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ABSTRACT.

Objective. It had been found that the concentration of chemokine stromal cell-derived factor-1 (SDF-1)
was significantly higher in synovial fluid (SF) of patients with osteoarthritis (OA; ≥ 200 ng/ml) and
rheumatoid arthritis (RA; ≥ 700 ng/ml) compared to controls (≤ 100 ng/ml). Our aim was to determine
whether the pathological concentration of SDF-1 induces chondrocyte death and to investigate mechanisms underlying such death.
Methods. Human OA chondrocytes were treated with different doses of SDF-1, or in combination with
SF from patients with arthritis. Apoptotic and necrotic cells were labeled by annexin V and propidium
iodide, respectively, and quantified by FACS analysis. Caspase-3 activity was quantified by a plate
absorbance assay, and matrix metalloproteinase 13 mRNA levels were determined by RT-PCR. The
release of high mobility group box chromatin protein 1, a specific marker of cell necrosis, and the activities of chondrocyte mitogen-activated protein kinases (MAPK) including ERK, JNK, and p38 in
response to SDF-1 treatment were quantified by Western blot analysis.
Results. Pathological concentrations of SDF-1 (≥ 200 ng/ml) in SF or in recombinant form induced
death of human chondrocytes in a necrosis-dependent manner. Chondrocyte death was inhibited by the
treatment of cells with anti-CXCR4, an antibody blocking the interaction between SDF-1 and its receptor CXCR4. However, the rate of chondrocyte apoptosis and the level of caspase-3, a key apoptotic
enzyme, were not affected by the treatment with anti-CXCR4. SDF-1 stimulated p38 MAPK activity in
a dose- and time-dependent manner. The presence of the p38 MAPK inhibitor SB203580 during SDF1 treatment abolished the induction of chondrocyte death by SDF-1.
Conclusion. Our findings suggest a novel pathological mechanism by which high concentrations of
SDF-1 in SF induce chondrocyte death during OA and RA. (J Rheumatol 2006;33:1818–26)
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Arthritis, including osteoarthritis (OA) and rheumatoid arthritis (RA), is the most common cause of joint pain and disability in the elderly. It is characterized by degenerative changes
in articular cartilage including a gradual loss of chondrocytes
and degradation of cartilage matrix. Chondrocytes are the
only cells in cartilage and are thus responsible for its structur-
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al integrity by maintaining its extracellular matrix. It has been
shown that the loss of chondrocytes in OA may be due to cell
death, in particular to apoptosis1. There is controversy regarding the extent of apoptosis involved in development of OA2.
Recently, chondrocyte necrosis has also been reported in a
rodent OA model3, in human cartilage1, and in impact-loading
of cartilage explants4. However, the role of necrotic chondrocyte death in the development of arthritis has not been studied
in detail.
Chemokines are a family of small, soluble peptides that
regulate cell movement, morphology, and differentiation.
They achieve their regulation by signaling through a family of
transmembrane G protein-coupled receptors. We have shown
that the concentration of an 8 kDa chemokine, stromal cellderived factor-1 (SDF-1), is greatly elevated in the synovial
fluid (SF) from patients with OA and RA5. In contrast to its
concentration of < 100 ng/ml in healthy individuals, concentration was ≥ 200 ng/ml in patients with OA, and ≥ 700 ng/ml
in patients with RA. Such elevation of SDF-1 concentrations
in SF is due, at least partially, to the stimulated synthesis of
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SDF-1 by synovial fibroblasts under OA and RA conditions5.
The source of SDF-1 in the joint is from synovium, as demonstrated by immunocytochemistry, protein chemistry, and
reverse transcription-polymerase chain reaction (RT-PCR)
analysis5,6. On the other hand, the SDF-1 receptor is
expressed by chondrocytes in the superficial zone and the
deep zone in articular chondrocytes5,6. Interaction of SDF-1
with its specific receptor CXCR4 on the surface of chondrocytes induces the release of matrix metalloproteinase-3
(MMP-3) from chondrocytes5. Induction of the release of
MMP-3 may contribute to the breakdown of articular cartilage
during arthritis. However, it is not known whether the elevated level of SDF-1 in SF from patients with arthritis may also
contribute to cell death in cartilage during arthritic
pathogenesis.
In this study, we extend our original findings by showing
that SDF-1 at high concentrations equivalent to those under
OA and RA conditions induces chondrocyte death in the form
of necrosis. Elevation of chondrocyte necrosis is accompanied
by stimulation of a stress-activated MAP kinase (MAPK) p38
by SDF-1. Further, inhibition of p38 MAPK activation abolishes SDF-1-induced chondrocyte death. These findings are of
potential therapeutic importance for the treatment of cartilage
degenerative changes induced by high concentration of synovial SDF-1 during OA and RA.
MATERIALS AND METHODS

SF from patients diagnosed with RA according to American College of
Rheumatology (ACR) criteria for RA was collected in EDTA-containing
tubes and then centrifuged at 2000 g for 10 min to remove cells and debris.
Collected SF was treated with 15 U/ml of bovine testicular hyaluronidase
(Sigma Chemical, St. Louis, MO, USA) for 10 min at 37°C to reduce viscosity before analysis. The concentration of SDF-1 in SF was quantified by a
double-antibody sandwich ELISA according to manufacturer’s instructions
(Medgenix Diagnostics, Flerum, Belgium). An anti-human SDF-1 polyclonal
antibody (R&D Systems, Minneapolis, MN, USA) and a secondary antibody
with conjugates (Medgenix Diagnostics) were used. The detection limit of the
assay was 0.5 ng/ml for SDF-1. SF samples from arthritis patients were
pooled and diluted 1:1 with saline before chondrocyte incubation for 24 h.
The average SDF-1 concentration in SF from patients with RA was 750
ng/ml.

Chondrocyte isolation and primary culture. Cartilage was obtained from total
knee replacement surgery. Cartilage slices were removed from the tibial
plateau and washed in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Grand Island, NY, USA). Chondrocytes were isolated from cartilage as described7. Briefly, small pieces of cartilage were minced with a
scalpel and digested with 2 mg/ml pronase (Roche Diagnostics, Indianapolis,
IN, USA) in Hanks’ balanced salt solution for 30 min at 37°C before digestion solution was removed. Tissue pieces were digested with 1 mg/ml Type IA
bacterial collagenase (Sigma) for 6–8 h at 37°C in a shaker. Enzyme reaction
was stopped with DMEM containing 10% fetal bovine serum. Residual multicellular aggregates were removed by filter and the cells were washed 3 times
in DMEM. Chondrocytes were plated in DMEM containing 10% fetal calf
serum, L-glutamine, and antibiotics. After cells grew to confluence, they were
split once (passage 1) and grown to confluence again. Cells were plated either
in 8-well chambers (Nalge Nunc, Naperville, IL, USA) at 1 × 105 cells/well
or in 100 mm culture dishes (Becton Dickinson Labware, Franklin Lakes, NJ,
USA) at 1 × 106 cells/plate. At 90% confluency, cells were cultured under
serum-free conditions overnight, before treatment with recombinant SDF-1ß
peptide at different concentrations (R&D Systems). Purity of the SDF-1 pep-

tide was > 97%. In some cases, cells were treated with 100 ng/ml anti-CXCR4
or with 100 ng/ml anti-CXCR1 monoclonal antibody (Mab) (R&D Systems)
and 10 µM MAPK inhibitor SB203580 (Biomol Research Laboratories,
Plymouth Meeting, PA, USA) for 2 h before SDF-1 treatment5,8. Control cells
were treated with DMSO.

Determination and quantification of cell death. Cell viability was analyzed by
trypan blue dye exclusion assays. Apoptotic and necrotic cells were analyzed
using the Annexin-V-Fluos staining kit (Roche Molecular Biochemicals,
Indianapolis, IN, USA), in which annexin V labeled the membrane of early
apoptotic cells, whereas propidium iodide (PI; Sigma) penetrated into necrotic cells and labeled their nuclei. After chondrocytes were incubated with SDF1 for 24 h, floating cells were harvested from supernatant, and adherent cells
were scratched from the plate with disposable cell lifters and washed with
PBS. Floating and adherent cells were combined before incubation with
FITC-labeled annexin V and PI simultaneously. Labeled cells were quantified
by 2D fluorescence-activated cell sorter (FACS) analysis. There was no
appreciable overlap between the cell population labeled with annexin V and
the cell population positive for PI, indicating that apoptotic cells and necrotic cells were 2 distinct groups. A positive control of apoptosis was generated
by incubating cells with 100 ng/ml anti-Fas (MBL, Nagoya, Japan) for 14 h.
To pursue the hypothesis that chondrocytes are affected by SDF-1 in SF,
another set of experiments were performed in which chondrocytes were cultured with 1:1 diluted RA SF. Apoptotic and necrotic cells were determined
using the Annexin-V-Fluos staining kit by FACS.
Analysis of necrosis. Cell necrosis was analyzed further using a combination
of PI, which is permeable to necrotic cells with damaged plasma membranes,
and fluorescein diacetate (FDA; Molecular Probes, Portland, OR, USA),
which is permeable to and metabolized by live cells. After chondrocytes were
treated with SDF-1, they were immersed in 1 µM FDA and 40 µg/ml PI for
10 min. After labeling, cells were viewed under a fluorescence microscope
(Nikon E800). PI bound to the DNA of necrotic cells emitted red fluorescence
after excitation, while intracellular hydrolysis of FDA in live cells emitted
green fluorescence. Culture media were collected to detect high mobility
group box chromatin protein 1 (HMGB1), a specific marker of cell necrosis,
by Western blot analysis. Necrosis-positive medium was collected after 3
cycles of freezing and thawing of cultured cells.

Analysis of apoptosis. Apoptotic cells were analyzed by in situ cell death fluorescein detection kit (TUNEL labeling; Roche Diagnostics). Briefly, cells
were fixed with 100 µl freshly prepared paraformaldehyde solution [4% in
phosphate buffered saline (PBS), pH 7.4] for 1 h at room temperature, washed
once with PBS, and covered with 100 µl permeabilization solution (0.1%
Triton X-100 in 0.1% sodium citrate) for 2 min on ice. Cells were washed
twice with PBS and incubated in 50 µl TUNEL reaction mixture or in 50 µl
label solution as negative control for 30 min at 37°C in the dark. Positive control of apoptosis was generated by incubating cells with 100 ng/ml anti-Fas
CH-11 (MBL) for 14 h. Total number of nuclei was determined by counterstaining permeabilized cells with 40 µg/ml PI for 5 min. Slides were mounted in FluorSave reagent (Calbiochem-Novabiochem, La Jolla, CA, USA)
before fluorescence images were recorded with a Nikon E800 camera under
a fluorescence microscope.
Immunocytochemistry. Immunocytochemistry analyses of human OA chondrocyte phenotypes were performed as described9. Briefly, cells in 8-well
chambers were reacted with a Mab against collagen type I (Chemicon,
Temecula, CA, USA), a marker of fibroblasts, and Mab II-II6B3 against collagen II (DSHB, Iowa City, IA, USA), a marker of chondrocytes10. A secondary antibody of rhodamine-conjugated donkey anti-mouse IgG (H+L)
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was diluted
1:500 in PBS containing 1% bovine serum albumin (BSA).

Western blotting. For Western blot analysis, the culture medium was collected before total protein was extracted from cells11. Protein in the supernatant
of cell extracts and culture medium were quantified with the BCA protein
assay reagent kit (Pierce Chemical, Rockford, IL, USA). For each sample, 10
µg of total protein was analyzed by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions before blotting, and
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probed by polyclonal antibody sc-7975R against p-p38 activity (Santa Cruz
Biochemical, Santa Cruz, CA, USA), p-JNK sc-12882R (Santa Cruz), a monoclonal antibody sc-7383 against p-ERK (Santa Cruz), and a polyclonal antibody 556528 against HMGB1 (BD Biosciences, San Diego, CA, USA). The
protein levels were determined by Western blot analysis with polyclonal antibody sc-535 against p38 MAPK, JNK (sc-571), and Mab sc-153 against ERK
(Santa Cruz). All antibodies were diluted 1:200 in PBS-Tween containing 1%
BSA. Horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG
(H+L) (Bio-Rad Laboratories, Richmond, CA, USA) were diluted 1:3000 in
PBS-Tween and used as secondary antibodies. Visualization of immunoreactive proteins was achieved using ECL Western blot detection reagents
(Amersham, Arlington Heights, IL, USA) and by subsequently exposing the
membrane to Kodak X-Omat AR film. MAPK activities were determined by
quantifying the intensity of phospho-MAPK bands on Western blots using
image acquisition and analysis software (UVP Bioimaging Systems, Upland,
CA, USA).
For Western blot analysis of SDF-1 in SF, SF were collected from patients
with OA and RA and controls, with informed consent. Controls were 52 years
of age, and patients with OA were 56 and with RA 54 years old, respectively.
OA was assessed as grade II (Kellgren-Lawrence radiographic grading) and
RA as stage II (ACR criteria). Cell lysates were collected from chondrocytes
of normal articular cartilage samples (donors were 50 years old).
After centrifuging with 0.1 mM EDTA (2000 rpm for 10 min) to remove
cells and debris, SF was treated with 15 units/ml of bovine testicular
hyaluronidase (Sigma) for 10 min at 37°C to reduce viscosity. Immunoblotting with anti-human SDF-1 polyclonal antibody (R&D) was performed
to compare the levels of protein expressed by the SDF-1 in SF to cell lysate
of human chondrocytes.

Caspase-3 activity assay. A caspase-3 assay kit was used to measure caspase3 activity (Biomol Research Laboratories) according to manufacturer’s
instructions. Briefly, chondrocytes were treated with SDF-1 (250 ng/ml),
CXCR4 Mab (100 ng/ml), DMSO (vehicle control), or CXCR4 Mab for 2 h
before SDF-1 treatment, for time periods as indicated. Cells were harvested,
washed in PBS, and resuspended in ice-cold cell lysis buffer for 5 min (2 ×
107 cells/ml). Cytosolic extract was collected from supernatants after centrifugation at 10,000 × g for 10 min at 4°C, before it was incubated in
microtiter plates with assay buffer. After reaction was started by addition of
10 µl Ac-DEVD-pNA substrate (final substrate concentration 200 µM), plate
absorbance at 405 nm was quantified using a microtiter plate reader. Caspase3 activity was calculated as pmol/min/2 × 106 cells.

Real-time quantitative RT-PCR. Total RNA was extracted from the cells with
an RNeasy mini kit (Qiagen, Valencia, CA, USA). Quantification of MMP-13
mRNA was performed by real-time quantitative RT-PCR with a DNA Engine
Opticon 2 detection system (MJ Research, Waltham, MA, USA). RT-PCR
was performed with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA,
USA) with 1 µg total RNA for each reaction. The forward and reverse primers
of human MMP-13 were 5’-TGC TGC ATT CTC CTT CAG GA-3’ and 5’ATG CAT CCA GGG GTC CTG GC-3’, respectively12,13. The forward and
reverse primers of 18S were 5’-CGG CTA CCA CAT CCA AGG AA-3’ and
5’-GCT GGA ATT ACC GCG GCT-3’, respectively. The 18S RNA was
amplified at the same time and used as an internal control as described8. The
cycle threshold (Ct) values for 18S RNA and samples were measured and calculated by MJ Research computer software. Relative transcript levels were
calculated as x = 2–∆∆Ct, in which ∆∆Ct = ∆E – ∆C, and ∆E = Ctexp – Ct18s;
∆C = Ctctl – Ct18s.
Statistical analysis. Statistical analysis was by ANOVA followed by Tukey’s
test for multiple comparisons at a rejection level of 5%. Data were expressed
as mean ± SD. Student T test was also used when indicated.

RESULTS
SDF-1-induced cell death. We determined the rate of total cell
death in chondrocytes incubated with 250 ng/ml SDF-1, a
concentration equivalent to that in the SF of patients with OA.
1820

The cell death rate in the presence of SDF-1 was 3 times that
of the cells incubated without SDF-1 (Figure 1A). To determine whether 2 major types of cell death, apoptosis and
necrosis, contributed to SDF-1-induced cell death, chondrocytes were incubated with different dosages of SDF-1 for 24
h. Apoptotic and necrotic cells were detected by specific
labeling of annexin V and propidium iodide, respectively, and
quantified by FACS analysis. SDF-1 stimulated chondrocyte
necrosis in a dose-dependent manner, while the rate of apoptosis remained unchanged (Figure 1B). The release of
HMGB1, a marker of necrosis, was induced by the SDF-1
treatment (Figure 1C) but not by the apoptosis inducer antiFas. Thus, SDF-1 induced chondrocyte death in a necrosisdependent mechanism.
To determine whether SDF-1 in SF of patients with arthritis contributes to chondrocyte death, we first identified SDF1 in SF from arthritis patients using Western blots (Figure
2A). SDF-1 exists as an 8 kDa peptide with higher concentrations in patients with RA and OA than in healthy persons. We
then incubated chondrocytes with SF from arthritis patients
for 24 h. FACS analysis indicated that SF from arthritis
patients led to 3.1% chondrocyte necrosis and 4.8% chondrocyte apoptosis (Figure 2B). Addition of 100 ng/ml SDF-1 in
the SF resulted in an increase of the necrosis rate to 3.9% and
a slight increase of the apoptosis rate to 4.9%. Addition of an
antibody against the SDF-1 receptor CXCR4 during incubation, which blocks the interaction between SDF-1 and
CXCR45, decreased the necrosis rate to 0.4% and the apoptosis rate to 3.8%. Addition of a control antibody that blocks
interaction between CXCR1 and its ligand, interleukin 8, did
not decrease the chondrocyte necrosis rate (3.1%), but
decreased the apoptosis rate to 3.4%. Together, these data suggest that SDF-1 in SF contributes to chondrocyte necrosis.
Analysis of necrosis. To further analyze chondrocyte necrosis
induced by SDF-1, we incubated chondrocytes in the presence
of purified recombinant SDF-1 or in combination with an antibody against the SDF-1 receptor CXCR4. While SDF-1 treatment increased the rate of chondrocyte necrosis more than 2.6
times (Figure 3A), the presence of anti-CXCR4 completely
abolished the increase of necrosis by SDF-1. These data indicate that SDF-1 induces necrosis of human chondrocytes
through a specific interaction with its receptor, CXCR4. Cells
used in this study were positive for type II collagen and negative for type I collagen, which indicated that the cells maintained their chondrocyte phenotype in primary culture (Figure
3B).
Analysis of apoptosis. We then analyzed the effect of SDF-1
on chondrocyte apoptosis using TUNEL labeling. Although
anti-Fas induced chondrocyte apoptosis, the presence of neither SDF-1 nor anti-CXCR4 altered the apoptosis rate significantly (Figure 4A). Further, SDF-1 had no effect on the level
of caspase-3 activity in chondrocytes, an essential component
of the apoptotic pathway (Figure 4B), and neither did the presence of anti-CXCR4, which blocked the interaction between
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Figure 1. Dose-dependent stimulation of necrosis but not apoptosis by SDF-1 in human OA chondrocytes. A. Total cell death rate as determined by trypan blue
dye exclusion assay. Chondrocytes were incubated in medium containing 250 ng/ml SDF-1 or no SDF-1 (Control) for 24 h. Cells were stained with 0.4% trypan
blue; percentage of dead cells was determined with a hemacytometer. *p < 0.05, significant difference compared with control. The data are a summary of 3 independent experiments. B. Rates of chondrocyte necrosis and apoptosis induced by SDF-1. Primary human chondrocytes were incubated with SDF-1 at different
concentrations in serum-free medium for 24 h. Apoptotic and necrotic cells were detected by specific labeling of annexin V and propidium iodide, respectively,
and quantified by FACS analysis. *p < 0.05, significant difference compared with control. The data are a summary of 3 independent experiments. C. Kinetics of
HMGB1 release from cells undergoing necrosis by Western blot. Culture medium was collected after chondrocytes were treated with SDF-1 at different concentrations as indicated for 24 h. 50–120 µl medium was concentrated and loaded in each lane. Western blot analysis was performed with an antibody against HMGB1.
Coomassie Blue staining showed an equal amount of protein from medium was loaded in each lane. Lane 7: Necrosis-positive control: necrosis was induced by
3 cycles of freezing and thawing of cultured cells. Lane 2: Apoptosis-positive control: apoptosis induced by anti-Fas CH-11, 100 ng/ml.

SDF-1 and its receptor, CXCR4. These data suggest that SDF1 is not involved in chondrocyte apoptosis.
SDF-1-induced p38 MAPK activity. To determine the intracellular signaling pathway that mediates SDF-1 actions in chondrocytes, we quantified different MAPK activities in chondrocytes in response to SDF-1. SDF-1 significantly stimulated p38 MAPK activity in a dose-dependent manner, while the
amount of p38 protein remained the same (Figure 5A). In contrast, there was no significant difference of the activities of
JNK and ERK in response to different dosages of SDF-1
(Figure 5B). As well, SDF-1 stimulated p38 MAPK activity in
chondrocytes in a time-dependent manner (Figure 5C). Thus,
SDF-1 specifically induced p38 MAPK activity in chondrocytes.
Activity of p38 is required for SDF-1-induced cell death. To
determine whether activation of p38 MAPK by SDF-1 is related to SDF-1-induced chondrocyte death, we inhibited p38
activity in chondrocytes by incubating the cells with
SB203580, a specific inhibitor of p38 MAPK8. The presence
of 10 µM SB203580 significantly inhibited the SDF-1induced p38 activity in chondrocytes (Figure 6A), and abolished SDF-1 induced cell death (Figure 6B). Therefore acti-

vation of p38 MAPK was involved in chondrocyte death
induced by SDF-1.
SDF-1 stimulation of MMP-13 mRNA. We found that, in parallel to induction of cell death, SDF-1 also stimulated MMP13 mRNA levels in chondrocytes (Figure 7A). RT-PCR analysis showed that the presence of anti-CXCR4 abolished the
increase of MMP-13 mRNA levels by SDF-1 (Figure 7A).
This suggests that stimulation of MMP-13 mRNA levels in
chondrocytes was mediated by the interaction of SDF-1 with
CXCR4. Further, the increase of MMP-13 mRNA level by
SDF-1 was also inhibited by the p38 MAPK inhibitor
SB203580, as indicated by real-time RT-PCR analysis (Figure
7B). These data indicate that SDF-1 stimulation of MMP-13
mRNA level is also dependent on p38 MAPK activity in chondrocytes.

DISCUSSION
Our study points to a novel pathway by which synovium may
be involved in chondrocyte death and catabolism of joint cartilage. This pathway is mediated by a chemokine, SDF-1,
identified as an 8 kDa peptide in joint fluid by Western blot
analysis (Figure 2). SDF-1 was previously identified in SF
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Figure 2. SDF-1 in human joint SF and chondrocyte apoptosis and necrosis.
A. Western blot analysis of human joint SF using an antibody against SDF1. 1. Control, chondrocyte cell lysate. 2. OA SF. 3. Normal SF. 4. RA SF.
Equal amount of total protein was loaded into each lane. B. Rates of chondrocyte apoptosis and necrosis quantified by flow cytometry. Cells were
labeled by annexin V (indicator of apoptotic cells) and propidium iodide
(indicator of necrotic cells) at the same time before flow cytometry. Total
events are 10,000. x-axis represents annexin V labeling, percentage of positive cells given in the lower right corner; y-axis indicates propidium iodide
labeling, percentage of positive cells indicated in the upper left corner. The
number of cells that are double-positive (upper right quarter) is between
0.9% and 2.1%. Syno: incubation of chondrocytes with 1:1 diluted SF for 24
h. Syno+SDF-1: incubation with 1:1 diluted SF + SDF-1 (100 ng/ml) for 24
h. Syno+CXCR4: incubation with 1:1 diluted SF + CXCR4 antibody (100
ng/ml) for 24 h. Syno+CXCR1: incubation with 1:1 diluted SF + CXCR1
antibody (100 ng/ml) 24 h.

and in serum using ELISA, without the molecular weight
information5. Recent reports indicate an emerging role of
chemokines in regulating the properties of cartilage14.
However, their effects on chondrocytes have not been studied
as well as those of growth factors and cytokines. Extending
our previous finding that SDF-1 stimulates MMP-3 release
from chondrocytes5, we show in this study that it also significantly increases MMP-13 mRNA levels in chondrocytes. This
is consistent with the findings from other laboratories15.
Further, we show that SDF-1 stimulation of MMP-13 levels
depends on SDF-1 binding to its receptor CXCR4 on the
chondrocyte surface, and activation of p38 MAPK in the cytoplasm. Elevation of MMP-13 levels is one of the hallmarks of
OA cartilage16. MMP-13 is more effective than MMP-1 in
degrading collagen II and aggrecan in human OA, since it
degrades human type II collagen at least 10-fold faster than
MMP-117,18. Our data suggest that the elevation of MMP-13
in OA may be at least partially due to the increased levels of
SDF-1 in the SF.
We also show that SDF-1 induces chondrocyte death mainly in the form of necrosis. Necrosis and apoptosis are 2 major
types of cell death. In comparison to apoptosis, chondrocyte
necrosis is not well studied. However, recent studies have
shown that necrosis may play a critical role in chondrocyte
death in an animal model of induced OA and in cartilage
explants following blunt loading1,3,4. At least 2 types of factors may account for the occurrence of necrotic cell death in
1822

OA. One is cytokines and chemokines; such factors are readily available in the synovium under inflammatory conditions,
which may occur during the pathogenesis of OA. The other is
mechanical damage of articular cartilage that leads to matrix
degeneration. It has been shown that chondrocyte necrosis
occurs in impact-damaged articular cartilage4. Although the
chondrocyte necrosis rate could be as low as in single digits,
it may still contribute significantly to the reduction of cellularity in OA cartilage because of the long pathogenesis period
of OA.
Although not mutually exclusive, apoptosis and necrosis
are mechanistically and morphologically distinct types of cell
death1. In particular, apoptotic cell death is mediated by activation of caspases, while necrotic cell death is not. Caspase-3
is one of the executioner caspases required for the apoptosis
process19. We demonstrate here that SDF-1-induced cell death
does not require activation of caspase-3, suggesting that it
induces necrosis but not apoptosis.
This conclusion is further supported by a combination of
morphological characterization of apoptosis, including labeling chondrocytes with annexin V in the membrane and
TUNEL in the nuclei, and biochemical characterization of the
necrosis marker HMGB1. We observed that SDF-1 treatment
induced the release of HMGB1 from chondrocytes. HMGB1
protein is both a nuclear factor and a secreted protein. In the
cell nucleus it acts as an architectural chromatin-binding factor that bends DNA and promotes protein assembly on specif-
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Figure 3. Analysis of necrosis. A. Human OA chondrocytes were incubated with green fluorescein diacetate (FDA), an indicator of live cells, and red propidium
iodide (PI), an indicator of necrotic cells, after the following treatment. SDF-1: incubation in 250 ng/ml SDF-1 for 24 h. SDF-1 + anti-CXCR4: incubation in 100
ng/ml anti-CXCR4 for 2 h before addition of 250 ng/ml SDF-1 for incubation of 24 h. Anti-CXCR4: incubation in 100 ng/ml anti-CXCR4 for 24 h. Control: incubation without SDF-1 or CXCR4 for 24 h. After treatment, they were immersed in 1 µM FDA and 40 µg/ml PI for 10 min. PI bound to the DNA of necrotic cells
that emitted red fluorescence after excitation, while intracellular hydrolysis of FDA in live cells emitted green fluorescence. Percentage of necrosis was calculated from examination of 10 random fields (total population roughly 1000 cells) under a fluorescence microscope. *p < 0.05, significant difference compared with
control. Result was obtained from 3 experiments. B. Fluorescence staining of primary chondrocytes in culture. Cells in 8-well chamber were reacted with Mab
against collagen type I, a marker of fibroblasts, and with a Mab II-II6B3 against type II collagen, a marker of chondrocytes. Rhodamine attached donkey antimouse antibody was used as secondary antibody (red). The presence of cells is indicated by blue nuclei staining with Hoechst dye. Cells were positive for type II
collagen and negative for type I collagen.

Figure 4. Analysis of apoptosis. A. Human OA chondrocytes analyzed by TUNEL assay. Apoptotic cell nuclei were labeled by TUNEL, while all cell nuclei were
labeled by propidium iodide staining after cell fixation. Percentage of apoptotic cells is shown by a double exposure superimposing TUNEL with total nuclei staining. Anti-Fas: incubation in 100 ng/ml anti-Fas for 24 h. SDF-1: incubation in 250 ng/ml SDF-1 for 24 h. SDF-1 + anti-CXCR4: incubation in 100 ng/ml antiCXCR4 for 2 h before addition of 250 ng/ml SDF-1 for incubation of 24 h. Anti-CXCR4: incubation in 100 ng/ml anti-CXCR4 for 24 h. Control: incubation without anti-Fas, SDF-1, or CXCR4 for 24 h. Percentage of cell apoptosis is calculated from examination of 10 random fields (total population roughly 1000 cells)
under a fluorescence microscope. *p < 0.05, significant difference compared to control. Result was an average number obtained from 3 experiments.
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Figure 4B. Caspase-3 activity was determined by plate absorbance assay.
SDF-1: incubation in 250 ng/ml SDF-1 for 24 h. SDF-1 + anti-CXCR4: incubation in 100 ng/ml anti-CXCR4 for 2 h before addition of 250 ng/ml SDF1 for incubation of 24 h. Anti-CXCR4: incubation in 100 ng/ml anti-CXCR4
for 24 h. Control: incubation for 24 h without SDF-1 or CXCR4. No significant difference was seen between samples (n = 3).

necrosis factor and interleukin 1, inhibiting cytokine-mediated cartilage degradation12,13. Thus, p38 MAPK plays a central
role in regulating the production of, and the response to,
proinflammatory cytokines in cartilage. Our data from this
study further indicate that the p38 MAPK pathway may play
an important role in chemokine-mediated cartilage degeneration as well. The intracellular pathways that transmit SDF-1
signals may be different depending on cell types. Although
only p38 is activated by SDF-1 in chondrocytes, ERK1/2 have
been reported to be activated by SDF-1 in a hematopoietic
progenitor cell line and other types of cells31,32.
Our in vitro study suggests that pathological levels of SDF-

ic DNA targets20,21. Outside the cell, it binds with high affinity to RAGE (the receptor for advanced glycation endproducts)22 and is a potent mediator of inflammation23-25. Necrotic
cells passively release their nuclear HMGB1 extracellularly,
but apoptotic cells do not release HMGB1 even after undergoing secondary necrosis and partial autolysis26-28. Release of
necrotic cells triggers inflammation, as demonstrated in
patients with RA and OA and in a rat arthritis model28. Thus,
our findings are consistent with the notion that while apoptosis affects individual cells without involvement of inflammatory responses, necrosis affects groups of cells in association
with an inflammatory response1.
We show that SDF-1 induction of cell death and MMP-13
mRNA levels depends on activation of p38 MAPK in chondrocytes. The MAP kinase superfamily, including p38 MAPK,
JNK, and ERK, is important for regulating cell proliferation,
differentiation, and death29,30. SDF-1 activates p38 MAPK
signal transduction pathway in chondrocytes specifically.
Studies have shown that p38 MAPK inhibitor blocks the production and action of inflammatory cytokines such as tumor
Figure 5. MAP kinase activity by Western blot analysis. A. SDF-1 stimulates
p38 MAPK activity in a dose-dependent manner. Chondrocytes were treated
with different concentrations of SDF-1 as indicated for 24 h. Equal amount
of cell lysates from those cells was loaded in each lane. Western blot was performed with an antibody against p-p38 MAPK to detect p38 MAPK activity,
or with an antibody against p38 MAPK to detect the protein levels of p38
MAPK. Bar graphs show the averages of quantified data of phospho-p38
using UVP BioImaging Systems (Lab Works 4.0) from 3 independent experiments. *Significant difference in comparison to control (time zero), p < 0.05.
A representative immunoblot is shown. Similar results were observed from 3
experiments. B. Activities of JNK and ERK in response to SDF-1 treatment
as shown by Western blot. No significant difference of activities of ERK and
JNK was seen in response to incubation in 250 ng/ml SDF-1 for 24 h (n = 3).
C. SDF-1 stimulates p38 MAPK activity in a time-dependent manner.
Chondrocytes were treated with 250 ng/ml SDF-1 for indicated time periods.
Equal amount of cell lysates from those cells was loaded. Western blot was
performed with an antibody against p-p38 MAPK or with an antibody against
p38 MAPK. Bar graphs show the averages of quantified data of phospho-p38
from 3 independent experiments using UVP BioImaging Systems (Lab
Works 4.0). *Statistically significant in comparison to control, p < 0.05.
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Figure 6. Diminishing SDF-1-induced cell death by inhibiting p38 MAPK
activity. A. p38 MAPK activities determined by Western blot analysis.
Human OA chondrocytes were incubated in medium containing 250 ng/ml
SDF-1 for the time periods indicated, with or without preincubation of 10 µM
SB203580. Equal amount of cell lysates from those cells was loaded into
each lane. Western blot was performed with an antibody against phospho-p38
MAPK to indicate p38 MAPK activity, or with an antibody against p38
MAPK to indicate p38 MAPK protein level. Bar graphs show averages of
quantified data of phospho-p38 from 3 independent experiments using UVP
BioImaging Systems (Lab Works 4.0). *Significant difference in comparison
to control (time zero and dose), p < 0.05. A representative immunoblot is
shown. Similar results were observed from 3 experiments. B. Percentage of
cell death determined by trypan blue dye exclusion assay. SDF-1: chondrocytes incubated in 250 ng/ml SDF-1 for 24 h. SDF1 + SB: cells were preincubated with 10 µM SB203580 for 2 h before incubation in 250 ng/ml SDF1 for 24 h. SB: cells incubated in 10 µM SB203580 alone for 24 h. Control:
cells incubated without SB or SDF-1. Cells were stained with 0.4% trypan
blue and percentage of dead cells was determined with a hemacytometer.
*Significant difference in comparison to control, p < 0.05. Graph shows the
average of 3 independent experiments.

1 in synovial fluid may play an important role during development of OA and RA. SDF-1 synthesized by synovial cells
interacts with its receptor CXCR4 in chondrocytes. This interaction is necessary for induction of cell death and stimulation
of MMP-13 release from chondrocytes, which result in carti-

Figure 7. Elevation of MMP-13 mRNA level by SDF-1 depends on p38
MAPK activities. A. RT-PCR analysis of MMP-13 mRNA levels in comparison to GAPDH housekeeping gene. Total RNA was isolated from cells and
MMP-13 mRNA was detected by RT-PCR using specific primers for human
MMP-13 cDNA sequence. B. Quantification of MMP-13 mRNA by real-time
RT-PCR. SDF-1: chondrocytes incubated in 250 ng/ml SDF-1 for 24 h. SDF1
+ SB: cells were preincubated with 10 µM SB203580 for 2 h before incubation in 250 ng/ml SDF-1 for 24 h. SB: cells incubated in 10 µM SB203580
alone for 24 h. Control: cells incubated without SB or SDF-1. After incubation, total RNA was isolated from cells and MMP-13 mRNA was quantified
by real-time RT-PCR. *Significant difference from control, p < 0.05.

lage degeneration. Cartilage matrix deterioration may directly
or indirectly lead to cell death. Blocking of SDF-1/CXCR4
interaction effectively inhibited the increase of MMP-13
mRNA levels and the cell death rate. This conclusion is supported by the success of synovectomy to reduce SDF-1 levels
in patients with OA and RA6. Our demonstration of the intracellular signaling pathway activated by high concentrations of
SDF-1 may lead to novel therapies for treatment and prevention of OA and RA by inhibiting SDF-1 signaling pathways in
chondrocytes.
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