

Analysis of Media Metabolites. Spectral quality control
via metabolomics standard initiative identified two samples
that failed due to salt precipitation and as such were removed
from further analyses.54,61 Following metabolite identification
and quantification, one sample was identified as an outlier and
subsequently removed from statistical analyses. Isopropanol
was identified within all media samples. As this was considered
a likely contaminant during cartilage culture, together with

Figure 1. Boxplots of differentially abundant extracted ex vivo equine cartilage metabolites for control (n = 5) and following TNF-α/IL-1β
treatment (n = 5), shown as relative intensities. t-Test: * = p < 0.05 and ** = p < 0.01.
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metabolites previously mentioned, isopropanol was also
removed from all analyses. In total, 34 metabolites were
identified within the culture media (Table 1). Time points
were analyzed separately with four, four, and six metabolites
identified as being differentially abundant between the control
and treatment groups for 1−2, 3−5, and 6−8 days time points,
respectively (Figure 3). Choline levels were increased in the
treated samples compared to those in controls for all three
time points, while alanine and citrate levels decreased. At 3−5
days, glutamate levels were reduced following treatment. At 6−
8 days, following treatment, arginine and isoleucine levels were
elevated, while 2-oxoisocaproate and 3-methyl-2-oxovalerate
levels were found to decrease. PCA of combined and separated
time points identified a clear separation between the
metabolite profiles of the control and treated media samples
(Figures 2C and 4A−C). Metabolite loadings for PC1 indicate
that this separation is driven primarily by alanine and
glutamate (Figure 2D).

LC-MS/MS Proteomics

Analysis of Media Proteins. In total, 303 proteins were
identified within the analyzed culture media samples (Table
S1). When time points were analyzed separately, 154, 138, and
72 proteins were identified as being differentially abundant,
with >2-fold change, between the control and treatment
groups for 1−2, 3−5, and 6−8 days time points, respectively.
PCA analysis of the combined protein profiles identified
groups that were primarily separated by an elevated COMP
and decreased fibronectin following treatment (Figure 2E,F).
PCA multivariate analysis also identified a clear discrimination
between the control and treatment groups at all three time
points (Figure 4D−F). At each separated time point, the PC1
loadings with the 25 greatest magnitudes corresponding to
individual proteins were identified (Figure S6). Boxplots in
Figure 5 represent proteins that were found to be represented
within the top 25 PC1 loading magnitudes at all three time
points (coagulation factor XIII A chain, COMP, enolase 1,
lamin A/C, and MMP-3) and extracellular matrix-related
proteins of interest represented at 2/3 time points (collagen
type VI α 2 chain, collagen type X α 1 chain, fibromodulin,
fibronectin, matrix Gla protein, MMP-1, and vimentin).
Coagulation factor XIII A chain, enolase 1, and lamin A/C
were elevated at all three time points following treatment.
MMP-1 and MMP-3 levels were found to be statistically
elevated at 0−2 days only. Fibromodulin and vimentin levels
were increased following treatment at both 0−2 and 3−5 days
time points, while COMP levels increased at 0−2 and 6−8
days. Collagen type VI α 2 chain and matrix Gla protein levels
decreased following treatment at 3−5 and 6−8 days, while
collagen type X α 1 chain and fibronectin levels statistically
decreased at 6−8 days alone.
Silver stain analysis of the media profiles for combined time

points identified two protein bands that were decreased in
abundance following TNF-α/IL-1β treatment, with molecular
weights of 160−260 and 260 kDa (Figure S7).

Semitryptic Peptides. PCA of all identified semitryptic
peptides within the combined control and combined treated
samples identified far less variation within the treatment group
(Figure 6). This was also identified for all time points analyzed
individually (Figure S8). In total, nine potential novel OA
neopeptides were identified, which were elevated in the treated
media samples (Table 2). These included semitryptic peptides
of extracellular matrix proteins aggrecan, cartilage intermediate
layer protein, collagen type VI α 2 chain, and vimentin.

Pathway Analysis

Pathways implicated within the model at time points 0−2 and
3−5 days following TNF-α/IL-1β treatment were largely
dominated by those involved in cellular movement (Figure
S9). These included the upregulation of the canonical
pathways actin cytoskeleton signaling (0−2 days, p = 4.37 ×
10−9; 3−5 days, p = 9.77 × 10−4), RhoA (Ras homologue gene
family A) signaling (0−2 days, p = 1.45 × 10−8; 3−5 days, p =
4.47 × 10−4), and signaling by Rho family GTPases (0−2 days,
p = 1.29 × 10−7; 3−5 days, p = 2.69 × 10−4) at both time
points and the upregulation of actin-based motility by Rho (p
= 1.95 × 10−8) at 0−2 days (Figure 7). Network analysis of
cellular movement, migration, and invasion at 0−2 days
identified key contributors to these pathways to include both
metabolites and proteins, including increased levels of L-
glutamate, vimentin, coagulation factor XIII A chain,
fibromodulin, lamin A/C, and enolase 1 and reduced levels

Figure 2. PCA (A, C, E), and principal component 1 root-mean-
square (PC1 RMS) values (B, D, F) for the 25 components with the
highest magnitude for metabolites and proteins present in ex vivo
equine cartilage and culture media for combined time points over 8
days, comparing controls (red, n = 5) to TNF-α/IL-1β treatment
(green, n = 5). RMS: high = high in treatment with respect to control;
low = low in treatment with respect to control.
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of fibrillin 1, tissue inhibitor of metalloproteinases 2, and
collagen type XI α 1 chain following treatment (Figure S10).
Glycolysis was also identified as being upregulated at both

0−2 days (p = 3.89 × 10−7) and 3−5 days (p = 6.92 × 10−8)
(Figure 7). For 6−8 days, pathway directionality was unable to
be obtained for any of the significant pathways identified.

Alanine degradation and biosynthesis pathways were identified
as significant for both 3−5 days (alanine biosynthesis II, p =
3.80 × 10−4; alanine degradation III, p = 3.80 × 10−4) and 6−8
days (alanine biosynthesis II, p = 8.51 × 10−3; alanine
biosynthesis III, p = 4.27 × 10−3; alanine degradation III, p =
8.51 × 10−3).

Figure 3. Boxplots of differentially abundant metabolites within the culture media following incubation of ex vivo equine cartilage for control
samples (C, red) and following TNF-α/IL-1β treatment (T, green), at 0−2, 3−5, and 6−8 days (d). Metabolite abundances are shown as relative
intensities. t-Test: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. Control (n = 5) and TNF-α/IL-1β treatment (n = 5) for each separate time
point.

Figure 4. Principal component analysis (PCA) plots of media metabolite (A−C) and protein (D−F) profiles at 0−2, 3−5, and 6−8 days for
controls (green, n = 5) and TNF-α/IL-1β treatment (red, n = 5) of ex vivo equine cartilage.
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■ DISCUSSION

In this study, TNF-α/IL-1β treatment of ex vivo equine
cartilage explants was used to model early OA to gain a greater
understanding of OA pathogenesis and identify potential OA
markers. 1H NMR metabolomic and LC-MS/MS proteomic
analyses of culture media at 0−2, 3−5, and 6−8 days were
undertaken. In addition, the 1H NMR metabolomic analysis of
acetonitrile-extracted cartilage metabolites (following 8 days of
incubation) was also carried out.
Within culture media, following TNF-α/IL-1β treatment,

elevations in endopeptidases MMP-1 and MMP-3 at 0−2 days,
with a similar trend at both other time points, were identified
as expected.62 Elevated MMP-1 activity has previously been
identified within equine OA SF, with the general MMP activity
also found to be correlated to the severity of cartilage
damage.63,64 Also, as previously reported, elevations in the
noncollagenous ECM protein COMP were also identified
within the TNF-α/IL-1β equine OA model, with COMP
considered a marker of cartilage breakdown.65,66 Clinically,
elevated COMP levels have been identified within human OA
SF, although within equine OA, one study identified reduced
levels with COMP levels being unable to stage the disease.67,68

Fibronectin was identified as a key discriminator between the
control and treatment groups with reduced secreted
fibronectin identified within the media following TNF-α/IL-

Figure 5. Boxplots of differentially abundant proteins within the culture media following incubation of ex vivo equine cartilage for control samples
(C, red) and following TNF-α/IL-1β treatment (T, green), at 0−2, 3−5, and 6−8 days (d). Protein abundances are shown as relative intensities. t-
Test: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. Control (n = 5) and TNF-α/IL-1β treatment (n = 5) for each separate time point.

Figure 6. Principal component analysis (PCA) of semitryptic peptide
profiles within the culture media of control (red, n = 5) and TNF-α/
IL-1β-treated (green, n = 5) ex vivo equine cartilage. Time points
pooled for each individual donor.
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1β treatment. Additionally, a protein band of molecular weight
160−260 kDa was identified as reduced in the treated media
compared to that in control samples via 1D SDS PAGE, which
may be representing fibronectin (250 kDa), although further
techniques, i.e., western blotting or MS/MS analysis of an in-
gel tryptic digest, are required to confirm this.69,70 However,
elevated levels of fibronectin have previously been identified
within OA SF, with fibronectin found to localize at sites of
cartilage degeneration and subsequently secreted into the
ECM by equine chondrocytes.71,72 The reasons for this
possible discrepancy in results between this study and previous
studies are currently not known and require further
investigation. It may be that within this study fibronectin has
undergone post-translational modifications following treat-
ment, which may not have been identified via the PEAKS
identification algorithm or resulted in ions that subsequently
did not “fly” well during MS analysis and thus were
subsequently not identified as peptides.
Our study benefited by the integrated pathway analysis of

metabolites and proteins. Pathways implicated within this
study were dominated by the upregulation of cellular

movement pathways, particularly within the earlier stages of
the OA model, including actin cytoskeleton signaling, signaling
by Rho GTPases, and RhoA signaling. The actin cytoskeleton
is known to be regulated by Rho GTPase upstream regulators,
with RhoA having been identified as having an important role
in the regulation of cytoskeletal structure and focal adhesion
maturation.73,74 The RhoA/ROCK (Rho-associated kinase)
pathway has previously been established as having a critical
function within the regulation of chondrocyte proliferation and
differentiation, suppressing chondrogenesis by decreasing the
expression of the chondrocyte transcription factor Sox9.74,75

Targeting this pathway may therefore provide a critical role in
the development of cartilage tissue constructs, which are
clinically translatable, to treat OA.76 Additionally, with an
increasing body of evidence implicating the RhoA/ROCK
pathway within OA development, this pathway is currently
being investigated as a potentially novel therapeutic target
within the patient’s own cartilage.77 Therefore, with activation
of these pathways identified within this ex vivo cartilage model
of early OA, interrogating combined changes in the
metabolome and proteome within this model may have a

Table 2. Potential Osteoarthritis Neopeptidesa

time point protein
accession
number neopeptide sequence

previous amino
acid

following amino
acid

fold
change p-value

0−2 days aggrecan F7C3C6 TYGVRPSSETYDVY R C 3.6 7.76 × 10−5

3−5 days cartilage intermediate layer
protein

F7C2J3 AIGVPQPYLNK N L 2.2 1.83 × 10−4

unknown N/A NGPTESTFSTSWK C G 5.4 2.24 × 10−4

unknown N/A LVIIR N K 4.9 3.05 × 10−4

vimentin F7B5C4 RQVDQLTNDK L A 2.7 4.09 × 10−4

combined unknown N/A AFDQLR H N 6.4 3.05 × 10−4

collagen type VI α 2 chain F7CGV8 KQNVVPTVVAV R G 6.5 3.85 × 10−4

unknown N/A DGAFLLR E Q 11.7 4.10 × 10−4

unknown N/A SILGVR M S 5.6 4.61 × 10−4

aSemitryptic peptides of the extracellular matrix-related and unknown proteins, identified within the culture media, with an increased abundance
following TNF-α/IL-1β treatment of ex vivo equine cartilage.

Figure 7. Altered canonical pathways associated with differentially abundant metabolites and proteins within the culture media at (A) 0−2 days,
(B) 3−5 days, and (C) 6−8 days following TNF-α/IL-1β treatment of ex vivo equine cartilage explants. Canonical pathway significance was
calculated using a right-sided Fisher’s exact test and represented by the associated bars. The highest values represent canonical pathways, which are
least likely to have been identified due to random chance. Blue represents downregulated canonical pathways and orange represents upregulated
canonical pathways.
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beneficial role in testing responses of novel therapeutics on the
actin cytoskeleton/Rho GTPase pathways.
Following TNF-α/IL-1β treatment, elevations of glucose

within the cartilage were identified. This is supported by a
previous study, which demonstrated that TNF-α and IL-1β
upregulate glucose transport in chondrocytes through the
upregulation of glucose transporter (GLUT)1 and GLUT9
mRNA synthesis with increased levels of glycosylated GLUT1
incorporated into the plasma membrane.78 This influx in
glucose is likely, at least in part, to be due to the increased
energy requirement following cytokine stimulation in the
production of MMPs and secretion of IL-6, IL-8, hema-
topoietic colony-stimulating factor, and prostaglandin E2.

79 In
addition, although glucose was not identified within the culture
media, glycolysis and gluconeogenesis pathways were predicted
to be upregulated based on numerous differentially abundant
proteins within these pathways, including enolase 1. Enolase 1
is a multifunctional glycolytic enzyme, which has previously
been shown to have increased abundance within an equine
articular cartilage model stimulated with IL-1β, as well as
increased expression on the cell surface of immune cells during
rheumatoid arthritis (RA).70,80 Lee et al. identified apolipo-
protein B within RA SF to be a specific ligand to enolase 1,
provoking an inflammatory response. Elevated levels of
apolipoprotein B have also been associated with human knee
OA.81 Thus, lipid metabolism may operate through this
mechanism to regulate chronic inflammation in OA, as well as
RA.80

Within gluconeogenesis, the 10 differentially abundant
molecules identified within this pathway also included enolase
1, as well as alanine and choline. Across the whole study,
alanine was found to be a central component in discriminating
control and treatment groups. Alanine levels were depleted in
treated cartilage extracts compared to those in controls and
were identified as an important component in discriminating
control and treated cartilage samples. Reduced alanine levels
were also identified in human OA cartilage using HRMAS
NMR spectroscopy.52 Within the culture media, alanine was
depleted at all time points in the treated samples, and
involvement of alanine degradation and biosynthesis pathways
was identified as significant. Alanine has previously been
identified as a key component of the metabolic urinary OA
profile of guinea pigs.82 A 1H NMR metabolomics study of
equine SF also identified elevated levels of choline in OA.43

However, elevated levels of alanine and citrate were also
identified, while these were found to be decreased within our
study.
Upregulation of molecular transport pathways was driven by

numerous differentially expressed metabolites and proteins,
including alanine, citrate, arginine, choline, RhoC, COMP, and
MMP-3. Along with actin cytoskeleton regulation, Rho
GTPases are also known to regulate vesicle movement through
vesicle trafficking, with ROCK1 colocalizing with vesicles and
involved in microvesicle production.74,83,84 Extracellular
vesicles are now known to play an important role within OA
pathogenesis, with their structure and cargo being a growing
area within OA research.85,86 It would therefore be of interest
to use the techniques used within this study to interrogate the
metabolite and protein cargo of extracellular vesicles within
this early OA model.
Within this study, arginine levels were initially identified as

decreased following treatment at the earliest time point. A
recent study of human plasma also identified arginine to be

depleted in knee OA.87 The authors proposed that this is due
to increased activity of the conversion of arginine to ornithine
resulting in an imbalance between cartilage repair and
degradation. This is supported by a recent learning and
network approach of OA-associated metabolites, in which
arginine and ornithine appeared in about 30 and 25% of the
generated models studied, respectively.88 In addition to this, a
reduction in arginine may be reflective of an increased
production of nitric oxide (L-arginine being converted to
NOH-arginine and subsequently L-citrulline and nitric oxide),
as identified in the human OA cartilage.89,90

The cytoplasm organization pathway was identified as
significantly altered at 0−2 days, driven partially by reduced
alanine levels and increased levels of RhoC and vimentin.
Vimentin is a multifunctional intermediate filament protein.91

Within chondrocytes, it has been demonstrated that vimentin
is likely to be involved in mechanotransduction.92 Our results
are supported by a previous study, which identified elevated
levels of cleaved vimentin within the human OA cartilage, with
distortion of the vimentin network evident.93

Isoleucine was elevated within the media during the latter
stages of the model. Elevated isoleucine levels have previously
been reported within the SF of a canine OA model and human
OA serum.41,94 Borel et al. previously identified elevations of
peaks within 1H HRMAS NMR spectra of OA cartilage, which
could be attributed to isoleucine.51 Thus, the elevations seen in
isoleucine may be reflective of a cartilage collagen break-
down.94 However, within this study, although a higher
abundance was recorded for isoleucine in treated compared
to that in control cartilage, this did not reach statistical
significance. Furthermore, elevations in glutamate were
identified within the culture media at 3−5 days, consistent
with a previous study, which may be resultant of the catabolism
of collagenous proline through proline oxidase.27,95 Reduced
levels of collagen type VI α 2 chain and collagen type X α 1
chain were identified at 3−5 and 6−8 days following cytokine
treatment. This may reflect a reduction in collagen synthesis,
which has previously been identified within other collagen
types following TNF-α/IL-1β stimulation.22 Therefore, these
results provide evidence of a disruption in collagen homeo-
stasis and suggest that collagens are being degraded within the
model sooner than the 14−28 days previously reported within
other ex vivo cartilage OA models.96,97

Coagulation factor XIII A chain, fibromodulin, and lamin A/
C levels were all identified as being elevated within culture
media following TNF-α/IL-1β treatment at the earliest time
point: 0−2 days. All three of these proteins were also identified
as involved in alterations to cellular movement pathways,
which have been central to the biological changes within the
earlier stages of this OA model.
Coagulation factor XIII is a heterotetrameric protein

complex, which cross-links fibrin polymers through covalent
bonds.98 Coagulation factor XIII A chain immunostaining was
previously found to be elevated within human articular knee
cartilage following IL-1β stimulation.99 Sanchez et al. identified
increased expression of coagulation factor XIII A chain in
osteoblasts within the sclerotic zone of the OA subchondral
bone.100 Clinically, remodeling of the subchondral bone is
likely to be closely related to cartilage degradation.101 Within
hypertrophic chondrocytes, Nurminskaya et al. concluded that
cell death and lysis were responsible for the externalization of
the protein.102 However, coagulation factor XIII A chain has
also been identified within articular cartilage vesicles, although
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the underlying externalization mechanism remains un-
known.103

Fibromodulin is a small leucine-rich repeat proteoglycan that
interacts with collagen fibrils and influences fibrillogenesis rate
and fibril structure.104 Experimental mice, which lack biglycan
and fibromodulin, have been shown to develop OA in multiple
joints.105,106 Neopeptides generated from fibromodulin degra-
dation have also been identified as potential markers of equine
articular cartilage degradation.30

Within our study, higher levels of lamin A/C (intermediate
filament protein) were identified within the treated media
samples.107 Lamin A/C has also been identified as being
upregulated in human OA cartilage, and elevated levels have
been implicated in the dysregulation of chondrocyte autophagy
in aging and OA.108,109 Thus, our results support these studies,
with chondrocyte autophagy targeting a potential novel
therapeutic route.
Due to an elevation in enzymatic activity and breakdown of

cartilage during OA, potential biomarkers include ECM
degradation fragments.110 PCA identified that the semitryptic
peptide profiles generated from the treated equine cartilage
were less variable than those of the controls, demonstrating
that the TNF-α/IL-1β treatment is driving the semitryptic
peptide profile within the model. Within this study, we have
identified several semitryptic peptides (potential neopeptides)
that were identified as being elevated following treatment
compared to those of controls, including degradation products
from the ECM proteins aggrecan, cartilage intermediate layer
protein, vimentin, and collagen type VI. None of these
potential neopeptides have previously been identified within
the literature.30,35,36,70

Study Limitations

Previously, an in vivo study of equine OA identified
physiological levels of TNF-α and IL-1β within SF to be
40−80 pg/mL.19 However, our study, along with previous
studies in the field, has used significantly higher cytokine
concentrations to experimentally model OA.20−25,27,28 This
approach was used within this study due to the short half-lives
of these two cytokines.111,112 Supplementation at a concen-
tration closer to the physiological levels would have ultimately
resulted in the experiment being largely conducted with
cytokine levels significantly below that experienced during OA,
thus producing results that may have been of insufficient
benefit. Therefore, the approach used within this study to
model OA should be taken into consideration when
interpreting the results.
The cytokine preparations used within this study contained

various metabolites, which, following their removal from
subsequent statistical analysis, prevented the analysis of some
various metabolites within the experiment. Additionally, the
culture media was supplemented with a protease inhibitor
cocktail at collection to inhibit the general protein degradation
prior to MS proteomic analysis, with results therefore
representing the peptide/protein composition during exper-
imentation. However, the high mannitol content prevented
analysis of this metabolite within the sample/spectral region.
Therefore, when in future, using cytokines/supplements for
NMR metabolomics, analyzing the spectra of different
manufacturers/preparations prior to experimentation may be
beneficial to identify their associated metabolite profiles,
selecting the most appropriate products to maximize the
downstream interpretation of results.

Further Work

Within this study, OA was modeled using a combined
treatment of TNF-α and IL-1β. Now that this paper has
optimized a method to extract metabolites from the articular
cartilage for 1H NMR analysis and protocols established to
concurrently investigate metabolite and protein profiles within
culture media, it may be of interest to subsequently explore the
effect of individual cytokine treatments, separate TNF-α and
IL-1β treatments, comparing these results to those identified
within this study. Additional MS-based metabolomics analysis
of the culture media within this study may be beneficial as
NMR and MS are complementary techniques and would
therefore expand the number of identified/quantified metab-
olites, additionally identifying potential lipid and carbohydrate
profiles of interest.9,40,45,113 To confirm the differentially
abundant proteins within this study, validation using an
orthologous technique, e.g., Western blotting or enzyme-linked
immunosorbent assays, is required. Further validation of
potential neopeptides could also be carried out through
multiple reaction monitoring using a triple-quadrupole mass
spectrometer.114 Following this, the development of mono-
clonal antibodies specific to neopeptides of interest would
enable simpler monitoring of neopeptide abundance in in vitro,
ex vivo, and clinical environments.115 Following validations,
monitoring the differentially abundant metabolites, proteins,
and neopeptides within this study within longitudinal SF
samples from OA horses would identify the translation of these
findings to a clinical setting and the eventual generation of
clinically applicable diagnostic tests.

■ CONCLUSIONS
In conclusion, this is the first study to use a multi-“omics”
approach to simultaneously investigate the metabolomic profile
of ex vivo cartilage and metabolomic/proteomic profiles of
culture media using the TNF-α/IL-1β ex vivo OA cartilage
model. We have identified a panel of metabolites and proteins
that are differentially abundant within an early phase of the OA
model, 0−2 days, which may provide further information on
the underlying disease pathogenesis, as well as the potential to
translate to clinical markers. Altered pathways implicated
within this model were largely dominated by those involved in
cellular movement. This study has also identified a panel of
ECM-derived neopeptides that have the potential to help
enable OA stratification, as well as provide potential novel
therapeutic targets.
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Liquid chromatography-tandem mass spectrometry
detailed methods; five postmortem equine metacarpo-
phalangeal joints used for ex vivo cartilage culture
(Figure S1); experimental design for ex vivo equine
cartilage culture ± TNF-α/IL-1β treatment (Figure S2);
1D 1H nuclear magnetic resonance spectral quantile
plots of cartilage, 8 days in control media; cartilage, 8
days in TNF-α/IL-1β-treated media; control media (all
time points combined); and TNF-α/IL-1β-treated
media (all time points combined) (Figure S3);
representative culture media ion chromatograms of
combined time points for control and TNF-α/IL-1β-
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treated equine ex vivo cartilage explants using a 60 min
liquid chromatography gradient (Figure S4); principal
component analysis score plot identifying high reprodu-
cibility of acetonitrile cartilage metabolite extraction
(three separate equine donors, technical triplicate for
each donor) using 1D 1H NMR metabolome analysis
(Figure S5); PC1 RMS values for the 25 components
with the highest magnitude for differentially abundant
proteins present within culture media at (A) 0−2 days,
(B) 3−5 days, and (C) 6−8 days following TNF-α/IL-
1β treatment of ex vivo equine cartilage (Figure S6);
silver stain-identifying media protein profiles (combined
for all time points) following incubation of ex vivo
equine cartilage for control and TNF-α/IL-1β-treated
samples (Figure S7); principal component analyses of
semitryptic peptide profiles within the culture media of
control and TNF-α/IL-1β-treated ex vivo equine
cartilage at 0−2, 3−5, and 6−8 days (Figure S8); heat
maps identifying canonical pathway groupings associated
with diseases and biological functions altered for 0−2,
3−5, and 6−8 days within culture media following TNF-
α/IL-1β treatment of ex vivo equine cartilage explants
(Figure S9); networks involved in cell movement,
migration of cells, and invasion of cells in culture
media at 0−2 days following TNF-α/IL-1β treatment of
ex vivo equine cartilage explants (Figure S10); all
proteins identified within culture media, including
control and TNF-α/IL-1β-treated ex vivo equine
cartilage sample wells (Table S1) (PDF)
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Rüetschi, U. Cartilage Oligomeric Matrix Protein Neoepitope in the

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00143
J. Proteome Res. 2020, 19, 3652−3667

3664

https://dx.doi.org/10.1111/avj.12266
https://dx.doi.org/10.1016/j.prevetmed.2011.06.002
https://dx.doi.org/10.1016/j.prevetmed.2011.06.002
https://dx.doi.org/10.1111/j.2042-3306.2010.00361.x
https://dx.doi.org/10.1111/j.2042-3306.2010.00361.x
https://dx.doi.org/10.1111/j.2042-3306.2010.00361.x
https://dx.doi.org/10.1016/j.joca.2005.07.018
https://dx.doi.org/10.1016/j.joca.2005.07.018
https://dx.doi.org/10.1016/j.joca.2005.07.018
https://dx.doi.org/10.1016/j.joca.2007.04.013
https://dx.doi.org/10.1016/j.joca.2007.04.013
https://dx.doi.org/10.1055/s-0035-1558063
https://dx.doi.org/10.1055/s-0035-1558063
https://dx.doi.org/10.1055/s-0035-1558063
https://dx.doi.org/10.1021/acs.jproteome.8b00190
https://dx.doi.org/10.1021/acs.jproteome.8b00190
https://dx.doi.org/10.2460/ajvr.2003.64.83
https://dx.doi.org/10.2460/ajvr.2003.64.83
https://dx.doi.org/10.2460/ajvr.2003.64.83
https://dx.doi.org/10.1016/j.berh.2014.01.007
https://dx.doi.org/10.1016/j.berh.2014.01.007
https://dx.doi.org/10.1016/j.berh.2014.01.007
https://dx.doi.org/10.1002/jor.23738
https://dx.doi.org/10.1002/jor.23738
https://dx.doi.org/10.1155/2014/561459
https://dx.doi.org/10.1155/2014/561459
https://dx.doi.org/10.1155/2014/561459
https://dx.doi.org/10.1074/jbc.M111.264549
https://dx.doi.org/10.1074/jbc.M111.264549
https://dx.doi.org/10.1074/jbc.M111.264549
https://dx.doi.org/10.1097/01.blo.0000144854.66565.8f
https://dx.doi.org/10.1097/01.blo.0000144854.66565.8f
https://dx.doi.org/10.1136/ard.49.9.676
https://dx.doi.org/10.1136/ard.49.9.676
https://dx.doi.org/10.1186/s12917-016-0873-7
https://dx.doi.org/10.1186/s12917-016-0873-7
https://dx.doi.org/10.1186/s12917-016-0873-7
https://dx.doi.org/10.1515/jvetres-2017-0056
https://dx.doi.org/10.1515/jvetres-2017-0056
https://dx.doi.org/10.1002/art.23120
https://dx.doi.org/10.1002/art.23120
https://dx.doi.org/10.1002/art.23120
https://dx.doi.org/10.1002/art.23120
https://dx.doi.org/10.1002/art.23120
https://dx.doi.org/10.1074/mcp.M800181-MCP200
https://dx.doi.org/10.1074/mcp.M800181-MCP200
https://dx.doi.org/10.1074/mcp.M800181-MCP200
https://dx.doi.org/10.1186/ar2618
https://dx.doi.org/10.1186/ar2618
https://dx.doi.org/10.1186/ar2618
https://dx.doi.org/10.1016/j.bbrc.2004.08.184
https://dx.doi.org/10.1016/j.bbrc.2004.08.184
https://dx.doi.org/10.1002/art.27265
https://dx.doi.org/10.1002/art.27265
https://dx.doi.org/10.1002/art.27265
https://dx.doi.org/10.1002/art.27265
https://dx.doi.org/10.1002/art.22167
https://dx.doi.org/10.1002/art.22167
https://dx.doi.org/10.1002/art.22167
https://dx.doi.org/10.1016/j.joca.2018.02.373
https://dx.doi.org/10.1016/j.joca.2018.02.373
https://dx.doi.org/10.1016/j.joca.2018.02.373
https://dx.doi.org/10.1186/s12860-020-00288-9
https://dx.doi.org/10.1186/s12860-020-00288-9
https://dx.doi.org/10.1186/s12860-020-00288-9
https://dx.doi.org/10.1146/annurev.genom.4.070802.110305
https://dx.doi.org/10.1002/jor.22963
https://dx.doi.org/10.1002/jor.22963
https://dx.doi.org/10.14670/HH-25.599
https://dx.doi.org/10.14670/HH-25.599
https://dx.doi.org/10.14670/HH-25.599
https://dx.doi.org/10.1186/s13075-015-0586-5
https://dx.doi.org/10.1186/s13075-015-0586-5
https://dx.doi.org/10.1080/14789450.2019.1578214
https://dx.doi.org/10.1080/14789450.2019.1578214
https://dx.doi.org/10.1080/14789450.2019.1578214
https://dx.doi.org/10.1172/jci.insight.95704
https://dx.doi.org/10.1172/jci.insight.95704
https://dx.doi.org/10.1186/ar4560
https://dx.doi.org/10.1186/ar4560
https://dx.doi.org/10.1186/ar4560
https://dx.doi.org/10.1016/j.joca.2015.03.019
https://dx.doi.org/10.1016/j.joca.2015.03.019
https://dx.doi.org/10.1111/evj.12666
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00143?ref=pdf


Synovial Fluid of Horses with Acute Lameness: A New Biomarker for
the Early Stages of Osteoarthritis. Equine Vet. J. 2017, 49, 662−667.
(38) Peffers, M.; Jones, A. R.; McCabe, A.; Anderson, J. Neopeptide
Analyser: A Software Tool for Neopeptide Discovery in Proteomics
Data. Wellcome Open Res. 2017, 2, 24.
(39) Beckonert, O.; Keun, H. C.; Ebbels, T. M. D.; Bundy, J.;
Holmes, E.; Lindon, J. C.; Nicholson, J. K. Metabolic Profiling,
Metabolomic and Metabonomic Procedures for NMR Spectroscopy
of Urine, Plasma, Serum and Tissue Extracts. Nat. Protoc. 2007, 2,
2692−2703.
(40) Beltran, A.; Suarez, M.; Rodríguez, M. A.; Vinaixa, M.; Samino,
S.; Arola, L.; Correig, X.; Yanes, O. Assessment of Compatibility
between Extraction Methods for NMR- and LC/MS-Based
Metabolomics. Anal. Chem. 2012, 84, 5838−5844.
(41) Damyanovich, A. Z.; Staples, J. R.; Chan, A. D.; Marshall, K. W.
Comparative Study of Normal and Osteoarthritic Canine Synovial
Fluid Using 500 MHz 1H Magnetic Resonance Spectroscopy. J.
Orthop. Res. 1999, 17, 223−231.
(42) Hugle, T.; Kovacs, H.; Heijnen, I. A.; Daikeler, T.; Baisch, U.;
Hicks, J. M.; Valderrabano, V. Synovial Fluid Metabolomics in
Different Forms of Arthritis Assessed by Nuclear Magnetic Resonance
Spectroscopy. Clin. Exp. Rheumatol. 2012, 30, 240−245.
(43) Lacitignola, L.; Fanizzi, F. P.; Francioso, E.; Crovace, A. 1H
NMR Investigation of Normal and Osteo-Arthritic Synovial Fluid in
the Horse. Vet. Comp. Orthop. Traumatol. 2008, 21, 85−88.
(44) Mickiewicz, B.; Heard, B. J.; Chau, J. K.; Chung, M.; Hart, D.
A.; Shrive, N. G.; Frank, C. B.; Vogel, H. J. Metabolic Profiling of
Synovial Fluid in a Unilateral Ovine Model of Anterior Cruciate
Ligament Reconstruction of the Knee Suggests Biomarkers for Early
Osteoarthritis. J. Orthop. Res. 2015, 33, 71−77.
(45) Mickiewicz, B.; Kelly, J. J.; Ludwig, T. E.; Weljie, A. M.; Wiley,
J. P.; Schmidt, T. A.; Vogel, H. J. Metabolic Analysis of Knee Synovial
Fluid as a Potential Diagnostic Approach for Osteoarthritis. J. Orthop.
Res. 2015, 33, 1631−1638.
(46) Anderson, J. R.; Chokesuwattanaskul, S.; Phelan, M. M.;
Welting, T. J. M.; Lian, L.-Y.; Peffers, M. J.; Wright, H. L. 1H NMR
Metabolomics Identifies Underlying Inflammatory Pathology in
Osteoarthritis and Rheumatoid Arthritis Synovial Joints. J. Proteome
Res. 2018, 17, 3780−3790.
(47) Graham, R. J. T. Y.; Anderson, J. R.; Phelan, M. M.; Cillan-
Garcia, E.; Bladon, B. M.; Taylor, S. E. Metabolomic Analysis of
Synovial Fluid from Thoroughbred Racehorses Diagnosed with
Palmar Osteochondral Disease Using Magnetic Resonance Imaging.
Equine Vet. J. 2020, 52, 384−390.
(48) Ling, W.; Regatte, R. R.; Schweitzer, M. E.; Jerschow, A.
Characterization of Bovine Patellar Cartilage by NMR. NMR Biomed.
2008, 21, 289−295.
(49) Schiller, J.; Huster, D.; Fuchs, B.; Naji, L.; Kaufmann, J.;
Arnold, K. Evaluation of Cartilage Composition and Degradation by
High-Resolution Magic-Angle Spinning Nuclear Magnetic Resonance.
Cartilage Osteoarthritis; Humana Press: New Jersey, 2004; pp 267−
286.
(50) Schiller, J.; Naji, L.; Huster, D.; Kaufmann, J.; Arnold, K. 1H
and 13C HR-MAS NMR Investigations on Native and Enzymatically
Digested Bovine Nasal Cartilage. MAGMA 2001, 13, 19−27.
(51) Borel, M.; Pastoureau, P.; Papon, J.; Madelmont, J. C.; Moins,
N.; Maublant, J.; Miot-Noirault, E. Longitudinal Profiling of Articular
Cartilage Degradation in Osteoarthritis by High-Resolution Magic
Angle Spinning 1H NMR Spectroscopy: Experimental Study in the
Meniscectomized Guinea Pig Model. J. Proteome Res. 2009, 8, 2594−
2600.
(52) Shet, K.; Siddiqui, S. M.; Yoshihara, H.; Kurhanewicz, J.; Ries,
M.; Li, X. High-Resolution Magic Angle Spinning NMR Spectroscopy
of Human Osteoarthritic Cartilage. NMR Biomed. 2012, 25, 538−544.
(53) McIlwraith, C. W.; Frisbie, D. D.; Kawcak, C. E.; Fuller, C. J.;
Hurtig, M.; Cruz, A. The OARSI Histopathology Initiative −
Recommendations for Histological Assessments of Osteoarthritis in
the Horse. Osteoarthritis Cartilage 2010, 18, S93−S105.

(54) Sumner, L. W.; Amberg, A.; Barrett, D.; Beale, M. H.; Beger, R.;
Daykin, C. A.; Fan, T. W.; Fiehn, O.; Goodacre, R.; Griffin, J. L.; et al.
Proposed Minimum Reporting Standards for Chemical Analysis
Chemical Analysis Working Group (CAWG) Metabolomics Stand-
ards Initiative (MSI). Metabolomics 2007, 3, 211−221.
(55) Haug, K.; Cochrane, K.; Nainala, V. C.; Williams, M.; Chang, J.;
Jayaseelan, K. V.; O’Donovan, C. MetaboLights: A Resource Evolving
in Response to the Needs of Its Scientific Community. Nucleic Acids
Res. 2019, 48, D440.
(56) Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.;
Hewapathirana, S.; Kundu, D. J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE Database and Related Tools and
Resources in 2019: Improving Support for Quantification Data.
Nucleic Acids Res. 2019, 47, D442−D450.
(57) Dieterle, F.; Ross, A.; Schlotterbeck, G.; Senn, H. Probabilistic
Quotient Normalization as Robust Method to Account for Dilution of
Complex Biological Mixtures. Application in 1H NMR Metabonom-
ics. Anal. Chem. 2006, 78, 4281−4290.
(58) Worley, B.; Powers, R. Multivariate Analysis in Metabolomics.
Curr. Metabolomics 2013, 1, 92−107.
(59) Benjamini, Y.; Hochberg, Y. Controlling the False Discovery
Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc., Ser. B 1995, 57, 289−300.
(60) Salek, R. M.; Steinbeck, C.; Viant, M. R.; Goodacre, R.; Dunn,
W. B. The Role of Reporting Standards for Metabolite Annotation
and Identification in Metabolomic Studies. Gigascience 2013, 2,
No. 13.
(61) Considine, E.; Salek, R. A Tool to Encourage Minimum
Reporting Guideline Uptake for Data Analysis in Metabolomics.
Metabolites 2019, 9, No. 43.
(62) Mackay, A. R.; Ballin, M.; Pelina, M. D.; Farina, A. R.; Nason,
A. M.; Hartzler, J. L.; Thorgeirsson, U. P. Effect of Phorbol Ester and
Cytokines on Matrix Metalloproteinase and Tissue Inhibitor of
Metalloproteinase Expression in Tumor and Normal Cell Lines.
Invasion Metastasis 1992, 12, 168−184.
(63) Brama, P. A. J.; Boom, R.; DEGroot, J.; Kiers, G. H.; Weeren, P.
R. Collagenase-1 (MMP-1) Activity in Equine Synovial Fluid:
Influence of Age, Joint Pathology, Exercise and Repeated Arthrocent-
esis. Equine Vet. J. 2004, 36, 34−40.
(64) van den Boom, R.; van der Harst, M. R.; Brommer, H.; Brama,
P. A. J.; Barneveld, A.; van Weeren, P. R.; De Groot, J. Relationship
between Synovial Fluid Levels of Glycosaminoglycans, Hydroxypro-
line and General MMP Activity and the Presence and Severity of
Articular Cartilage Change on the Proximal Articular Surface of P1.
Equine Vet. J. 2005, 37, 19−25.
(65) Tseng, S.; Reddi, A. H.; Di Cesare, P. E. Cartilage Oligomeric
Matrix Protein (COMP): A Biomarker of Arthritis. Biomark. Insights
2009, 4, 33−44.
(66) Svala, E.; Löfgren, M.; Sihlbom, C.; Rüetschi, U.; Lindahl, A.;
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