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NF-B Mediates the Stimulation of Cytokine and Chemokine
Expression by Human Articular Chondrocytes in Response to
Fibronectin Fragments1
Judit I. Pulai,* Hong Chen,* Hee-Jeong Im,*† Sanjay Kumar,‡ Charles Hanning,‡
Priti S. Hegde,‡ and Richard F. Loeser2*†

F

ibronectin is an extracellular matrix, as well as a circulating protein, that is readily degraded into fragments (FN-f)3
by many different types of proteases. Synovial fluid, as
well as the cartilage matrix, of patients with osteoarthritis (OA)
and rheumatoid arthritis (RA) contain high levels of FN-f (1–3).
FN-f stimulate matrix metalloproteinase (MMP) expression by articular chondrocytes (4 – 6) as well as synovial fibroblasts (7) and
suppress synthesis of cartilage proteoglycan (8), suggesting that
FN-f could play a role in the progressive matrix destruction in
arthritis.
The signals generated by the 110-kDa FN-f, which contains the
Arg-Gly-Asp integrin-binding sequence, are transmitted through
the ␣5␤1 integrin receptor (7, 9). Previous studies have shown that
FN-f stimulation of the chondrocyte ␣5␤1 integrin results in the
activation of a signaling cascade, which includes protein kinase C;
proline-rich tyrosine kinase-2; the MAPKs ERK, JNK, and p38;
and a subsequent increase in the activity of AP-1 and NF-B tran-
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scription factors (10, 11). Activation of these signaling pathways
was shown to be responsible for an increase in expression of
MMP-13 (collagenase-3) (6, 10). MMP-13 is a potent degrader of
type II collagen, is found in articular cartilage, and may be responsible for collagen degradation in arthritis (12, 13). Furthermore,
MMP-13, as well as MMP-3, which is also increased in response
to FN-f (7, 14), can degrade fibronectin-producing additional FN-f,
resulting in a vicious cycle of progressive matrix destruction,
which has been referred to as chondrocytic chondrolysis (4).
Stimulation of chondrocytes with FN-f or with ␣5␤1-activating
Abs has also been shown to stimulate production of NO and the
proinflammatory cytokines TNF-␣, IL-1␣, IL-1␤, IL-6, and IL-8
(5, 15, 16). These inflammatory mediators, which are present in
arthritic cartilage, could also contribute to cartilage destruction
through stimulation of MMP expression as well as by their ability
to inhibit synthesis of cartilage matrix proteins, including collagen
and proteoglycan (reviewed in Ref. 17). Thus, the effects of FN-f
on matrix degradation can be both direct, through activation of cell
signaling pathways that stimulate MMP expression, and/or indirect
through up-regulation of cytokines that act on chondrocytes in an
autocrine or paracrine fashion.
The objective of the present study was to identify additional,
potentially novel, cytokine mediators of cartilage inflammation and
destruction induced by FN-f stimulation of human articular chondrocytes. In a previous study (6), we noted that MMP-13 expression
stimulated by FN-f was only partially inhibited by blocking IL-1
activity with the IL-1 receptor antagonist (IL-1ra), indicating either
direct activation of MMP-13 expression by integrin-mediated signaling or the involvement of additional cytokines. It was also of interest
to determine whether FN-f stimulated expression of factors that could
serve as chemoattractants for leukocytes and/or fibroblasts. In the
development of RA, and to a lesser extent in OA, cells from the
0022-1767/05/$02.00
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Fibronectin fragments (FN-f) that bind to the ␣5␤1 integrin stimulate chondrocyte-mediated cartilage destruction and could play
an important role in the progression of arthritis. The objective of this study was to identify potential cytokine mediators of
cartilage inflammation and destruction induced by FN-f and to investigate the mechanism of their stimulation. Human articular
chondrocytes, isolated from normal ankle cartilage obtained from tissue donors, were treated with a 110-kDa FN-f in serum-free
culture, and expression of various cytokine genes was analyzed by cDNA microarray and by a cytokine protein array. Compared
with untreated control cultures, stimulation by FN-f resulted in a >2-fold increase in IL-6, IL-8, MCP-1, and growth-related
oncogene ␤ (GRO-␤). Constitutive and FN-f-inducible expression of GRO-␣ and GRO-␥ were also noted by RT-PCR and
confirmed by immunoblotting. Previous reports of IL-1␤ expression induced by FN-f were also confirmed, while TNF expression
was found to be very low. Inhibitor studies revealed that FN-f-induced stimulation of chondrocyte chemokine expression was
dependent on NF-B activity, but independent of IL-1 autocrine signaling. The ability of FN-f to stimulate chondrocyte expression
of multiple proinflammatory cytokines and chemokines suggests that damage to the cartilage matrix is capable of inducing a
proinflammatory state responsible for further progressive matrix destruction, which also includes the chemoattraction of inflammatory cells. Targeting the signaling pathways activated by FN-f may be an effective means of inhibiting production of multiple
mediators of cartilage destruction. The Journal of Immunology, 2005, 174: 5781–5788.
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synovium that migrate to the articular cartilage are thought to participate in destruction of the cartilage matrix, but the mechanism responsible for their attraction to cartilage is incompletely understood. Based
on initial results that identified FN-f-stimulated expression of several
cytokines and chemokines, further studies were performed to determine whether activation of NF-B could be a common mediator for
their expression.

Materials and Methods
Chondrocyte isolation and culture

Chondrocyte stimulation with FN-f or cytokines
Confluent cultures in serum-free medium were treated for 6 or 16 h with
0.5 M 110-kDa FN-f (Upstate Biotechnology), 2 ng/ml IL-1␤ (R&D
Systems), or 10 ng/ml TNF-␣ (PeproTech). For cells cultured in alginate beads, 10 beads in 0.5 ml of medium in 24-well plates were treated
overnight with FN-f. Inhibition of IL-1␤ was performed using 100
ng/ml IL-1ra (Anakinra, gift from Amgen) added at the time of FN-f.
Inhibition of NF-B was performed using 50 M hypoestoxide
(bicycl(9,3,1)pentadecane; Calbiochem) added 30 min before FN-f.
MAPK inhibition was by a 30-min preincubation with 20 M
SB203580 for p38 (Sigma-Aldrich), 25 M PD98059 for MAP/ERK kinase
MEK (Calbiochem), and 20 M SP600125 for JNK (Calbiochem). Cell
survival was determined using the live/dead cell viability assay kit (Molecular
Probes), as previously described (18), and apoptosis was assessed by fragmentation analysis of isolated genomic DNA.

Chondrocyte transfection
In selected experiments, inhibition of NF-B was performed by overexpression of an IB␣ mutant (pCMV-IB␣M; BD Clontech). For this, chondrocytes were transfected using the Nucleofection method (Human Chondrocyte Nucleofector Kit; Amaxa). To maximize the transient transfection
efficiency and at the same time minimize cell death occurring during the
Nucleofection procedure, we modified the manufacturer’s instructions.
Briefly, human articular chondrocytes in monolayer were harvested by incubating the cells with collagenase P and pronase solution at a concentration of 1 mg/ml each for 5⬃10 min at 37°C. After collagenase/pronase
treatment, the cells were washed in cold PBS three times, and the washed
cells were resuspended in Human Chondrocyte Nucleofector Solution that
was prewarmed to room temperature to a final concentration of 2 ⫻ 106
cells/100 l. The cell-Nucleofector solution complex (100 l) and the plasmid construct DNA (2.5 g) were then transferred into a cuvette and gently
mixed, followed by Nucleofection, using the Nucleofector program setting
H20. After stimulation, 500 l of prewarmed culture medium, containing
20% serum, was added to the cells, mixed, and then the cell suspension was
transferred into poly(L-lysine) (Sigma-Aldrich; 1/3 dilution in cold PBS)precoated six-well plates. The cells were then placed in an incubator, and
after 24 h replenished with fresh culture medium containing 10% serum,
followed by further incubation for 24 h. The cells were then switched to
serum-free conditions for stimulation by FN-f, as described above.

A cytokine/receptor array was obtained from BD Clontech and used according to manufacturer’s instructions with minor changes. Briefly, 10 g
of total RNA was used for reverse transcription and cDNA probe synthesis
using primers supplied and [␣-32P]dATP. The arrays were exposed to a
Amersham Pharmacia Biotech Typhoon PhosphorImager for 3 days for
image collection. The images were then analyzed using BD Clontech’s
AtlasImage software. Background normalization was performed using
global sum normalization, which is a method in which the values of signal
over background for all genes on the arrays are added together to calculate
the normalization coefficient to use between the two membranes. Background normalization was also performed using either GAPDH or 40S
ribosomal protein with comparable results. The treated samples were
matched to their time-matched controls. Comparisons of the two arrays
were performed using two different measures: either a fold (ratiometric
analysis (x/y)) or a difference (subtractive analysis (x ⫺ y)). For ratiometric
analysis, initially a 2-fold change was used, but this yielded too few genes.
This was then revised to a minimum 1.5-fold change for significance.
RNA from cells isolated from three additional donors was analyzed
using Affymetrix arrays. For these experiments, duplicate cultures from
each of three donors were treated with FN-f or control medium for 16 h,
and then RNA was isolated as above. The integrity of purified RNA was
assessed using the Agilent 2100 Bioanalyzer. Biotin-labeled cRNA was
prepared from 10 g of RNA and hybridized to Affymetrix U133A gene
chips, according to the manufacturer’s instructions (Affymetrix). The arrays were scanned using the GeneChip 3000 laser scanner, and primary
data captured using the MAS5.0 software (Affymetrix). A target intensity
of 150 was used to scale the data from each individual array experiment to
account for differences in global chip intensities. The .Cel files were imported into the Rosetta Resolver system (Rosetta Biosoftware). Comparison analyses and fold changes between baseline and FN-f-treated samples
for each individual duplicate were computed using the Resolver error
model and ratio-generating algorithm (19). Genes that showed a fold
change of 2-fold or greater were retained for further interrogation.

Reverse transcription and semiquantitative PCR
Reverse transcription was conducted with 1 g of total cellular RNA using
the ThermoScript RT-PCR System (Invitrogen Life Technologies) for first
strand cDNA synthesis in 25 l of reaction volume. The sequences for the
primers were as follows: growth-related oncogene-␣ (GRO-␣), 5⬘-ACT
CAAGAATGGGCGAAAG sense and 5⬘-TGGCATGTTGCAGGCTCCT
antisense (468-bp PCR product); GRO-␥, 5⬘-AAGTGTGAATGTAAG
GTCCCC sense and 5⬘-CTTTCCAGCTGTCCCTAGAA antisense
(270-bp PCR product) (20); GRO-␤, 5⬘-GTGGCGCTGCTGCTCCTGCT
sense and 5⬘-CCATGGGCGATGCGGGGTTG antisense (226-bp PCR
product); MCP-1, 5⬘-ATAGCAGCCACCTTCATTCC sense and 5⬘-TT
TCCCCAAGTCTCTGTATCT antisense (480-bp PCR product); IL-6, 5⬘GGATGCTTCCAATCTGGATTCAATGAG sense and 5⬘-CGCAGAAT
GAGATGAGTTGTCATGTCC antisense (302-bp PCR product); IL-8, 5⬘CGTGGCTCTCTTGGCAGCCTTCCTGAT sense and 5⬘-TCAAAAA
CTTCTCCACAACCCTCTGCA antisense (270-bp PCR product); and
GAPDH, 5⬘-GGTATCGTGGAAGGACTCAT sense and 5⬘-ACCACCT
GGTGCTCAGTGTA antisense (341-bp PCR product) (11). For all experiments, conditions were determined to be in the linear range for the PCR
amplification. Briefly, all the samples were subjected to reverse transcription at the same time, and subsequently, all samples of cDNA amplified by
PCR at the same time to avoid any potential experiment to experiment
variation in efficiency. GAPDH was used as an internal control. Levels of
GAPDH mRNA did not vary with time after addition of FN-f. Genomic
DNA was included for the PCR as a negative control to ensure that there
was no genomic DNA contamination in the total RNA samples. The cDNA
was amplified by PCR using 30 cycles of 95°C for 30 s, 57– 65°C for 30 s,
and 72°C for 40 s in the presence of Taq polymerase (Invitrogen Life
Technologies) and 50 pmol of sense and antisense primers. Annealing temperature was 65°C for GRO-␤, 60°C for GRO-␥ and GRO-␣, and 57°C for
GAPDH and MCP-1. IL-6 and IL-8 amplification was conducted, as previously described (11). PCR products were resolved on 1.5% agarose gels
and visualized by staining with ethidium bromide and UV transillumination. Integrated density values for the genes in question were normalized to
the GAPDH values to yield a semiquantitative assessment.

RNA and genomic DNA extraction
Total cellular RNA and genomic DNA were isolated using the RNeasy
Mini kit and DNeasy Tissue kit (Qiagen), respectively, according to the
manufacturer’s instructions. All samples were stored at ⫺80°C until
analyzed.

Human cytokine Ab protein array
Serum-free conditioned medium from chondrocytes stimulated overnight
with FN-f or IL-1␤ was collected and used for human cytokine Ab protein
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Normal human ankle (talar) cartilage was obtained from tissue donors (n ⫽
28) through the Gift of Hope Organ and Tissue Donor Network. Donors
had no known history of arthritis, and the joint tissues were graded on a
scale of 0 – 4, as previously described (18), with only tissue of grades 0 –1
used for chondrocyte isolation. Chondrocytes were isolated by enzymatic
digestion using pronase and collagenase, as previously described (18).
Cells were routinely plated in high density monolayer culture in DMEMF12 containing 10% FBS and antibiotics (Invitrogen Life Technologies).
For some experiments, chondrocytes were cultured in suspension in alginate, as previously described (18), to test the response to FN-f in a threedimensional culture system that has been found to better maintain the differentiated chondrocyte phenotype. All experiments were performed using
primary cells cultured between 5 and 7 days. Due to the limited number of
cells available from individual donors, cells from different donors were
used for gene array, protein array, RT-PCR, and ELISA experiments. Cultures were switched to serum-free medium overnight before treatment with
FN-f or cytokines.

Gene array experiments and analysis
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array with the TransSignal Raybio Human Cytokine Ab Array 1.0 (Panomics). The array membrane was pretreated according to the manufacturer’s instruction, incubated with 2 ml of 5-fold diluted conditioned medium for 2 h, washed, incubated with biotin-conjugated anticytokine mix,
washed, and then developed with streptavidin-HRP conjugate and subsequent ECL (Amersham). The experiments were repeated in duplicates.

Cytokine immunoblotting and quantitative ELISA analysis
The protein concentration in the medium was quantified by the bicinchoninic acid (BCA) method (Pierce). A total of 50 g of protein was loaded
in each lane for immunoblotting. The samples were run in a 20% reduced
SDS-PAGE gel, transferred to nitrocellulose, which, after blocking with
5% BSA for 2 h was incubated for 2 h with primary Abs (1/1000 dilution)
for human IL-6, IL-8, total GRO and MCP-1 (R&D Systems), and GRO-␤
and GRO-␥ (PeproTech). The expected proteins were 20.3, 8, 8, 8.7, 7.8,
and 7.8 kDa, respectively. The primary Abs were detected with rabbit
anti-mouse secondary Ab (1/2000 dilution) (American Qualex), followed
by ECL. All experiments were repeated with cells from at least two different tissue donors.
For quantitative ELISA, 150 l of conditioned medium in a 1/50 dilution in duplicates was used in the QuantiGlo IL-6 and IL-8 immunoassays
(R&D Systems), according to the manufacturer’s instructions.

After stimulation of cells with FN-f or IL-1␤, as described above, cell
monolayers were washed with ice-cold PBS. A total cell lysate was prepared with cell lysis buffer (Cell Signaling Technology) to which fresh
phosphatase inhibitor mixture and PMSF (Sigma-Aldrich) were added. The
soluble lysate protein concentration was determined with BCA reagent, and
samples were analyzed by SDS-PAGE and immunoblotting, as above.
Blots were probed with phospho-IKK␣ (Ser180)/IKK␤ (Ser181) from Cell
Signaling Technology and, for loading control, with a nonphosphospecific
Ab to IKK␣. For analysis of NF-B translocation, cells were stimulated
with Fn-f for 30 min, and then nuclear fractions were prepared using a
nuclear extraction kit (Panomics) following the manufacturer’s instructions. Protein content in the nuclear fractions was measured using the BCA
assay, and equal amounts were used for immunoblotting with antiphospho-NF-B p65 (Ser536) (Cell Signaling Technology).

Results
Fn-f induced cytokine and chemokine expression by articular
chondrocytes
An initial screen was performed on RNA isolated from articular
chondrocytes stimulated in serum-free cultures for 6 or 16 h with
0.5 M FN-f. Compared with untreated control cultures, stimulation by FN-f resulted in up-regulation (⬎1.5-fold ratio FN-f/control) of 19 of 268 (7.1%) of the chemokine and cytokine genes at
6 h and 22 of 268 (8.2%) at 16 h. Significantly up-regulated genes
included IL-6, IL-8, MCP-1, GRO-␤, leukemia-inhibitory factor,
bone morphogenic protein-2, TNF-␣, and basic fibroblast growth
factor genes in the order of gene expression level (Fig. 1A). Gene
expression ratios were not calculated for each gene, because the
expression of some of these genes was not detectable, giving rise
to zero values in the unstimulated normal chondrocytes.
Chondrocyte cultures established from three additional donors
were stimulated with FN-f for 16 h, and isolated RNA was analyzed by Affymetrix array. Analysis of the cytokine and chemokine genes on the array confirmed significant up-regulation of the
same cytokine and chemokine genes noted on the BD Clontech
cytokine array (Fig. 1B). In addition to GRO-␤, GRO-␣ and
GRO-␥ were present on the Affymetrix array and were significantly up-regulated as well.
The cytokine gene array results were then compared with results
using a human cytokine protein array to screen for cytokines released into the medium during 16 h of treatment with FN-f. Of the
23 cytokine pairs on the array, the most highly produced were
IL-6, IL-8, MCP-1, and GRO-␤ in the order of intensity (Fig. 2).
Cytokines included on the array that were not detected in cultures
stimulated with FN-f were G-CSF, GRO-␣, IL-1␣, IL-2, IL-3,

FIGURE 1. FN-f-inducible cytokine and chemokine genes analyzed by
cDNA microarray. A, Primary human chondrocytes were stimulated with
0.5 M FN-f for 6 h in serum-free medium. Total RNA was reverse transcribed, and cDNA was hybridized to the BD Atlas Human Cytokine/
Receptor Array containing 268 genes in duplicate. IL-6, IL-8, MCP-1, and
GRO-␤ gene expression was increased after FN-f stimulation compared
with unstimulated control chondrocytes. Leukemia-inhibitory factor (LIF),
bone morphogenic protein (BMP-2), TNF-␣, and basic fibroblast growth
factor (bFGF) gene expression were also increased to a lesser extent. B,
Cluster analysis of selected cytokine and chemokine genes from Affymetrix arrays performed with primary human chondrocytes from three
additional donors stimulated with FN-f in duplicate. CXC ligand 3 ⫽
GRO␥, CC ligand 2 ⫽ MCP-1, CXC ligand 1 ⫽ GRO␣, and CXC ligand
2 ⫽ GRO␤.

IL-5, IL-7, IL-10, IL-13, IL-15, IFN-␥, MCP-2, MCP-3, monokine
induced by IFN-␥, RANTES, TGF-␤1, and TNF-␤. Of note, IL-1␤
was not included on the protein membrane; however, its up-regulation by FN-f is well documented (5, 6). TNF-␣ was only slightly
increased compared with controls. Similar results were obtained
using chondrocytes isolated from three different donors. In addition, the protein array experiment was repeated using chondrocytes
stimulated with FN-f when cultured in alginate beads instead of in
monolayer. The same protein pattern of cytokine and chemokine
expression was noted, demonstrating that the response to FN-f
could be elicited by chondrocytes stimulated while in a three-dimensional culture system (data not shown).
Expression of the cytokines and chemokines that were identified
by both gene and protein arrays was further studied using RT-PCR.
Consistent with the array studies, FN-f (0.5 M) treatment for 16 h
stimulated ⬎1.5-fold expression of IL-6, IL-8, GRO-␤, and
MCP-1 when compared with unstimulated controls (results not
shown). Because previous studies had already documented ␣5␤1
integrin-mediated expression of IL-6 and IL-8 (15, 16), but not
GRO family members or MCP-1, additional experiments were performed to determine the ability of FN-f to stimulate expression of
all three GRO family members (GRO-␣, GRO-␤, and GRO-␥) as
well as MCP-1. FN-f stimulation was compared with IL-1␤ and
TNF-␣.
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Immunoblotting for phospho-IB kinase (IKK) and nuclear
phospho-p65
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FIGURE 2. Cytokine protein array of FN-f-stimulated chondrocytes.
Primary human chondrocytes in serum-free medium were treated with 0.5
M FN-f for 16 h. Cytokine protein array (Raybio) was performed with the
conditioned medium. IL-6, IL-8, MCP-1, and the GRO family members of
chemokines were detected in the medium after FN-f stimulation compared
with medium from untreated (control) chondrocytes.

FIGURE 3. Comparison of chemokine expression in response to proinflammatory cytokines and FN-f. A, Primary human chondrocytes were serum starved for 24 h and then were stimulated with 2 ng/ml IL-1␤ or 0.5
M FN-f, or 10 ng/ml TNF-␣, or were left unstimulated (control). A representative sample for RT-PCR analysis by using total RNA extracted from
the cells is shown for GRO family members, MCP-1, and GAPDH. The
expected RT-PCR produce sizes are shown in Materials and Methods. B,
Densitometric intensity analysis of the RT-PCR experiments. Chemokine
expression is illustrated as a ratio of the integrated density values for the
genes in question and the integrated density of the GAPDH values to yield
a semiquantitative assessment. Unstimulated control (f), IL-1␤ (䡺), FN-f
(u), and TNF-␣ (z). Data represent the means with SEs of three independent experiments from three different donors.

FN-f-induced cytokine and chemokine expression is regulated by
NF-B, but independent of IL-1
The mechanism by which FN-f stimulated articular chondrocyte
cytokine and chemokine gene expression and corresponding protein secretion was further investigated. In previous studies, we had
found that FN-f stimulation of chondrocytes resulted in increased
expression of IL-1␤ and increased NF-B activity (6, 11), either of
which or both could be responsible for additional cytokine and
chemokine expression. In previous experiments, we found that
treatment of chondrocytes with 0.5 M FN-f produced from 0.2 to
0.4 ng/ml IL-1␤ measured by ELISA (our unpublished observations). Using the cytokine protein array, pretreatment with excess
IL-1ra (100 ng/ml) did not result in an appreciable decrease in
cytokine or chemokine production, while treatment with hypoestoxide, which inhibits the IKK (21), significantly reduced FN-fstimulated production to the level of the unstimulated control
chondrocytes (compare Figs. 2 and 4). The concentration of the
NF-B inhibitor used for these experiments did not result in significant cell death, analyzed by the live/dead cell assay, or DNA
fragmentation (results not shown).
We confirmed that treatment of chondrocytes with FN-f stimulated activation of the IKK by examining IKK phosphorylation,

FIGURE 4. Effects of IL-1 and NF-B inhibition on FN-f-induced cytokine and chemokine expression analyzed by cytokine protein array. A,
After overnight incubation in serum-free medium, primary human chondrocytes were stimulated with 0.5 M FN-f for 16 h in serum-free medium
in the presence of 100 ng/ml IL-1ra or 50 M NF-B inhibitor hypoestoxide. Human cytokine protein array (RayBio) revealed that IL-6, IL-8,
MCP-1, and the GRO expression were dramatically reduced in the presence of NF-B inhibition, but were unchanged with IL-1ra. B, The ability
of FN-f to activate IKK and the inhibitory effects of hypoestoxide were
determined by immunoblotting for phospho-IKK using cell lysates from
chondrocytes stimulated for 10 min in control and FN-f-containing
medium.
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These experiments showed that in addition to GRO-␤, GRO-␣
and GRO-␥ were expressed by articular chondrocytes (Fig. 3). The
GRO family members appeared to be expressed constitutively at a
low level, but were increased in response to FN-f treatment as well
as IL-1␤, but less so with TNF-␣. In response to FN-f, mRNA
levels (normalized for the level of GAPDH) for GRO-␣ increased
by 1.7-fold, GRO-␤ by 3.4-fold, and GRO-␥ by 2.4-fold. Stimu-

lation of chondrocytes with IL-1␤ (2 ng/ml) resulted in similar
increases in mRNA levels for GRO family members as 0.5 M
FN-f: GRO-␣ increased by 1.68-fold, GRO-␤ by 3.4-fold, and
GRO-␥ by 2.7-fold. TNF-␣ (10 ng/ml)-stimulated expression of
GRO-␣, GRO-␤, or GRO-␥ was 1.4-, 1.6-, and 1.5-fold, respectively. MCP-1 expression was elevated to a much smaller extent in
response to any of the cytokines or FN-f (Fig. 3B). Of possible
significance, the SEs noted in the RT-PCR data were high because
these experiments were performed using chondrocytes isolated
from three donors aged 43, 55, and 73 years old, and the cells from
the younger donor had a consistently lower level of basal and
stimulated chemokine expression than the other two donors.

The Journal of Immunology

Stimulation of the p38 and JNK MAPKs is required for Fn-f
activation of NF-B
Activation of NF-B by FN-f is likely to occur downstream from
MAPK activation, but this has not been previously documented.
Therefore, chondrocytes were pretreated with standard inhibitors
specific for each of the three major MAPK families, and FN-f
stimulation of NF-B was determined by measuring nuclear levels
of the phosphorylated p65 subunit of NF-B. Inhibition of p38 or

FIGURE 5. Transfection of an IB␣ dominant-negative expression vector blocks FN-f activation of NF-B and inhibits IL-6 and IL-8 production.
Primary human articular chondrocytes from two different donors were
transfected with the dominant-negative construct pCMV-IB␣M by
nucleofection, as described in Materials and Methods. Cells were stimulated with 0.5 M FN-f for 30 min to assess phosphorylation of the p65
NF-B subunit by immunoblotting of cell lysates with an anti-phospho-p65
Ab or nonphosphospecific (total) Ab as control. Medium collected from
parallel cultures incubated for 16 h with FN-f was used for immunoblotting
for IL-6 and IL-8.

FIGURE 6. Effects of IL-1 and NF-B inhibition on FN-f- and IL-1␤stimulated cytokine expression. A, Primary human chondrocytes were serum starved overnight and then were treated for 16 h with FN-f (0.5 M)
or IL-1␤ (2 ng/ml) in the presence of either IL-1ra (100 ng/ml) or the
NF-B inhibitor hypoestoxide (50 M) in serum-free medium. Samples of
conditioned medium were used for immunoblotting with the indicated primary Abs. B, Chondrocytes were treated with FN-f and the inhibitors, as
described in A, and RNA was isolated and used for RT-PCR with the
indicated primers.

JNK, but not MEK, dramatically reduced the levels of nuclear
phospho-p65 (Fig. 7) and also blocked FN-f stimulation of IL-6
and IL-8 production (data not shown). Consistent with inhibition
of IKK, hypoestoxide completely blocked the ability of FN-f to
increase levels of nuclear phospho-p65.

Discussion
In this study, FN-f, a component of the damaged extracellular matrix of arthritic cartilage, was capable of inducing production of
multiple inflammatory mediators from normal human articular
chondrocytes. The data provide evidence that FN-f stimulates expression of the proinflammatory cytokine IL-6; neutrophil-attracting C-X-C chemokines IL-8 (CXCL8), GRO-␣ (CXCL1), GRO-␤
(CXCL2), and GRO-␥ (CXCL3); and the monocyte-attracting C-C
chemokine MCP-1. Because the FN-f used in these experiments
signals through the ␣5␤1 integrin (7, 9), the results demonstrate
that FN-f-stimulated integrin signaling can induce not only cytokine expression, but also expression of multiple chemokines. Other
cell types may also respond to FN-f stimulation with increased
chemokine expression, suggesting a novel mechanism by which
damaged matrix components could be capable of initiating recruitment and activation of leukocytes at sites of tissue injury and
inflammation.
Consistent with the present findings, induction of IL-6, IL-8,
MCP-1, and GRO family members has been previously described
after stimulation of chondrocytes with proinflammatory cytokines,
including IL-1␤ and TNF-␣, or by using LPS (22–25). Moderately
increased expression of chemokines, including the C-C chemokine
subfamily member RANTES, as well as IL-8 and GRO-␣, has
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and found that pretreatment with hypoestoxide blocked this phosphorylation (Fig. 4B). In addition, overexpression of a dominantnegative mutant of IB␣, which lacks the normal IKK phosphorylation sites, inhibited FN-f-stimulated phosphorylation of the p65
subunit of NF-B, and this was associated with inhibition of IL-6
and IL-8 production (Fig. 5).
Additional experiments were performed using immunoblotting
and RT-PCR for analysis. IL-1ra appeared to partially inhibit FNf-stimulated IL-6 production measured by immunoblotting, with
little to no effect on GRO-␤, GRO-␥, IL-8, or MCP-1, while the
NF-B inhibitor completely blocked production of all the factors
studied (Fig. 6A). As a control, IL-1ra was found to inhibit IL-1␤stimulated production of all of the cytokines and chemokines studied. IL-1␤-induced chemokine and cytokine production was similarly reduced in the presence of hypoestoxide, demonstrating a
similar requirement for NF-B activation for IL-1␤ and FN-f (Fig.
6A). Similar results were obtained using chondrocytes cultured in
alginate (data not shown) or when cytokine expression was analyzed by RT-PCR (Fig. 6B).
Fn-f stimulation of IL-6 and IL-8 was also measured by ELISA
in cells cultured in either monolayer or alginate (Table I). Both
cytokines were present at very low levels in control cultures, while
16 h of treatment with FN-f resulted in levels of IL-6 of 299 ⫾ 11
ng/ml and IL-8 of 172 ⫾ 2.1 ng/ml in monolayer and 89.4 ⫾ 0.4
ng/ml and 91.2 ⫾ 2.3 ng/ml, respectively, in alginate. The lower
cytokine levels in alginate cultures are most likely due to the lower
cell numbers used in the alginate experiments (10 alginate beads/
well in 0.5 ml of medium, which translates to ⬃8 ⫻ 105 cells/ml)
compared with monolayer cultures (2 ⫻ 106 cells/ml). Consistent
with the immunoblotting and RT-PCR results, NF-B inhibition
completely blocked FN-f stimulation of IL-6 and IL-8 in both
monolayer and alginate cultures. Inhibition with IL-1ra resulted in
a slight decrease in IL-6 levels in monolayer (⬃16%), which was
similar to the immunoblotting and RT-PCR results. Levels of both
IL-6 and IL-8 produced in response to 2 ng/ml IL-1␤ were somewhat higher than levels in FN-f-treated wells. As expected, the
IL-1␤ stimulation was blocked by NF-B inhibition and, unlike
FN-f, was also completely blocked by IL-1ra.
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Table 1. Effects of NF-B and IL-1 inhibition on IL-6 and IL-8 levels in cultured chondrocytes treated with FN-f or IL-1␤a
IL-6 (ng/ml)

IL-8 (ng/ml)

Treatment

Monolayer

Alginate

Monolayer

Alginate

Control
FN-f
FN-f ⫹ NF-Bib
FN-f ⫹ IL-1Ra
IL-1␤
IL-1␤ ⫹ NF-Bi
IL-1␤ ⫹ IL-1Ra

0.4 ⫾ 0.2
299 ⫾ 11
0.06 ⫾ 2.4
250 ⫾ 12.2
380 ⫾ 0.9
0.26 ⫾ 4.6
0.35 ⫾ 4.3

0.5 ⫾ 0.03
89.4 ⫾ 0.4
0.16 ⫾ 0.04
81.9 ⫾ 4.6
154 ⫾ 7.5
0.64 ⫾ 0.04
1.51 ⫾ 0.13

0.3 ⫾ 0.01
172 ⫾ 2.1
0.22 ⫾ 0.05
165 ⫾ 5.5
207 ⫾ 0.02
0.21 ⫾ 0.02
2.7 ⫾ 0.02

7.5 ⫾ 0.9
91.2 ⫾ 2.3
3.2 ⫾ 0.04
69.4 ⫾ 8.1
146 ⫾ 0.86
7.7 ⫾ 0.04
9.96 ⫾ 0.19

a
b

ELISA results shown are mean ⫾ SD for duplicate cultures.
NF-Bi, NF-B inhibitor.

FIGURE 7. Inhibition of FN-f-stimulated NF-B activation by MAPK
and IKK inhibitors. Primary human articular chondrocytes were pretreated
with 50 M hypoestoxide (IBi), 20 M SB203580 (p38i), 25 M
PD98059 (MEKi), or 20 M SP600125 (JNKi), and then stimulated with
0.5 M FN-f. Controls included unstimulated cells (Cntl), cells stimulated
with FN-f without inhibitors (⫺), and cells stimulated with 2 ng/ml IL-1␤.
Cell lysates were obtained after 30 min, and nuclear fractions were prepared, as described in Materials and Methods. Samples with equal amounts
of protein were immunoblotted with Ab to the phosphorylated form of the
p65 NF-B subunit.

The present results also add to the growing body of evidence
that the NF-B pathway plays a pivotal role in regulation of chemokine expression. Inhibition of IB was sufficient to eliminate
chemokine release induced by FN-f, indicating a crucial role of
this signal transduction pathway. We have shown previously that
FN-f stimulation of chondrocytes results in activation of the
MAPK pathway through the ␣5␤1 integrin (6). Activated MAPKs
can further trigger activation of several nuclear transcription factors, including NF-B, which regulate the gene expression of
proinflammatory cytokines and chemokines. Consistent with this,
we found that inhibition of either p38 or JNK inhibited FN-f stimulation of NF-B, suggesting that activation of both MAPK pathways, but not ERK, is required for FN-f stimulation of NF-B.
Previous studies have also shown that FN-f activates AP-1 in
chondrocytes (6, 11), which could also contribute to the stimulation of cytokine and chemokine expression. Although the role of
AP-1 was not investigated in this study, the present results, demonstrating a requirement for NF-B, indicate that AP-1 activation
by itself would not be sufficient for stimulation of cytokine and
chemokine expression.
Even though FN-f treatment of chondrocytes resulted in release
of IL-1␤, which also has the potential to stimulate chondrocyte
chemokine expression (25), the production and release of IL-1␤
were not necessary for the initial chemokine expression induced by
FN-f. The IL-1ra protein blocked IL-1␤, but not FN-f stimulation
of cytokine and chemokine expression. In unpublished experiments, we have used Affymetrix arrays to analyze the gene expression profile of human knee articular chondrocytes treated with
IL-1␤. Although the cytokine and chemokine expression profiles
were similar to the present results using ankle chondrocytes treated
with FN-f, differences existed in expression of several genes, including TNF family members (e.g., TNFR superfamily member 6)
that were regulated by FN-f, and not IL-1␤ and IL-1 family members (e.g., the IL-1ra) that were regulated by IL-1 and not FN-f. It
is possible that IL-1 autocrine signaling contributes to further cytokine and chemokine production by chondrocytes after the initial
stimulation by FN-f; however, the finding that IL-1 was not required for FN-f stimulation is consistent with a recent study demonstrating the development of OA in IL-1 knockout mice (37).
The results of this study suggest that targeting the signaling
pathways activated by FN-f may be an effective means of inhibiting production of multiple mediators of cartilage destruction (Fig.
8). Direct inhibition of the chondrocyte ␣5␤1 fibronectin receptor
with blocking Abs results in significantly reduced cell survival
(18), making it unlikely to be a direct therapeutic target. Because
NF-B is involved in normal immune and homeostatic processes,
such as prevention of apoptosis in certain tissues, its prolonged
inhibition may exert deleterious effects on chondrocytes as well.
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been demonstrated in chondrocytes present in OA and RA cartilage (25–28). Importantly, chemokine receptors, including CCR1,
CCR2, CCR3, CCR5, CXCR1, and CXCR2, are also expressed by
chondrocytes (29, 30). The highly selective IL-8R (CXCR1) may
be moderately increased in OA cartilage (29, 31). Therefore, the
potential exists for multiple cytokine and chemokine autocrine or
paracrine loops within articular cartilage, which are stimulated
during the development of arthritis.
IL-8 and GRO-␣ have recently been shown to induce articular
chondrocyte hypertrophy, including type X collagen and MMP-13
expression, as well as matrix calcification, providing a link between inflammation and altered differentiation of articular chondrocytes (30). Stimulation of IL-8 and GRO-␣ as well as IL-6, and
MCP-1 production by FN-f could act as an amplifier of the molecular inflammation noted in OA cartilage. High levels (500 nM)
of GRO-␣ have also been shown to stimulate chondrocyte apoptosis (32), which may be an important cause of cartilage loss in
more advanced stages of arthritis (33).
In addition to OA, FN-f stimulation of chemokine production
could play an important role in the progressive cartilage destruction that occurs in RA. Regulation of angiogenesis by the C-X-C
chemokines IL-8 and epithelial neutrophil-activating peptide-78 in
human synovial tissue has also been demonstrated in patients with
RA (34). Formation of pannus tissue containing lymphocytes,
macrophages, neutrophils, and fibroblasts and the growth of this
tissue, which can invade and destroy the cartilage, could be stimulated in part by release of cytokines and chemokines by the chondrocytes in response to the initial matrix damage. Synovial inflammation and pannus formation have also been noted in patients with
advanced OA (35, 36), although usually not to the extent seen in
RA. This is most likely due to a greater influx of cells into the joint
driven by the early inflammatory activity in the RA synovium,
while local generation of chemokines in OA cartilage would attract
fewer cells to the joint due to the avascular nature of cartilage.
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Other targets include the selective inhibition of upstream molecules such as IKK-2, a kinase previously shown to be essential for
IL-1-induced IB␣ degradation, NF-B activation, and cytokine
expression (38), and, as shown in this study, is required for FN-f
induction of cytokine expression. Alternatives would include inhibition of the p38 or JNK MAPKs, which has recently been
shown to be effective in reducing joint destruction in animal models of arthritis (39, 40).
In summary, this study provides direct in vitro evidence that
FN-f are capable of promoting chondrocyte activation and increased secretion of proinflammatory C-X-C and C-C cytokines,
specifically IL-8, IL-6, MCP-1, GRO-␣, GRO-␤, and GRO-␥,
through an NF-B-dependent pathway. Our data suggest that damage to the extracellular matrix, resulting in fragmentation of fibronectin, is able to amplify an inflammatory response that may
lead to further progressive matrix destruction and cartilage degradation. Targeting the signaling pathways activated by FN-f may be
an effective means of inhibiting production of multiple mediators
of cartilage destruction.
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FIGURE 8. Schematic diagram of the proposed mechanism for FN-fstimulated cytokine and chemokine production. The 110-kDa FN-f stimulates the ␣5␤1 integrin (fibronectin receptor) and activates MAPK signaling pathways, which result in the downstream activation of the IB/NF-B
complex. Liberated NF-B translocates to the nucleus and binds in a sequence-specific manner to target cytokine and chemokine genes, resulting
in their transcription, translation, and secretion from the cell. The presence
of IL-1␤ is not required for the initial FN-f stimulation of cytokine and
chemokine expression; however, it could participate in an autocrine (or
paracrine) loop to stimulate further production.
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