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The objectives of this study were to perform a quantitative
comparison of proteins released from cartilage explants
in response to treatment with IL-1�, TNF-�, or mechanical
compression injury in vitro and to interpret this release in
the context of anabolic-catabolic shifts known to occur in
cartilage in response to these insults in vitro and their
implications in vivo. Bovine calf cartilage explants from
6–12 animals were subjected to injurious compression,
TNF-� (100 ng/ml), IL-1� (10 ng/ml), or no treatment and
cultured for 5 days in equal volumes of medium. The
pooled medium from each of these four conditions was
labeled with one of four iTRAQ labels and subjected to
nano-2D-LC/MS/MS on a quadrupole time-of-flight in-
strument. Data were analysed by ProQuant for peptide
identification and quantitation. k-means clustering and
biological pathways analysis were used to identify pro-
teins that may correlate with known cartilage phenotypic
responses to such treatments. IL-1� and TNF-� treatment
caused a decrease in the synthesis of collagen subunits
(p < 0.05) as well as increased release of aggrecan G2 and
G3 domains to the medium (p < 0.05). MMP-1, MMP-3,
MMP-9, and MMP-13 were significantly increased by all
treatments compared with untreated samples (p < 0.10).
Increased release of proteins involved in innate immunity
and immune cell recruitment were noted following IL-1�
and TNF-� treatment, whereas increased release of in-
tracellular proteins was seen most dramatically with
mechanical compression injury. Proteins involved in in-
sulin-like growth factor and TGF-� superfamily pathway
modulation showed changes in pro-anabolic pathways
that may represent early repair signals. At the systems
level, two principal components were sufficient to de-
scribe 97% of the covariance in the data. A strong cor-
relation was noted between the proteins released in
response to IL-1� and TNF-�; in contrast, mechanical
injury resulted in both similarities and unique differ-

ences in the groups of proteins released compared with
cytokine treatment. Molecular & Cellular Proteomics
8:1475–1489, 2009.

Degeneration of cartilage is a primary feature of osteoar-
thritis (OA)1 (1). Although OA is a disease of the entire joint,
chondrocytes are thought to play a primary role in mediating
cartilage destruction. Changes in the cell’s biochemical, bio-
physical, and mechanical environment during OA drive
changes in normal chondrocyte phenotype, which may further
potentiate disease progression (2).

Pro-inflammatory stimuli, particularly the inflammatory cy-
tokines, TNF-� and IL-1�, are commonly present in both
rheumatoid and osteoarthritic joints and synovial fluid (3).
These cytokines, through their actions on chondrocytes, sy-
noviocytes and macrophages, can promote cartilage degen-
eration and stimulate local and systemic inflammation (for
review see Ref. 2). The importance of these cytokines to
rheumatoid arthritis has been illustrated by the effectiveness
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1 The abbreviations used are: OA, osteoarthritis; ACL, anterior
cruciate ligament; ADAMTS4/5, a disintegrin and metalloproteinase
with thrombospondin motifs 4 and 5; aggrecan G1, aggrecan first
globular domain; BMP, bone morphogenetic protein; CCL2, C-C
chemokine 2; M-CSF, macrophage colony stimulating factor;
CD14, cluster of differentiation 14; CDMP-2, cartilage-derived mor-
phogenetic protein 2; COMP, cartilage oligomeric matrix protein;
CTGF, connective tissue growth factor; ECM, extracellular matrix;
FGF-2, fibroblast growth factor 2; IGF, insulin-like growth factor;
IGF-BP, insulin-like growth factor-binding protein; IL-1�, interleukin-
1�; iTRAQ, isobaric tag for relative and absolute quantitation; ITS,
insulin transferrin and selenium supplement; LPS, lipopolysaccharide;
LRP-1, low density lipoprotein-related protein 1; LTBP-1S, latent
transforming growth factor-�-binding protein 1 short isoform; LTBP,
latent transforming growth factor-�-binding protein; MMP, matrix
metalloproteinase; nano-2D-LC/MS/MS, nano-two-dimensional liq-
uid chromatography and tandem mass spectrometry; PCM, pericel-
lular matrix; GAG, sulfated glycosaminoglycan; SDS, sodium dodecyl
sulfate; TCEP, tris(2-carboxyethyl)phosphine hydrochloride; TEAB,
triethylammonium bicarbonate; TGF-�, transforming growth factor-�;
TIMP, tissue inhibitor of metalloproteinases; TLR, toll-like receptor;
TNF-�, tumor necrosis factor-�.
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of anti-TNF-� and anti-IL-1 therapies, which have abrogated
disease progression in many patients (4).

Joint injury dramatically increases the risk for developing
OA. Human knee injury, such as anterior cruciate ligament
(ACL) or meniscal tear, significantly increases the relative risk
of developing OA, with mean relative risk or odds ratio values
ranging from 3 to 20, and increasing with age and with time
following initial injury (for review, see Ref. 5). Acute knee injury
is normally accompanied by an increase in synovial fluid levels
of MMP-3 (6) and pro-inflammatory cytokines including
TNF-� and IL-1� (7), as well as increased release to the
synovial fluid of cartilage COMP fragments, collagen II cross-
links, and aggrecan fragments (8, 9). In Vitro models of carti-
lage injury have shown that injurious compression promotes
cell death, predominantly by apoptosis (10), decreases matrix
synthesis, decreases chondrocyte anabolic biosynthetic re-
sponse to moderate dynamic compression (11), increases
type II collagen degradation (12), increases protease produc-
tion (13), and alters gene transcription and subsequent protein
release from the tissue (14–16). Following injury, chondro-
cytes make initial, but mostly unfruitful, attempts at repair (17).

Recent proteomics studies have helped to identify proteins
relevant to cartilage injury and OA degradation. Gel-based
proteomics studies have shown the release of FGF-2 follow-
ing mechanical injury and the release of MMP-3, MMP-1,
ykl40, serum amyloid A (SAA), and TIMP-1 following IL-1�

treatment of cartilage explants (18, 19). In addition, Hermans-
son et al. (20) showed increased expression of inhibin �-A and
increased type II collagen synthesis (collagen II C-terminal
telopeptide) in human OA cartilage. Proteomics technologies
have shown that protein samples can also be compared at the
peptide level by mass spectrometry using chemical isotope
labels such as iTRAQ (21). The iTRAQ four-plex system is an
amine-reactive succinimidyl ester coupled to an isobaric re-
porter tag that in collision-induced decomposition experi-
ments releases four different isotope-labeled signature ions
(m/z 114.1, 115.1, 116.1, 117.1), which then provide relative
quantitation at the MS/MS level (21).

The objective of the present study was to use a quantitative
mass spectrometry approach to compare proteins released to
the medium after treatment of cartilage explants with TNF-�,
IL-1�, or injurious mechanical compression. Such results are
of importance to understanding the mechanisms by which
injury to synovial joints may lead to cartilage degradation in
vivo as well as the individual contributions of cartilage me-
chanical injury and cytokine insult to the initiation of reparative
processes versus degradative pathways that may lead to the
progression of OA. We used k-means clustering and focused
biological pathway analysis to identify groups of released
proteins associated with cell death, matrix integrity, catabolic
and anabolic behavior, innate immunity and inflammatory re-
sponses, probing mechanisms relevant to cartilage damage,
inflammation, and repair. Because newly synthesized and/or
degraded proteins that are actively or passively released to

medium reflect cell and tissue response to treatments, we
hoped to understand the consequences of these treatments
that may represent shifts in the anabolic-catabolic axes of
cartilage.

EXPERIMENTAL PROCEDURES

Cartilage Explantation and Culture—Cartilage was explanted from
stifle joints of 2–3-week-old bovine calves obtained from the local
abattoir (Research ’87, Hopkinton, MA) as described previously (22).
Briefly, 9-mm cartilage-bone cylinders were drilled from the patel-
lofemoral groove perpendicular to the joint surface, and one or two
sequential 1-mm thick cartilage slices were microtomed from the
upper-middle zone (Fig. 1a). Using a dermal punch, four 3-mm diam-
eter disks were punched from each cartilage slice yielding 4 position-
matched explant disks, each 1-mm thick. Eight or 12 disks per
condition were obtained from each of 6–12 animals. The explants
were rested for 5 days in medium containing 1% ITS (high glucose (25
mM), Dulbecco’s modified Eagle’s medium supplemented with 10 mM

HEPES, 0.1 mM non-essential amino acids, 115 �M ascorbic acid, 400
�M L-proline, 100 units/ml penicillin, 100 �g/ml streptomycin, 0.25
�g/ml amphotericin B, and 1 mM sodium pyruvate).

Mechanical Injury and TNF-� and IL-1� Treatment—Strain and
strain rate-controlled unconfined compression was performed in an
incubator-housed loading apparatus as described previously (14, 23).
Each explant was individually loaded into a polysulfone chamber and
subjected to a single uniaxial, radially unconfined compression to
50% strain at a strain rate of 100%/sec (velocity � 1 mm/sec), against
a non-porous platen. The compression was then immediately re-
leased using the same strain rate (velocity). This compression proto-
col resulted in a measured peak stress of 18.9 � 0.3 MPa (mean �
S. E.). Injured explants were then placed in sets of four in 2.0 ml of
medium as above but without 1% ITS. Separate sets of four explants
were treated with cytokines (R&D systems) IL-1� (10 ng/ml) or TNF-�

(100 ng/ml) or no additional treatment, also in sets of four in 2.0 ml of
medium as above but without 1% ITS. All explants were then cultured
for 5 days with a 10% medium removal and 10% supplementation
every 24 h (Fig. 1a). Medium was collected and stored at �80 °C. In
each set of four explant disks, sGAG release was measured every
24 h for the duration of the 5-day treatment, and biosynthesis was
assessed after the experiment on day 6 (data not shown) to confirm
that no obvious outliers existed that might skew the data from ap-
proaching a true mean, given the sample size of between 6–12
animals with 8 or 12 position-matched explants per animal. The 5-day
treatment was chosen because the total measured sGAG release to
the medium had begun to plateau by that time, in a manner similar to
that observed previously after mechanical injury (24) or cytokine treat-
ment (25) using the same cartilage explant system. No outliers were
identified and the coefficient of variation for sGAG loss on day 5
averaged 25% and ranged from 13 to 40% for the groups with the
highest variance found after IL-1� treatment. The effects of injury and
cytokine treatment on 35S-sulfate and 3H-proline incorporation (as
measures of proteoglycan and protein synthesis respectively) were
also similar to those described previously (11, 26, 27), and the coef-
ficient of variation ranged from 17–35% and 15–25%.

Sample Preparation and Trypsinization—See Fig. 1b for complete
experimental design. Pooled medium (3 ml) from each treatment
group, obtained from 6–12 animals total (sample set 1 and sample set
2), was supplemented with 5 mM EDTA, 100 �g/ml phenylmethane-
sulphonyl fluoride, 5 mg/ml iodoacetamide and dialyzed in a 7.5 kDa
cutoff membrane for 3 h at room temperature against buffer contain-
ing 10 mM Tris acetate, pH 8.0, 40 mM NaCl, and 5 mM EDTA.
Chondroitinase ABC (Seikagaku, Japan) was added (70 milliunit/sam-
ple), and samples were dialyzed overnight at 37 °C to remove chon-
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droitin sulfate. The chondroitinase ABC also served as an ideal protein
internal standard for this experiment because it is a non-mammalian
protein, and there is no risk that there may be an underlying inadvert-
ent expression of this protein in one or more of the samples. The
samples were then dialyzed against 2 mM and then 0.5 mM triethyl-
ammonium bicarbonate (TEAB) for 8–12 h each at room temperature.
The samples were frozen, concentrated 20-fold, and subjected to
protein estimation by micro BCA protein assay kit (Pierce). The sam-
ples were then alklyated by sequential addition of 2 mM TCEP and 5
mM iodoacetamide in 100 mM TEAB, precipitated by addition of six
volumes of acetone, placed at �20 °C overnight, pelleted by centrif-
ugation at 15,000 � g for 30 min at 4 °C, and finally resuspended in
25 �l of 50 mM TEAB containing 0.1% SDS. Trypsin (0.1 �g/�l in 50
mM TEAB; Promega) was added to each sample at a ratio of 1:37.5,
trypsin to protein. To verify complete trypsinization, sample set 2 was
subjected to a second trypsinization at 1:75. Sample volume was
taken to 40 �l by addition of water and acetonitrile (to 10%) and then
incubated at 37 °C overnight and dried.

iTRAQ Labeling—iTRAQ labeling was performed according to
manufacturer’s instructions. Briefly, 100 �g (sample set 1) and 75 �g
(sample set 2) of peptides were suspended in 500 mM TEAB. iTRAQ
labels were diluted with 70 �l of ethanol and added to each sample,
assigning 114.1 to untreated, 115.1 to IL-1�, 116.1 to TNF-�, 117.1 to

injury. The samples were mixed and incubated at room temperature
for 55 min, diluted with 200 �l of water to end the reaction, and
combined based on volume equivalents of proteins (1.5 ml sample set
1 or 1.0 ml sample set 2). (Because the different conditions resulted in
the release of different amounts of protein in the originally identical
medium volumes containing equal volumes of cartilage, we labeled
equal amounts of protein and then split it back to the original control
volumes.) The combined sample mixture was dried down to �50 �l
and combined with 1.0 ml of strong cation exchange buffer A (10 mM

potassium phosphate, pH 2.8, 25% acetonitrile) and 1% phosphoric
acid to pH 3.5. Samples were further diluted with 3.0 ml of strong
cation exchange buffer.

Strong Cation Exchange Chromatography—The combined sam-
ple was injected via a 4.0-ml sample loop onto a 2.1 mm � 100 mm
strong cation exchange column (PolyLC) at a flow rate of 250 �l/min
of 100% Buffer A (10 mM phosphate, pH 2.8) on an Agilent 1100
HPLC equipped with a UV cell and micro-fraction collector. Pep-
tides were eluted on a gradient from 0–40% buffer B (10 mM

phosphate buffer pH 2.8, 400 mM KCl, 25% acetonitrile) over a 40
min period and then from 40–95% buffer B over a 10 min period,
holding at 95% buffer B for 5 min before returning to the starting
conditions (total run time was 80 min). One minute fractions (2-
adjacent 0.5 min fractions) were collected over the peptide eluting

FIG. 1. a, schematic of cartilage har-
vest and explant cultures system in
which location-matched cartilage disks
from the femoropatellar groove are sub-
jected to treatment with mechanical in-
jury, IL-1�, TNF-�, or left untreated. All
disks for each animal were maintained in
a 24-well dish. b, schematic of experi-
mental procedures following cartilage
treatments, sample processing, iTRAQ-
2D/LS/MS/MS, and data analysis.
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region (� � 214 nm). Fractions were concentrated by SpeedVac and
desalted by ZiptipTM (Millipore) to obtain �45 fractions for LC/
MS/MS analysis.

LC/MS/MS—Fractions were injected manually (Rheodyne; manual
injector with 0.5-�l internal loop) onto a 75-�m inner diameter � 160
mm column with 10-�m tip (New Objective) packed in-house with
Vydac protein/peptide C18 packing material (5-�m particle size, 300
Å pore size) as described previously (28). Peptides were loaded at 2%
buffer B (buffer A: 1.2% acetic acid in 98.8% water; buffer B: 1.2%
acetic acid in 90% acetonitrile; flow rate: 250 nl/min) for 12.5 min
before elution on a 147.5-min gradient from 2% to 40% buffer B
followed by a wash out for 20 min from 40% to 60% B and returning
to 2% B over 15 min and equilibrating at 2% B for 60 min. The liquid
chromatography was connected to a QStar, quadrupole time-of-flight
mass spectrometer (Applied Biosystems Inc.) equipped with a nano-
spray source (29). Data were acquired through information-depend-
ent acquisition using Analyst 1.1 selecting for precursor ions between
m/z 400 and m/z 1600 with a charge state between two and four and
which exceeded 15 counts. The cycle time was 10 s, and each cycle
consisted of an MS scan (m/z 400–1600) followed by three data-de-
pendent MS/MS scans (m/z 100–1600) with ions excluded for 100 s
after obtaining a single spectra. Data were collected over the entire
240-min chromatographic run with peptides typically eluting between
60 and 180 min.

Data Analysis—Data were analyzed using both Analyst QS with
ProQuant 1.0 and ProGroup Report (Applied Biosystems Inc.),
searching against all entries in the NCBInr (Genbank) bovine database
assembled in December 2005, and the Genbank database release
153 with MS error set to � 0.25 Da; the MS/MS error was set at �
0.20 Da. An iTRAQ database was assembled from all peptides in
above databases with presumed iTRAQ-labeled N-terminal amines,
iTRAQ-labeled lysines, and carbamidomethylated cysteine modifica-
tions to each of the peptides. Peptide identification confidence was
set to 90 or greater. Allowed modifications included iTRAQ-labeled
tyrosine, oxidized methionine, and one missed trypsin cleavage.
When multiple isoforms of a protein were identified, the highest
scoring isoform is typically reported. Quantitation was performed
using ProQuant by calculating area under the curve of signature ion
ratios released with fragmentation of the precursor ions. Corrections
were made for impurities in the iTRAQ labels based on the data
provided by the manufacturer. The spectra level output was assem-
bled by peptide ProGroup report, and the data were imported into
Matlab (Mathworks), where scripts were used to combine redundant
spectra, calculating means and standard deviations for each peptide,
and to exclude all peptides with a ratio below 7 and an error of greater
than 33%, indicative of high error in quantitation. The peptide list was
then combined into a protein list, calculating the means and standard
deviations of all values. Protein identifications were verified by Spec-
trum Mill (Agilent) and by manual validation (of both identification and
quantitation). Peptide quantitation was deemed sufficient if one or
more signature ion peaks had an intensity of 50 or greater. Protein
identification is defined as identification of least two peptides from the
protein with a confidence of greater than 90% by ProQuant. These
data were normalized to the mean of the chondroitinase ABC ratios
added in equal amounts to serve as the internal standard. All math-
ematical manipulations were done in log space to maintain symmetry
about zero. Histograms and Lillifors test, a modification of Komol-
gorov-Smirnov test, were used to test normality. Student’s t test or
Wilcoxan sign rank test, both with Bonferroni correction for multiple
comparisons, was performed to determine whether the protein
amount was different with treatment compared with without treat-
ment (untreated control).

Clustering Analysis—The log-transformed mean signature ion ra-
tios from the final protein list, composed of the first iTRAQ experiment

(sample set 1) with supplemented proteins identified exclusively in the
second experiment, were clustered using a k-means clustering algo-
rithm (Matlab statistics toolbox). The k-means clustering algorithm
partitions the proteins into k clusters (defined by user) by iteratively
minimizing the summed squared Euclidean distances of each protein
within the cluster to the cluster centroid over the entire k clusters. The
program was allowed to iterate as many as 1,000,000 times to
achieve a minimum, given a set of starting values, and we allowed
500,000 replicates beginning with k randomly chosen proteins to
achieve the actual minimum for the dataset. Between 4 and 25
clusters were examined to determine both the best fit (Silhouette
plots) and especially the biologically useful number of clusters with
which to interpret the system. A Student’s t test was performed to
determine whether the clusters were significantly different from one
another and thus likely to describe unique biological phenomena.

RESULTS

Data Analysis—The LC/MS/MS analyses were performed
on duplicate samples to provide information about the an-
alytical variance and reproducibility of the method using an
internal standard protein for correction (Fig. 2 and Supple-
mental Data). Two metrics were calculated to determine the
data quality; error between analytical duplicates and con-
sistency. Approximately 500 proteins released to the me-
dium were identified and quantified by two or more pep-
tides. The protein data from the analytical duplicates were
compared by calculating the mean protein ratios (ratio1/
ratio2), where “ratio1” is the geometric mean of each sig-
nature ion ratio from each protein in the first duplicate, and
“ratio2” is the corresponding geometric mean from the sec-
ond analytical duplicate. Overlaid histograms comparing the
protein signature ion ratios prior to manual validation of

FIG. 2. Histogram of errors between analytical duplicates. Over-
laid histograms comparing the mean protein ratios between the first
and the second analytical duplicates after internal standard correc-
tion. Data are plotted as log2 (mean protein ratio experiment 1/mean
protein ratio experiment 2). The mean log2(protein ratio1/protein ra-
tio2) mean � S.D. were: 0.05 � 0.46 for 115:114; 0.25 � 0.51 for
116:114; and 0.14 � 0.47 for 117:114.
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both identity and quantitation are shown as log2(ratio1/
ratio2) in Fig. 2. These log2(ratio1/ratio2) values were shifted
slightly from zero; the overall ratio means represent a
4–19% error in quantitative agreement between the two
experiments (Fig. 2). The variance around zero, represented
as the standard deviation of the log transformed data, was
larger than reported by Keshamouni et al. (30), and analysis
indicated that both the large ratio values and poor identifi-
cation/outliers contributed to the error. Therefore, to de-
crease error in this study, the data were subjected to man-
ual validation and quantitation (see Supplemental Data).
Finally we note a consistency (greater than 0, less than 0, or
equal to 0) of greater than 90% between datasets, with most
error occurring in data close to one. This metric suggests
that the overall quality of the data is good, and is further
improved by manual validation of protein identification and
quantitation.

Matrix and Synthesis in Response to Injurious Compression
and Treatment with IL-1�, TNF-�—Prior experiments have

suggested that loss of matrix proteins to the medium may
represent new matrix synthesis, matrix degradation, or pas-
sive loss of components from the tissue. The 12 highest
scoring matrix proteins released into the medium are shown in
Fig. 3a, plotted as the log transformed mean ratio (� S. E.) of
over 40 peptides for each protein. Proteins such as collagen
VI and fibronectin showed increased release to the medium
following all three treatments, whereas proteins like COMP,
nucleobindin 1, and NG-2 showed a slight decrease com-
pared with the control.

To better characterize the anabolic-catabolic state of the
tissue, we focused on two major ECM constituents, aggrecan
and collagen II telopeptides, as well as metalloproteases.
Aggrecan is �3 MDa proteoglycan consisting of a �300 kDa
core protein containing three globular domains (N-terminal
G1, C-terminal G3, and the G2 domain near G1, which defines
the so-called interglobular domain spanning the G1-G2 re-
gion). The region between G2 and G3 is substituted with
�100 chondroitin sulfate GAG chains, which are responsible

FIG. 3. Matrix proteins and MMPs released to the medium. a, behavior of the top 12 scoring released matrix proteins. b, quantitation of
released aggrecan based on peptides from each globular domain. c, MMPs and TIMPs identified in the medium with each treatment.
d, released C-terminal telopeptides of fibrillar collagens, representing new fibrillar collagen synthesis. Data represented as mean � S. E. (*, p �
0.05; Student’s t test or Wilcoxan rank sum with Bonferroni correction for multiple comparisons). col alpha3(VI), collagen VI alpha 3 subunit;
col alpha 1 (XII), collagen XII, alpha 1 subunit; col alpha 1 (VI), collagen VI, alpha 1 subunit; NG-2, chondroitin sulfate proteoglycan NG-2; COMP,
cartilage oligomeric matrix protein.
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for the compressive stiffness of cartilage. Cytokine treatment
of cartilage is known to upregulate the production of aggre-
canases ADAMTS-4 and -5, which cleave at distinct sites
along the core protein including the site at aa373–374 midway
within the G1-G2 domain (31). Cleavage at this site can result
in the release of the entire G2-G3 region along with the
substituent GAG chains. In general, aggrecanase cleavage of
aggrecan in vivo and in vitro is known to cause release of
various fragments that include one or more of the globular
domains (32). In addition, a small percentage of newly syn-
thesized full-length aggrecan (containing all three globular
domains) can diffuse out of the tissue in vivo and in vitro. We
found that the G2 and G3 domains were abundantly released
to the medium in response to cytokine treatment (Fig. 3b; p �

0.001 for G2 and G3 upon both cytokine treatments); how-
ever, aggrecan G1 release was not increased and, in the case
of TNF-� treatment, was actually decreased compared with
the untreated sample.

Matrix remodeling and degradation in response to cytokine
treatment and injurious compression has been associated
with increased matrix metalloproteinase (MMP) expression
and production (14, 33). We observed significant increases in
release of MMP-1, MMP-3, MMP-9, and MMP-13 with all
treatments (p � 0.10), whereas release of MMP-14, as well as
the natural MMP inhibitors TIMP-1 and TIMP-2, were signifi-
cantly increased only following mechanical injury (Fig. 3c).
Only MMP-2 release was decreased significantly by mechan-
ical injury (p � 0.05). Despite careful evaluation for peptides
from aggrecanase enzymes, ADAMTS-4 and -5, only a single
peptide from ADAMTS4 was identified which suggested up-
regulation of the enzymes by IL-1� and TNF-�, consistent
with aggrecan loss and modest elevation by injury (data not
shown).

Collagen type II is a trimer of collagen alpha I (II), which
contains both N-terminal and C-terminal telopeptides that are
important in triple helix formation with synthesis. The N- and
C-terminal telopeptides are normally cleaved post-transla-
tionally, which enables stabilization of the new formed colla-
gen II unit. The release of these telopeptides to the medium in
our experiments may represent new collagen II synthesis
either as monomers or as cleavage products (34). Similarly,
the other fibrillar collagens have similar telopeptides, which
are released with collagen helix formation. Collagen C-termi-
nal telopeptides released to the medium relative to untreated
controls likely represented new collagen synthesis and fibril
formation and were quantified for each of the fibrillar collag-
ens detected (Fig. 3d). A decrease in all fibrillar collagen
synthesis was seen in response to cytokine treatment (both
IL-1� and TNF-�) and, to a lesser extent, mechanical injury
(p � 0.01 for all collagen telopeptides with cytokine treatment;
p � 0.05 collagen type II and collagen type XI in response to
injury). Such decreases in collagen synthesis are consistent
with previous reports using other methods to determine col-
lagen production (35).

Projection Plots, Principal Component Analysis, and k-
means Clustering—To gain a global understanding of the
responses to the three treatment conditions, we used both
projection plots of protein ratios with each treatment con-
dition and principal component analysis (Fig. 4, a–c). Prin-
cipal component analysis of the data showed that 75 and
97% of the covariance was described by one and two
principal components, respectively, suggesting similarities
of protein behavior among all treatments. A linear relation-
ship is evident between the global protein response to IL-1�

and TNF-� (Fig. 4a), with a Pearson product-moment cor-
relation coefficient, R, of 0.87 (R2 � 0.7575; p � 0.0001).
Plots of cytokine:untreated versus injury:untreated are also
well ordered, appearing “Y”-shaped (Fig. 4, b and c). k-
means clustering was used to divide the proteins into six
groups based on their general proximity in space, by mini-
mizing the sum of the protein-to-centroid distances within
clusters, over all the clusters. Fig. 4d is a graph of the
cluster centroid profiles represented as mean � S. D. (p �

0.001); these profiles are color-coded to match the clusters
shown in Fig. 4, a–c. Six significantly different clusters were
obtained, which roughly divided each branch of the Y-
shaped projections of Fig. 4, b and c into two clusters. As
described below, we found that this choice helped in un-
derstanding the biological differences between those pro-
teins that responded very strongly and those that re-
sponded more moderately to specific treatment.

Immune Response and Cell Death—Among the most strik-
ing classes of proteins elevated in response to IL-1�, TNF-�

and to a lesser extent mechanical injury, were proteins in-
volved in innate immunity (Fig. 5, a and b), including comple-
ment, acute phase, stress response, and lipopolysaccharide
(LPS)-binding proteins. Cytokines and chemokines (chemo-
tactic cytokines) involved in modulating inflammation and re-
cruiting immune cells were also predominantly elevated by
IL-1� and TNF-� treatment (Fig. 5b). Interleukin 6 (IL-6), che-
mokines CCL2, CCL20, CXCL6, and macrophage colony
stimulating factor (M-CSF) were all increased over 5-fold with
both IL-1� and TNF-� treatments. IL-17B was significantly
elevated with IL-1� treatment (p � 0.05). Although most of the
changes in release of cytokines and chemokines were not
statistically significant because of the low number of peptides
identified, the extent of their elevation compared with the error
between analytical duplicates suggests that there are real
increases in protein release. In contrast to the elevation of
proteins involved in immunity caused by IL-1� and TNF-�

treatment, mechanical injury caused a larger increase in the
release of intracellular proteins. Mechanical injury caused a
�10-fold increase in all intracellular proteins whereas cyto-
kine treatment caused a 2–4-fold increase (Fig. 5c). This
release may be a consequence of acute lysis, necrosis, or
cellular leakage following apoptosis (16).

Proteins Involved in Growth and Differentiation Path-
ways—Because of the importance of both the IGF and
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TGF-� superfamily pathways in regulating anabolic and dif-
ferentiation behavior in cartilage, we focused on the effects
of cytokine and mechanical injury treatments on these path-
ways and their known inhibitors and modulators (Fig. 6). The
TGF-� superfamily is involved in modulating chondrocyte
phenotype and enhancing cartilage matrix production. In-
hibin �-A was strongly elevated by mechanical injury (p �

0.1), and cartilage-derived morphogenetic protein 2
(CDMP-2) was elevated by IL-1� and injury (Fig. 6a). The
bone morphogenetic protein (BMP) inhibitors, chordin-like 1
and chordin-like 2, were both decreased by all treatments
(p � 0.05) whereas gremlin was elevated by IL-1� and
TNF-� treatment. BMP-1, a C-terminal collagen endopepti-
dase known to degrade chordin (36), was elevated by

all treatments. Latent TGF-�-binding proteins (LTBPs),
LTBP-1S (p � 0.05) and LTBP-2, were elevated only with
IL-1� and TNF-� treatment. Finally, connective tissue
growth factor (CTGF) was elevated with all treatments (p �

0.10) whereas serine protease (HTRA1), IGF-BP7, and in-
hibin � inhibitor, follistatin-like protein 1 were all unchanged
with all treatments. IGF-II was elevated �2-fold by injury;
however this was not significant because of the limited
number of peptides identified. Of the four IGF-binding pro-
teins (IGF-BPs) found in this tissue, IGF-BP3 and IGF-BP5
were both elevated by all treatments (p � 0.05 for both
treatments and all proteins except IGF-BP3 with injury
where p � 0.1). IGF-BP6 was also elevated with IL-1�

treatment (p � 0.05), and IGF-BP4 was largely unchanged.

FIG. 4. Projection plots and k-means clustering profile. Two-dimensional projections of the proteins released in response to each
treatment: a, log2(TNF-�: untreated) versus log2(IL-1�: untreated); b, log2(injury: untreated) versus log2(IL-1�: untreated); c, log2(injury:
untreated) versus log2(TNF-�: untreated). A line was fit to the data of A with resulting slope � 0.85, an intercept of 0.22 and Pearson product
moment correlation coefficient (R), 0.87 (p � 0.0001). d, the cluster profiles for each of the k � 6 clusters. A complete list of proteins divided
into clusters shown is found in the Supplemental Data.
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The increased release of binding proteins may alter the
tissue’s ability to respond to IGF-I/II.

DISCUSSION

This study compares proteins released from free-swelling
cartilage to proteins released from cartilage in response to
injurious compression and to inflammatory cytokines, TNF-�

and IL-1�, motivated in part by the need for better synovial
fluid biomarkers and potential therapeutic targets. Proteins
released from cartilage into the medium result from pre-ex-
isting proteins being actively or passively released from the
extracellular matrix and from release of newly synthesized
proteins, as could occur following joint injury in vivo. This
study taken in conjunction with recent genomics studies (37–
39) on normal and osteoarthritic tissue may help to better
elucidate common proteins involved in injury as well as the
progression to osteoarthritis.

FIG. 5. Immunity and Cell Death. a, proteins involved in innate im-
munity including complements and antimicrobials, released upon treat-
ment. b, cytokines and chemokines and their release with each treat-
ment. c, intracellular proteins released in response to treatment
separated by intracellular function or location. Data represented as
mean � S.E. (*, p � 0.05; Student’s t test or Wilcoxan rank sum with
Bonferroni correction for multiple comparisons). SAA3, serum amyloid
A3; mfg e8, milk fat globule-EGF factor 8; PGRP, peptidoglycan recog-
nition protein; PGRP-L, peptidoglycan recognition protein long; LBP,
lipopolysaccharide-binding protein; C17, cytokine-like protein C17; IL-
17B, interleukin 17B; CCL16, CC chemokine 16; IL-6, interleukin 6;
CCL2, CC motif chemokine 2; CCL20, CC motif chemokine 20; CCL5,
CC motif chemokine 5; CXCL6, C-X-C motif chemokine 6 (GCP-2);
M-CSF, macrophage colony stimulating factor.

FIG. 6. TGF-� superfamily and IGF family with inhibitors/modu-
lators. a, TGF-� superfamily members and their inhibitors, released
upon treatment. b, IGF family and binding proteins. Data represented
as mean � S. E. (*, p � 0.05; Student’s t test or Wilcoxan rank sum
with Bonferroni correction for multiple comparisons). TGF-�, trans-
forming growth factor-�; LTBP1S, latent TGF-�-binding protein (1
short isoform); HTRA1, serine protease 11; IGFBP7, IGF-binding pro-
tein 7; CDMP, cartilage-derived morphogenetic protein 2; BMP1,
bone morphogenetic protein 1; CTGF, connective tissue growth fac-
tor; IGF, insulin-like growth factor.
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Matrix Degradation and Synthesis in Response to Injurious
Compression and Treatment with IL-1� and TNF-�—Release
of certain ECM proteins and proteinases after mechanical
injury or cytokine treatment has been well documented in
previous studies (8, 9, 12, 14) and may result from increased
degradation or enhanced synthesis. Interestingly, many of the
released matrix proteins identified in the present study (Fig.
3a) are located primarily in the pericellular matrix (PCM), and
their release may be the result of higher turnover in the PCM
or increased damage to the PCM with injury. An important
example of this concept is aggrecan: Quantitative autoradiog-
raphy of radiolabeled explants demonstrated that aggrecan
has a higher density and shorter half-life in the PCM than ECM
in adult and newborn bovine cartilage explants, and that
injurious compression enhanced release of fragments of
newly synthesized aggrecan (i.e. radiolabeled) more rapidly
from the PCM than ECM (40, 41). Previous studies have also
shown rapid degradation of pre-existing cartilage tissue ag-
grecan via the action of aggrecanases in response to IL-1�

and TNF-� treatment (25, 42), but comparably little loss of
sGAG within 24 h of mechanical injury (24).

In the present study, we identified release of the specific
globular domains of aggrecan, where the G2-G3 domains
demark the chondroitin sulfate-GAG-bearing region, and G1
is bound to ECM-hyaluronan stabilized by link protein (43). We
observed no significant loss of G1, G2, or G3 domains follow-
ing injury, consistent with DiMicco et al. (24). In contrast, we
found a 3–5-fold increase in the release of the G2 and G3
domains following IL-1� and TNF-� treatments, respectively
(Fig. 3b; p � 0.05), characteristic of aggrecan proteolysis
caused by IL-1� and TNF-�, whereas G1 was released at
roughly the rate of the untreated explants (Fig. 3b). These
results suggest that aggrecan G1 was retained in the tissue or
released more slowly after cytokine treatment, consistent with
previous reports showing accumulation of aggrecan G1 in
cartilage with aging (44). Confocal microscopy studies sug-
gested that aggrecan G1-NITEGE fragments may be internal-
ized, a process that may be a hyaluronan-dependent event
mediated by CD44 (45). Thus, aggrecan G1 possesses de-
layed transport compared with G2 and G3 and may be accu-
mulated or turned over at the cell surface in response to
aggrecan proteolysis.

In response to IL-1�, TNF-� and mechanical injury, chon-
drocytes upregulate production of MMPs, which may en-
hance matrix remodeling or degradation. We found a statis-
tically significant increase in release of MMP-1, 3, 9, and 13
with cytokine and mechanical injury compared with untreated
(Fig. 3c). The latter finding is consistent with the recent report
of increased gene expression of MMP-1, 3, 9, and 13 by 24 h
after a similar mechanical injury to bovine calf cartilage (14).
Other explant and chondrocyte model systems have shown
increased expression of MMP-9 and 13 expression with
TNF-� treatment (46, 47), and of MMP-1, 3, 8, 9, and 13
following IL-1� treatment (33, 48–50). It is noteworthy that

only mechanical injury and not cytokines, in our study, in-
creased the release of MMP-14 (MT1-MMP) and TIMP-2,
which are known to interact together to activate pro-MMP-2
(51). Although MMP-2 appeared to decrease overall, this may
reflect a shift from pro to active MMP-2 or may be a sign of
MMP-2 dysregulation with injury. The co-localization of the
trimolecular complex of MMP-14, TIMP-2, and MMP-2 has
been found in the synovium of patients with inflammatory
arthritis (52). Recent work by Dean and Overall (53) to char-
acterize new substrates for MMP-2 in fibroblasts using
MMP-2 knock-outs suggest that many of the proteins identi-
fied in this study as increased in the medium are in fact
substrates of MMP-2 including osteopontin, galectin 1, HSP-
90�, and CTGF, all of which are shown to be elevated with
injury or with all the treatments. These findings suggest that
the decrease in MMP-2 with injury results in higher levels of
these proteins identified in this study. Consistently, proteins
that Dean and Overall (53) found decreased in the medium of
fibroblasts in the absence of MMP-2 were also decreased
including amyloid � A4, quiescin Q6, and NG-2. This may
suggest a possible role for MMP-2 in overall regulation of cell
surface-associated molecules in cartilage. Of the aggre-
canases, only a single ADAMTS4 peptide was identified and
the quantification of which correlated well with aggrecan loss.
The difficulty identifying ADAMTS-4 and -5 is likely because of
the enzymes being present at a low concentration (54), or the
possibility that their association to the cells may lead to chon-
drocyte-controlled turnover of the enzymes (32). Taken to-
gether, the results of Fig. 3c represent a shift toward catabolic
and/or remodeling behavior of the chondrocytes.

Finally, IL-1 and TNF-� are also known to decrease colla-
gen type II and type XI synthesis (35, 46, 55), and mechanical
injury has been reported to decrease collagen synthesis (11,
22). The observed decrease in release of C-terminal telopep-
tides of several collagen types (Fig. 3d) following both cyto-
kine and injury treatments is also indicative of decreased
collagen synthesis.

Clustering Analyses—The �500 released proteins were
plotted in three-dimensional space based on their quantified
response to each treatment, subjected to principal compo-
nent analysis, and then clustered (Fig. 4d) to better under-
stand the global similarities and differences between treat-
ments as well as the biological interpretation of the data. To
our knowledge this is the first study to compare these treat-
ments at a global proteomics level. The linear response ob-
served in the log2(IL-1�:untreated) versus log2(TNF-�:
untreated) plot (Fig. 4a) indicates very similar protein release
patterns between the two cytokines, which may reflect simi-
larities in the activity of both cytokines. Alternatively, TNF-�

and IL-1� are known to up-regulate expression of each other
and of other pro-inflammatory cytokines (2), which may sug-
gest that both conditions reflect treatments with both or the
dominant of the two cytokines (likely IL-1�). The Y-shaped
distribution found between either cytokine or mechanical in-
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jury (Fig. 4, b and c) indicated both similarities and differences
in the response to injury versus cytokine treatment. This Y-
shaped distribution indicated a population of proteins that
decreased in response to all treatments; these were predom-
inantly matrix proteins and proteins that may serve a role in
normal cartilage homeostasis. The populations that increased
depended on the type of treatment, cytokine, or injury.

Immune Response and Cell Death—Cartilage responds to
cytokine treatment in part through the release of proteins
known to play a role in the innate immune response. Com-
plement factors B, C3, and C1r were significantly increased
with all treatments, suggesting a role for alternative or lectin
complement pathway (Fig. 5a). Chondrocytes have been
shown to produce factor B, and synovial cells produce factors
B, C2, and C3 under inflammatory conditions (20, 56). Mice
deficient in factor B and complement C3 (B�/�, C3�/�) both
showed an increased resistance to collagen-induced arthritis
(57). CD14 and lipopolysaccharide-binding protein are both
involved in the transfer of LPS to the MD2�TLR4 complex
required for cell signaling (58); however, elevation of these
LPS handling proteins may also inhibit LPS response (59).
Peptidoglycan recognition proteins are a class of peptidogly-
can interacting proteins that may serve either as antibacterial
agents or control of inflammatory signals (60). Taken together,
elevation of complement and LPS-binding proteins, particu-
larly with cytokine treatment, suggests that cartilage serves as
an active participant in the innate immune response against
pathogens.

In addition to elevation of innate immune proteins, elevation
of cytokines and chemokines (e.g. IL-6, CCL2, CCL20, CCL5,
M-CSF, and CXCL6) was also noted particularly in response
to IL-1� and TNF-� (Fig. 5b). IL-17B was also elevated slightly
with IL-1� treatment and has been previously identified in
cartilage (61). Cytokine-like protein C17 and CCL16 recently
have been identified in cartilage (20, 62); however little is
known of their regulation. The elevation of chemokines was
also recently noted by Saas et al. (63) as well as Sandell et al.
(39) in a genomics study looking at the effects of IL-1� on
adult human articular cartilage including CCL2, IL-6, and
CCL20. Thus, in response to IL-1� and TNF-� treatment,
cartilage releases chemokines and cytokines, likely through
an increase in expression at the mRNA level, which may
modulate inflammatory processes and immune recruitment
and may initiate tissue repair signals.

Mechanical injury caused substantial release of a large
number of intracellular proteins, many by 10-fold over un-
treated controls, compared with 2–4-fold increases by cyto-
kine treatment (Fig. 5c). Such release of intracellular proteins
may result from mechanical disruption of the cells (lysis, ne-
crosis) and/or loss of membrane integrity in cells undergoing
apoptosis (16). Although cytokines are unlikely to cause ne-
crosis, TNF-� in particular may induce apoptosis. Previous
unpublished results indicate that treatment with 100 ng/ml
TNF-� promotes apoptosis in up to 10% of the chondrocytes;

elevation of apoptosis with IL-1� has not been shown. Me-
chanical injury in this same tissue can cause apoptosis in
20–40% of cells (10). Of note, intracellular proteins localized
to the Golgi apparatus decreased in response to mechanical
injury, suggesting that loss of these proteins to the medium is
likely secondary to loss associated with protein trafficking,
which may be increased with increased protein synthesis.
Loss of intracellular proteins likely reflects cell death from a
combination of apoptosis and cell lysis with passive release of
intracellular proteins.

Growth and Differentiation Pathways—Although in vivo and
in vitro analyses of cartilage exposed to injurious mechanical
loading often show a long-term degradative phenotype, non-
injurious loading may enhance matrix production (64). Little is
known about the differences in signaling between injurious
and non-injurious loading, which may alter long-term tissue
phenotype. With respect to cytokine treatment, Arner et al.
(65) showed that cartilage exposed to short term IL-1� treat-
ment is able to recover its proteoglycan content suggesting a
return of synthetic function following the treatment. Growth
factors are known to be released in response to loading that
may alter tissue behavior and serve as an important signal for
repair - the TGF-� superfamily and IGF family of growth
factors have proven important in cartilage anabolic response.
The TGF-� gene superfamily and IGF pathways play a role in
cartilage phenotype determination, in anabolic responses,
and in modulation of inflammatory response. The TGF-� gene
superfamily is composed of TGF-� 1, 2, and 3 as well as the
activins/inhibins and the BMP family (66). TGF-�1–3 and in-
hibin/activin signal through TGF-� receptors. TGF-�1–3 is
complexed with LTBPs for secretion and may be released via
proteolytic cleavage by MMP-2 or MMP-9 or through interac-
tions with thrombospondin-1 or �v�6 integrin (67). Although
LTBP-1 and -2 were substantially elevated with cytokine
treatment (Fig. 6a), TGF-�2 remained nearly unchanged. The
increase in LTBPs may be the result of increased latent TGF-�

secretion or an increase in TGF-� turnover. Because of the
importance of TGF-� in mesenchymal stem cell differentia-
tion, wound healing, and fibrosis (68, 69), alterations in its
production may represent a signal for early attempts at repair,
phenotypic maintenance, or modulation of cytokine-induced
degradative activity. Inhibin �-A was elevated in response to
injury with a trend toward significance (p � 0.1), whereas
follistatin-like protein 1, an inhibitor, was unchanged (Fig. 6a).
Inhibin �-� homodimer or activin A is shown to be expressed
in OA cartilage by Hermansson et al. (20). Activin A (inhibin
�-A homodimer) may play a role in tissue repair as a member
of the TGF-� superfamily (70) or, alternatively, a role in early
inflammation and/or acute tissue injury response (71).

BMPs also play a role in chondrocyte phenotypic mainte-
nance. Release of BMP member CDMP-2 into the medium
was elevated in response to IL-1� and injury (Fig. 6a) with a
concomitant decrease in BMP antagonists, gremlin, chordin,
chordin-like1, and chordin-like 2. Previous studies of protein
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levels in human normal and OA cartilage showed that gremlin
is decreased by both IL-1� and TNF-� treatment, follistatin is
increased with TNF-�, and chordin is unaffected by IL-1� and
TNF-� (72, 73). The differences in these reports may reflect
the measuring of levels in medium rather than within tissue;
alternatively, there may be differences in the ability of young
versus old cartilage to respond to cytokines, which may be
important in early repair signaling following injury. Overall, the
increase in CDMP-2 and BMP-1, with concomitant decrease
in BMP inhibitors, suggests a global increase in BMP family
signaling, which can enhance growth and differentiation.

Cartilage matrix contains IGF-BPs, which regulate IGF-1
stores and activity. IGF-II was elevated slightly by mechanical
injury, secondary to increased production or release of inter-
nal stores. IGF-BP3 and IGF-BP5 were elevated by both
cytokines and mechanical injury compared with untreated
controls (Fig. 6b), whereas IGF-BP6 was only elevated by
IL-1� treatment (p � 0.05). Studies have shown that IGF-BP3,
4, and 5 are increased in human OA cartilage, and IGF-BP3
synthesis is increased in OA, suggesting a role for IGF path-
way in OA (74, 75). IGF-BP3 may also enhance apoptosis in
mesenchymal chondroprogenitor cells independent of IGF
binding, possibly through TGF-� receptor V signaling (76, 77).
IGF-� receptor V (LRP-1) was also present in the medium (Fig.
7) and appeared to be constitutively released from the cell
surface regardless of treatment in this model. IGF-BP5 has
also been implicated in IGF-independent functions.

Release of certain proteins, including CTGF, osteopontin,
semaphorin 3C, as well as proteins important in other biolog-

ically relevant pathways, were elevated by all treatments (Fig.
7). CTGF is elevated in cartilage by other factors such as
BMP-2, TGF-�, and M-CSF (78, 79). Injection of CTGF into an
implantable hydrogel, in a rat OA model, was found to en-
hance new tissue growth following experimental defect for-
mation (80). Transfection of mouse synovial membrane cells
with CTGF resulted in fibrosis (determined by collagen type I
expression and matrix deposition) and an increase in TGF-�,
matrix degrading enzymes, and cartilage damage (81). Similar
to CTGF, semaphorin 3C was elevated 3–5-fold by all treat-
ments (Fig. 7); its co-receptor neuropilin-2 was also identified.
The expression of semaphorin 3C (sema E) in rheumatoid
synovial cells has suggested that it may serve an immuno-
suppressive role (82). Alternatively semaphorin 3C has been
shown to inhibit axon growth of sympathetic nerves, decreas-
ing norepinephrine and thereby playing a pro-inflammatory
role by enhancing TNF-� production (83). This represents the
first study to identify semaphorin 3C as a product of cartilage,
and we hypothesize that semaphorin 3C may play a role in
either immunosuppression or early repair processes in the
tissue.

Other biological pathways may also be important in under-
standing the response of cartilage to various types of injury.
Proenkephalin, the precursor for enkephalins, was elevated
by mechanical injury (Fig. 7) and has been shown to be
abundantly expressed in bone and cartilage during organo-
genesis (84). Chondrocyte proliferation correlates well with
proenkephalin gene expression (85) and modulation of carti-
lage growth whereas potentially antagonizing pain pathways
may be an important target for ongoing therapeutics. Simi-
larly, the wnt signaling pathway may play a role in modulating
cellular activity to cytokines and mechanical compression
injury given the release of different frizzled related proteins
and the production of pleiotrophin particularly with cytokine
treatment. Taken together, a number of important signaling
proteins were noted to be elevated in response to either
mechanical injury or treatment with inflammatory cytokines,
and these proteins likely play a role through activation of
inflammatory and/or tissue repair pathways, thus modulating
the anabolic-catabolic axis of the tissue.

Limitations of This Study—Cartilage was harvested from
2–3-week-old calves, and immature cartilage was more bio-
logically active and was still forming matrix. Thus, although
this model system may not completely capture the behavior of
normal adult cartilage, it is useful to note that chondrocytes in
adult osteoarthritic cartilage also have higher metabolic and
biosynthetic activity than normal adult cartilage. In addition,
chondral lesions have been reported to be the most common
injury to immature human knees (more prevalent than ACL or
meniscal injuries) (86).

Because of the time- and technology-intensive nature of
this study, the samples represent biologic averages from mul-
tiple animals; thus, information about the variability between
animals is lacking. Therefore, it is possible that although av-

FIG. 7. Released proteins involved in other biological pathways
that may be relevant to the response of cartilage to both me-
chanical injury and treatment with inflammatory cytokines. Data
represented as mean � S. E. (*, p � 0.05; Student’s t test or Wilcoxan
rank sum with Bonferroni correction for multiple comparisons). sFRP,
secreted frizzled-related proteins; PDGF R like 1, platelet-derived
growth factor receptor like 1; APP, amyloid precursor protein; LRP1,
low density lipoprotein receptor-related protein 1.
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erages may show significant differences, it is not possible to
conclude whether this difference is consistent between ani-
mals and therefore represents a biologically important differ-
ence. However, given no evidence of outliers from the data by
sGAG loss or by biosynthesis, it is likely that average of the
data represents the behavior of the entire group.

Because of the nature of the experiment and the known
up-regulation of proteases, protein proteolytic fragments
were released from the tissue, and different proteolytic frag-
ments from a single protein may possess different transport
properties that govern the kinetics of release. This was
shown for aggrecan and collagen by separating into glob-
ular domains (aggrecan) or telopeptides versus fibril forming
regions (collagens). For collagens, peptides within the fibril
forming region may be redundant compared between col-
lagen types; therefore, we were careful about the extent of
interpretation of these domains. Although there are a number
of limitations to this study, the results offer the first intensive
comparison between cytokine-induced versus mechanically
induced cartilage damage, and the findings offer new insights
into the similarities and differences in the biology that may be
helpful in understanding how these two factors - inflammatory
cytokine exposure and mechanical compression injury - may
contribute to long term cartilage degeneration following joint
injury.

In conclusion, iTRAQ labeling and 2D-LC/MS/MS analysis
were performed on proteins released from cartilage that was
subjected to no treatment, injurious compression, IL-1� or
TNF-�, and proteins involved with injury, immunity, and pos-
sibly early repair signals were observed. Proteins released
following mechanical injury included intracellular proteins as-
sociated with mechanical cell disruption or apoptosis. Pro-
teins associated with innate immunity and immune cell re-
cruitment were most pronounced following cytokine
treatment and included complement proteins, antimicrobials,
stress response proteins, LPS-binding proteins, cytokines,
and chemokines. Evidence of altered anabolic pathways also
suggests signs of modulation of the inflammatory signals with
possible attempts at repair. TGF-� superfamily members,
TGF-�2, inhibin �-�, and CDMP-2 were identified. Inhibin �-�
was elevated by mechanical injury, whereas cytokine treat-
ment increased LTBPs and decreased BMP antagonist, chor-
din-like 1 and chordin-like 2. A shift in both growth factor and
growth factor inhibitor release represents a global shift of the
entire TGF-� superfamily pathway toward increasing TGF-�

superfamily signaling, which is typically considered a pro-
anabolic signal in cartilage. A release of different IGF-binding
proteins suggested a shift in the IGF pathway with the poten-
tial to increase extracellular stores of the IGFs, which may be
important for repair. Alternatively, the increase in IGF-BP3 and
IGF-BP5 may serve as an inhibitory mechanism for both the
IGF and TGF-� pathway. Finally, we observed an increase in
CTGF, semaphorin 3C, and proenkephalin, which may also
play a role in modulating inflammatory signals and promoting

possible repair. Despite the release of pro-growth signal in
response to cytokines and to injury, the ability to respond to
these signals depends on the chondrocytes health and its cell
receptor repertoire. In addition, it is important to consider that
these signals likely modulate the behavior of the entire joint
and not simply the behavior of the cartilage itself.

The observations of protein response in this study reflect
tissue damage, immunity, and pro-growth and differentiation
signals that may be important for tissue repair. Cartilage pos-
sesses some ability to repair damage as long as the injury is
not too severe and inflammation not too prolonged. Under-
standing of these pathways and their effects on cartilage may
aid in identifying new therapeutic strategies to treat disease
processes. Data mining to discover additional extracellular
signaling pathways and proteolytic fragments may be helpful
in further characterizing the effects of cytokines and injury on
cartilage using this in vitro model.
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