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Abstract

One of the hallmarks of osteoarthritic cartilage is the loss of
chondrocyte cellularity due to cell death. However, considerable
controversy has recently arisen surrounding the extent of
apoptotic cell death involved in development of osteoarthritis
(OA). To shed light on this issue, we characterized cell death in
primary OA chondrocytes mediated by the CD95 (Fas)
pathway. Treatment of chondrocytes with anti-CD95 not only
increased the rate of cell death but also increased the
production of CD95 ligand by chondrocytes. This reveals a
novel autocrine regulatory loop whereby activated chondrocytes
may amplify CD95 signals by inducing synthesis of CD95
ligand. Multiple morphologic detection analyses indicated that
apoptosis accounted for only a portion of chondrocyte death,

whereas the other chondrocytes died by necrosis. Both
chondrocyte apoptosis and necrosis depended on the activity of
p38 mitogen-activated protein kinase (MAPK)  within
chondrocytes. Treatment of chondrocytes with the p38 MAPK
inhibitor SB203580 abolished anti-CD95 induced cell death by
inhibiting the activities of activating transcription factor-2 and
caspase-3. In addition, inhibition of p38 MAPK activity in
chondrocytes stimulated chondrocyte proliferation, as indicated
by 5-bromo-2-deoxyuridine (BrdU) index. Thus, p38 MAPK is a
potential therapeutic target, inhibition of which may maintain the
cellularity of articular chondrocytes by inhibiting cell death and
its amplification signal and by increasing cell proliferation.

Introduction

Chondrocytes are the only cells in articular cartilage, and thus
they are responsible for its structural integrity by maintaining
its extracellular matrix. Osteoarthritis (OA) is characterized by
destruction of extracellular matrix and loss of chondrocyte
function. Chondrocyte depletion was found to be a persistent
and important event in OA [1-3], and apoptosis was believed
to be a major cause of such cell depletion [4-6]. However, in a
recent study [7], although a significant increase in lacunar
emptying was observed in human OA cartilage, apoptotic cell
death could not fully account for the loss of cells in lacunae.
This raises an important question regarding the extent of the
contribution of apoptotic cell death to the loss of chondro-
cytes during OA progression. If apoptosis does not fully
account for cell loss in OA cartilage, then what else is
involved? More importantly, what are the mechanisms that
underlie such loss of chondrocytes? The present study was

designed to address these questions by characterizing cell
death in primary OA chondrocytes induced by activation of
CD95 (Fas).

A significant amount of CD95 ligand (CD95L) has been found
in synovial fluid from patients with OA and those with rheuma-
toid arthritis [8]. Furthermore, in human articular cartilage,
CD95 expression in close proximity to OA lesions was found
to be increased relative to that further from the lesion [9].
Expression of CD95 and CD95L was higher in aged cartilage
than in mature cartilage, which correlated with the decrease in
viable cell density in rabbit articular cartilage during aging [10].
This in vivo evidence suggests an important role for CD95 in
joint cartilage degeneration, although the precise mechanisms
are unclear.

ATF = activating transcription factor; BrdU = 5-bromo-2-deoxyuridine; CD95L = CD95 ligand; DMEM = Dulbecco's modified Eagle's medium; FACS
= fluorescence-activated cell sorter; mAb = monoclonal antibody; MAPK = mitogen-activated protein kinase; OA = osteoarthritis; PBS = phosphate-
buffered saline; RT-PCR = reverse transcriptase polymerase chain reaction; TUNEL = terminal dUTP nick-end labeling.
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p38 Mitogen-activated protein kinase (MAPK) belongs to a
family of stress kinases that are activated by proinflammatory
cytokines and environmental stresses including altered osmo-
larity, nutrient deficiency, increased mechanical loading, and
decreased oxygen tension [11,12]. Some of these conditions
occur readily in OA cartilage. Activated p38 in turn phosphor-
ylates transcriptional factors, thereby transducing signals into
the nucleus to alter gene expression [13]. We previously
showed that p38 MAPK is essential for regulating hypertrophy
and apoptosis in growth plate chondrocytes during endochon-
dral ossification [14]. Because articular chondrocytes may
recapitulate hypertrophic processes during OA development,
in this study we determined whether p38 activity in human OA
chondrocytes plays a role in regulating chondrocyte death.
Our findings indicate that there is a strong association
between p38 MAPK activity and cell death in human OA
chondrocytes. Thus, the p38 MAPK pathway is of potential
therapeutic importance as a target for prevention or treatment
of chondrocyte loss in OA.

Materials and methods

Chondrocyte isolation and primary culture

The study was approved by the institutional review board
(approval #0004-03). OA articular cartilage was obtained dur-
ing total knee replacement surgery. Cartilage slices from nor-
mal appearing portions of the tibia plateau were removed and
washed in Dulbecco's modified Eagle's medium (DMEM).
Chondrocytes were isolated from cartilage as previously
described [15]. Briefly, small pieces of cartilage were minced
with a scalpel and digested with pronase (2 mg/ml; Boe-
hringer Roche, Indianapolis, IN, USA;) in Hank's balanced salt
solution for 30 minutes at 37°C subjected to shaking. After
digestion solution was removed, tissue pieces were washed
once with DMEM and digested with crude bacterial colla-
genase (type IA, C 2674; 1 mg/ml; Sigma, Saint Louis, MO
USA.) for 6-8 hours at 37°C subjected to shaking. The
enzyme reaction was stopped by adding DMEM containing
10% fetal bovine serum. Residual multicellular aggregates
were removed by filtration and the cells were washed three
times in DMEM.

Chondrocytes were incubated in DMEM containing 10% fetal
calf serum, I-glutamine and antibiotics, and were allowed to
attach to the surface of the culture dishes. For use in the exper-
iments, cells were trypsinized, washed once, and plated either
in eight-well chamber (Nalge Nunc International Corp., Naper-
ville, IL, USA) at 1 x 105 cells/well or in 100 mm diameter cul-
ture dishes (Becton Dickinson Labware, Franklin Lakes, NJ,
USA) at 1 x 108 cells/plate. At 90% confluence, cells were
cultured under serum-free conditions overnight before treat-
ment with a mAb anti-Fas CH 11 (100 ng/ml; Panvera, Madi-
son, WI, USA) in serum-free medium for 17 hours, or with
SB203580 (10 umol/l) for 2 hours before anti-Fas treatment.
Control cells were treated with either dimethyl sulphoxide or a
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mouse isotype control antibody IgM (M 5909; Sigma), as indi-
cated.

Measurement of cell death

After chondrocytes were stimulated as indicated, superna-
tants containing floating cells were harvested and adherent
cells were scratched off the plate with a disposable cell lifter.
Cells were combined, spun down, and washed with phos-
phate-buffered saline (PBS). Cell viability was analyzed by
trypan blue dye exclusion assays. Apoptotic cells were
detected by in situ cell death fluorescein detection kit (termi-
nal dUTP nick-end labeling [TUNEL]; Boehringer Mannheim)
and quantified by flow cytometry. Briefly, collected cells were
washed twice with PBS containing 1% bovine serum albumin
at 4°C. Cell suspensions were fixed with 100 pl freshly pre-
pared paraformaldehyde solution (4% in PBS; pH 7.4) for one
hour at room temperature, followed by centrifugation to
remove fixative. Cells were washed once with 200 ul PBS,
resuspended in 100 pl permeabilization solution (0.1% triton
X-100 in 0.1% sodium citrate) for two minutes on ice. After
cells were washed two times with 200 ul PBS, they were
resuspended in 50 pl TUNEL reaction mixture or in 50 pl label
solution as a negative control. Cells were incubated for 30
minutes at 37°C in a humidified atmosphere in the dark, before
apoptotic cells were quantified by fluorescence-activated cell
sorter (FACS) analysis. Positive control of apoptosis was gen-
erated by incubating cells with DNase | (grade I; 0.5 mg/ml) in
50 mmol/l Tris-HCI (pH 7.5), 1 mmol/l MgCl,, and 1 mg/ml
bovine serum albumin for 10 min at room temperature before
the TUNEL labeling reactions.

Apoptotic and necrotic cells were also analyzed with an
Annexin-V-Fluos Staining Kit (Roche Molecular Biochemicals,
Indianapolis, IN, USA). Cells at early stages of apoptosis were
labeled by annexin V, whereas necrotic cells were labeled by
propidium iodide, which permeated them and stained their
nuclei. About 1 x 108 cells were incubated with fluorescein
isothiocyanate (FITC)-labeled annexin V and propidium iodide
simultaneously, before quantification by FACS analysis.

Immunocytochemistry

Immunocytochemical analyses of chondrocyte phenotype
were performed as described previously [16]. using anti-type |
and anti-type Il collagen mAb (Chemicon International, Temec-
ula, CA, USA). A secondary antibody, rhodamine-conjugated
donkey anti-mouse IgG (H+L; Jackson ImmunoResearch Lab-
oratories, Inc. West Grove, PA, USA), was diluted 1:500 in
PBS containing 1% bovine serum albumin. Slides were
mounted in FluorSave™ reagent (Calbiochem-Novabiochem
Corporation, La Jolla, CA, USA) and viewed under a fluores-
cent microscope (Nikon microscope E 800).

Histochemistry
Pieces of cartilage from normal appearing areas of the OA-
affected tibial plateaus were collected and fixed in 4% parafor-



maldehyde before they were embedded in tissue freezing
medium and processed for cryostat section. Sections (5 um
thick) were cut perpendicular to the cartilage surface. Distribu-
tion of Fas antigen in cartilage was examined by immunohisto-
chemistry with a Histostain SP kit (Zymed, San Francisco, CA,
USA) using anti-Fas mAb Ch-11 (Panvera) as primary anti-
body. Sections were fixed at -20°C with 70% ethanol and 50
mmol/l glycine (pH 2.0) for 20 minutes, treated with hyaluroni-
dase (2 mg/ml; Sigma Chemical Co., St Louis, MO) for 30
minutes at 37°C, and incubated in 0.2% Triton X-100/PBS for
5 minutes at room temperature. Slides were washed with PBS
and treated with peroxidase quenching solution to eliminate
endogenous peroxidase activity. Sections were then incu-
bated with primary antibodies for 1 hour at 37°C followed by
biotinylated secondary antibodies for 10 minutes at room tem-
perature. After washing with PBS, sections were incubated
with a streptavidin—peroxidase conjugate for ten minutes at
room temperature followed by a solution containing diamino-
benzidine (chromogen) and 0.03% hydrogen peroxide for 5
minutes at room temperature. Sections were counterstained
with hematoxylin, dehydrated, and mounted. Photography was
performed using a Nikon microscope.

Western blot

Total protein was extracted from cells and quantified as
described with BAC Protein Assay Reagent Kit (Pierce, Rock-
ford. IL). For each sample, 10 ug total protein was electro-
phoresed in 10% SDS PAGE under reducing conditions
before blotting and probing with polyclonal antibodies against
p38 MAPK (SC535; Santa Cruz, CA, USA), phospho-p38
MAPK (pTGPY, Santa Cruz) and activating transcription factor
(ATF)-2 (SC187, Santa Cruz), and a mAb against phospho-
ATF-2 (SC8398, Santa Cruz). All of the antibodies were
diluted 1:1,000 in PBS-Tween containing 1% bovine serum
albumin. Horseradish peroxidase-conjugated goat anti-rabbit
or anti-mouse IgG (H+L; Bio-Rad Laboratories, Richmond,
CA, USA) were diluted 1:3,000 in PBS-Tween, and used as
secondary antibodies. Visualization of immunoreactive pro-
teins was achieved using ECL Western blotting detection rea-
gents (Amersham, Arlington Heights, IL, USA) and by
subsequently exposing the membrane to Kodak X-Omat AR
film.

Caspase-3 activity assay

A caspase-3 cellular activity assay kit (BIOMOL® Research
Laboratories, Inc., Plymouth Meeting, PA, USA) was used to
measure caspase-3 activity, in accordance with the manufac-
turer's instructions. Briefly, chondrocytes treated with anti-
CD95 antibody, SB203580 and anti-CD95 antibody, or
SB203580 alone were harvested, washed in PBS, and resus-
pended in cell lysis buffer. Cytosolic extract was collected
from supernatant after centrifugation at 10,000 g for ten min-
utes at 4°C, before it was incubated in microtiter plate with
assay buffer. After the reaction was started by the addition of
10 ul Ac-DEVD-pNA substrate (final substrate concentration
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200 umol/l), plate absorbance at 405 nm was read by a micro-
titer plate reader. Caspase-3 activity was calculated as pmol/
min per 2 x 108 cells.

Cell proliferation assay

Proliferation of chondrocytes was determined using BrdU Kit |
(Roche, Indianapolis, IN, USA), in accordance with the manu-
facturer's instruction. Briefly, after cells were treated by anti-
Fas antibody, SB, or SB-positive anti-Fas antibody, they were
incubated with BrdU labeling medium in eight-well chambers
for 60 minutes at 37°C in 5% carbon dioxide. Cells were fixed
with ethanol fixative for 20 minutes at -20°C, washed, and
incubated with anti-BrdU working solution for 30 minutes at
37°C. After incubation with anti-mouse-immunoglobulin-fluo-
rescein working solution for 30 minutes at 37°C in the pres-
ence of Hoechest solution (1:1,000), cells were washed and
examined in a fluorescence microscope.

Real-time RT-PCR

Real-time RT-PCR was performed as previously described
[11]. Briefly, total RNA was isolated from chondrocytes with
RNeasy isolation kit (Qiagen). One microgram of RNA was
reverse transcribed using Superscript™ Il Rnase H Reverse
Transcriptase Kit (Invitrogen, Carlsbad, CA, USA). Of the
resulting cDNA, 30 ng/ul was used as the template to quantify
the relative content of mRNA by real-time PCR (ABI PRISM
7700 sequence detection system, Applied Biosystems, Foster
City, CA USA) using respective primers and SYBR Green.
The primers of Fas ligand were designed using Primers
Express software (BioTools Incorporated, Edmonton, AB, T5J
3H1, Canada): forward primer sense ACA CCT ATG GAA
TTG TCC TGC, and antisense AGT TTC ATT GAT CAC AAG
GC. PCR reactions were performed with TagMan PCR master
mix kit (Applied Biosystems, Foster City, CA, USA). The 18S
RNA was amplified at the same time and used as an internal
control. The cycle threshold values for 18S RNA and that of
CD95L were measured and calculated using computer soft-
ware. Relative transcript levels were calculated as x = 2-4ACt,
in which AACt = AE - AC, and AE = Ctgyp - Ctygg, and AC =
Ctcri - Ctygs.

Statistical analysis

Statistical analysis was performed by analysis of variance fol-
lowed by a Tukey's test for multiple comparisons at a rejection
level of 5%. Data are expressed as mean * standard deviation.

Results

Expression of CD95 and CD95 ligand

To determine whether CD95 and its ligand were involved in
induction of cell death in cartilage, we examined their expres-
sion in chondrocytes. Immunohistochemical analysis indicated
that CD95 was expressed in cartilage, especially in the cells
from the superficial and middle zones of OA cartilage (Figure
1a). Although CD95L was expressed at low levels in chondro-
cytes isolated from OA cartilage, its mRNA level was
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Figure 1
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Expression of CD95 and CD95L by OA chondrocytes. (a) Micrographs
of immunohistochemcal analysis of CD95 expression in normal (bottom
panels) and OA cartilage (top panels). Frozen sections from normal and
OA articular cartilage were incubated with a monoclonal antibody CH
11 against CD95. Different (original) magnifications are indicated.
Results are representative of two normal and four OA cartilage sam-
ples. (b) mRNA levels of CD95L in primary OA chondrocytes by real-
time RT-PCR analysis. Total RNA was isolated from chondrocytes from
OA cartilage following treatment as indicated below. *P < 0.05 versus
treatment with Control Ab (a mouse isotype control antibody IgM).
Each bar represents the mean * standard deviation of three experi-
ments. OA chondrocytes (donor age 63 years) stained with annexin V
and PI. Results are representative of three OA cartilage samples. (c)
Micrographs of immunocytochemical analysis of collagens type Il and
type | in OA chondrocytes following treatment as indicated below.
Chondrocytes were reacted with rhodomaine mAb against type Il or
type | collagen, respectively. Chondrocyte nuclei were indicated by
Hoechest blue dye staining. Anti-CD95: treatment with a mAb anti-Fas
CH 11 (100 ng/ml) in serum-free medium for 17 hours. SB: treatment
with SB203580 (10 umol/l) for 17 hours. SB+Anti-CD95: treatment
with SB203580 for 2 hours followed by anti-Fas treatment for 17
hours. Control: cells were treated with DMSO only. Results are repre-
sentative of 3 OA cartilage samples. CD95L, CD95 ligand; DMSO,
dimethyl sulfoxide; mAb, monoclonal antibody; OA, osteoarthritis; P,
propidium iodide.
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p38 MAPK activity regulates cell death induced by anti-CD95. (a) Total
cell death rate for OA chondrocytes quantified by trypan blue exclusion
assay after treatment of cells as indicated below. *P < 0.05 versus con-
trol. The graph shows the average of three independent experiments.
(b) Apoptosis rate of OA chondrocytes quantified by flow cytometry.
Chondrocytes were fluorescently labeled by TUNEL assay after treat-
ment of cells as indicated below. The data shown are representative of
three OA cartilage samples. Anti-CD95: treatment with a mAb anti-Fas
CH 11 (100 ng/ml) in serum-free medium for 17 hours. SB: treatment
with SB203580 (10 umol/l) for 17 hours. SB+Anti-CD95: treatment
with SB203580 for 2 hours followed by anti-Fas treatment for 17
hours. Control: cells were treated with DMSO only. (c) Chondrocytes
were labeled with Hoechst after treatment of cells as indicated above.
Nuclear condensation (indicated by an arrow) was detected in the cells
treated with Anti-CD95. DMSO, dimethyl sulfoxide; mAb, monoclonal
antibody; MAPK, mitogen-activated protein kinase; OA, osteoarthritis;
P, propidium iodide; TUNEL, terminal dUTP nick-end labeling.
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increased more than 2.5-fold in response to anti-CD95 treat-
ment (Figure 1b). Thus, activation of the CD95 pathway
induced synthesis of CD95L by chondrocytes. This induction
was abolished by treatment of chondrocytes with SB203580,
a specific inhibitor of p38 MAPK. Therefore, induction of
CD95L in chondrocytes is dependent on p38 MAPK activities.
The phenotype of chondrocytes, however, was not affected by
the activation of the CD95 pathway or inhibition of p38 MAPK,
because they were positive for collagen type Il, a marker of
chondrocytes, under all treatment conditions (Figure 1c).

CD95-mediated chondrocyte death

To determine whether activation of the CD95 pathway
induced cell death, we quantified cell death rate using trypan
blue exclusion assay. In response to anti-CD95 treatment,
death rate for chondrocytes increased to 23% from the basal
rate of 5-8% (Figure 2a). Inhibition of p38 MAPK activity by
treatment of chondrocytes with SB203580 completely inhib-
ited anti-CD95 induced cell death. This indicates that p38
MAPK is a key mediator of anti-CD95 induced chondrocyte
death.

To determine whether apoptosis was the underlying mecha-
nism of anti-CD95 induced cell death, apoptotic chondrocytes
were labeled with TUNEL and quantified by FACS analysis.
Anti-CD95 treatment increased the apoptosis rate to 7% from
the basal rate of 0.4—1% (Figure 2b). Apoptotic cell features
including nuclear condensation was detected in the cells
treated with anti-CD95 (Figure 2c). This increase in apoptosis
rate by anti-CD95 was completely inhibited by treatment of
chondrocytes with the p38 inhibitor, indicating that CD95
induced chondrocyte apoptosis was also dependent on p38
activity. However, the apoptosis rates (basal rate 0.4-10%,
CD95 induced rate 7%) were lower than the total cell death
rates (basal rate 5-8%, CD95 induced rate 23%).

Mechanisms of chondrocyte death include both
apoptosis and necrosis

To reconcile the discrepancy between the apoptosis rate and
the total cell death rate, we simultaneously labeled the apop-
totic nuclei with TUNEL and the necrotic nuclei with propidium
iodide. Morphologic analysis indicated that the number of
TUNEL or propidium iodide positive cells was increased in
anti-CD95 treated chondrocytes (Figure 3a). To quantify the
rates of apoptosis and necrosis, we simultaneously labeled
chondrocytes with anti-annexin V (a marker of apoptosis) and
propidium iodide (a marker of necrosis). FACS analysis indi-
cated that the rate of chondrocyte necrosis was greatly
increased by anti-CD95 treatment (Figure 3b). This suggested
that necrosis also contributed to chondrocyte death. Both the
rate of apoptosis and that of necrosis were increased by anti-
CD95 treatment, and these increases were diminished by inhi-
bition of p38 MAPK (Figure 3b). Thus, both CD95 induced
chondrocyte apoptosis and necrosis depended on p38 MAPK
activity. Because OA chondrocytes comprised distinctive
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annexin V and propidium iodide labeled populations (Figure
3c), this indicated that chondrocyte death consisted of both
apoptosis and necrosis.

Components of the CD95/p38 pathway in chondrocytes
To further determine the role of p38 MAPK activity in regulat-
ing CD95 induced cell death, we quantified p38 MAPK activity
in chondrocytes after treatment with anti-CD95 or SB203580,
or both. Western blot analysis indicated that anti-CD95 treat-
ment significantly increased p38 activity in chondrocytes, and
this increase was abolished by treatment with SB203580
(Figure 4a). Thus, p38 MAPK activity in chondrocytes paral-
leled the chondrocyte death rate induced by anti-CD95 treat-
ment. This indicated that p38 MAPK activity was a key
mediator of CD95 induced chondrocyte death.

Next, we identified potential components of the CD95 path-
way in chondrocytes. The first was ATF-2, a putative substrate
of p38 MAPK. Activity of ATF-2 was induced by anti-CD95,
and this induction was diminished by inhibition of p38 MAPK
activity (Figure 4b). Likewise, activity of caspase-3, an execu-
tioner enzyme in the apoptosis pathway, was induced by anti-
CD95 (Figure 4c). This induction was also abolished by inhib-
iting p38 MAPK activity in chondrocytes. Thus, both ATF-2
and caspase-3 are potential components of the CD95 path-
way downstream of p38 MAPK.

Suppression of p38 MAPK activity increased
chondrocyte proliferation

To determine whether inhibition of p38 MAPK activity affected
chondrocyte proliferation in addition to its death, we quantified
chondrocyte proliferation rate by measuring BrdU labeling
index. Although anti-CD95 did not affect chondrocyte prolifer-
ation, treatment of SB203580 significantly increased
chondrocyte proliferation rate (Figure 5). Therefore, suppres-
sion of p38 MAPK activity increased cell proliferation.

Discussion

Chondrocytes, the only type of cells in cartilage, are responsi-
ble for maintaining extracellular matrix in cartilage. The mecha-
nism of cell death is not clear, although an increase in the
number of empty lacunae has been found in OA cartilage
[2,17]. In the past, major effort has been devoted to the study
of apoptosis of OA chondrocytes under the assumption that
apoptosis is responsible for chondrocyte death in OA. How-
ever, a recent study [7] identified a discrepancy between the
rate of lacunar emptying in cartilage and the rate of apoptotic
cell death. In that study we found that apoptosis accounted for
only a portion of OA chondrocytes committed to cell death;
OA chondrocyte death included both apoptosis and necrosis.
This observation potentially explains the discrepancy in previ-
ous studies between the rate of total cell death, as reflected
by lacunar emptying, and the rate of apoptotic death in OA
chondrocytes [7].
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Figure 3
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Chondrocyte death consists of apoptosis and necrosis. (a) Morpho-
logic analysis of chondrocyte apoptosis and necrosis. The nuclei of
apoptotic cells were labeled by TUNEL with green fluorescence

whereas the nuclei of necrotic cells were labeled by Pl with red fluores-

cence (donor age 63 years). All cell nuclei were labeled with blue
Hoechst dye. Results are representative of three OA cartilage samples.
(b) The rates of cell apoptosis and necrosis quantified by flow cytome-
try. Apoptotic cells were labeled by annexin V whereas necrotic cells
were labeled by Pl at the same time. Total events are 10,000. The x axis
represents FL1-H (log) with green fluorchrome for annexin V labeling,
and the Y axis represents FL2-H (log) with red fluorchrome for Pl labe-
ling. The percentage of cells that are single or double positive for
annexin V and Pl is indicated in each grid. The upper left grid repre-
sents the number of Pl single positive cells. The lower right grid repre-
sents the number of annexin V single positive cells. The upper right grid
represents the number of cells positive for both Pl and annexin V. The
number of cells that are single positive for Pl is 9.6% for anti-CD95,
and 3.9% for control, SB, and Anti-CD95+SB. Anti-CD95: treatment
with a mAb anti-Fas CH 11 (100 ng/ml) in serum-free medium for 17
hours. SB: treatment with SB203580 (10 umol/l) for 17 hours.
SB+Anti-CD95: treatment with SB203580 for 2 hours followed by
anti-Fas treatment for 17 hours. Control: cells were treated with DMSO
only. Results are representative of five OA cartilage samples. (c) FACS
analysis of OA chondrocytes labeled by annexin V and PI distinguishes
apoptosis from necrosis. Chondrocytes were labeled into four groups
by Annexin-V-FLUOS Staining Kit: x axis is FL1-H (log), and
fluorchrome is green for annexin V (panel b [lower right] and panel ¢
[lower right]); and y axis is FL2-H (log), and fluorchrome is red for Pl
(panel b [upper left] and panel ¢ [upper left]). Living cells are shown to
the lower left and double staining to the upper right of panels b and c.
DMSO, dimethyl sulfoxide; FACS, fluorescence-activated cell sorter;
mADb, monoclonal antibody; OA, osteoarthritis; P, propidium iodide;
TUNEL, terminal dUTP nick-end labeling.
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Necrosis and apoptosis are two major types of cell death.
Although not mutually exclusive, they are mechanistically and
morphologically distinct types of cell death [18]. In particular,
apoptotic cell death is mediated by activation of caspases
whereas necrotic cell death is not. In addition, secondary
necrosis may occur at the later stages of apoptosis. A combi-
nation of various morphologic characterizations, such as labe-
ling chondrocytes with annexin V in the membrane or TUNEL
in the nuclei, as performed in the present study, is required to
measure the rate of apoptosis accurately. We found that some
morphologic analyses such as the trypan blue exclusion assay
detected the rate of total cell death, which may include apop-
tosis and necrosis, rather than apoptosis specifically. In con-
trast, labeling cells with annexin V and propidium iodide
simultaneously followed by dual parameter flow cytometry
generated two distinctive populations of apoptotic cells and
necrotic cells, respectively.

Based on our findings, we suggest that necrosis is a major
form of cell death in OA chondrocytes, in addition to apopto-
sis. At least two types of factors may account for the occur-
rence of necrotic cell death in OA. One factor is cytokines
such as the CD95L, as shown in the present study. Such fac-
tors are readily available in the synovium under inflammatory
conditions, which may occur during the pathogenesis of OA
[18-20]. This is also consistent with the notion that although
apoptosis often affects individual cells without involvement of
inflammatory responses, necrosis affects groups of cells in
association with an inflammatory response [18]. The second
factor is mechanical damage of articular cartilage, which is
often associated with OA pathogenesis. It was previously
shown that chondrocyte necrosis occurs in impact damaged
articular cartilage [21]. Our finding that necrosis is a major
form of cell death in OA chondrocytes may have strong impli-
cations for devising strategies for prevention and treatment of
OA.

We have also shown that activation of the CD95 pathway in
chondrocytes increases not only the cell death rate but also
the production of CD95L by chondrocytes. The initial induc-
tion of cell death in cartilage by activating the CD95 pathway
is thought to occur via CD95L derived from the neighboring
synovium [22]. However, because the extracellular matrix in
cartilage may act as a barrier to prevent diffusion of CD95L
into the deep layer of articular cartilage, the contribution of the
CD95 pathway to induction of chondrocyte death in OA carti-
lage was not clear. Our data suggest that CD95 activated
chondrocytes elevate their own production of CD95L, which
may in turn facilitate the cell death process by sustaining and
amplifying death signals. This autocrine regulatory loop may
contribute to the catastrophic degeneration cascade that
occurs in cartilage once it is activated.

We found that p38 MAPK activity in chondrocytes is essential
to induction of cell death by the CD95 pathway. This finding is
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Anti-CD95 induced chondrocyte death is p38 MAPK dependent. (a) Western blot analysis of the levels of phosohorylated-p38 MAPK and p38
MAPK protein (left panel) and the quantification of the western blot by densitometric analysis (right panel). *P < 0.05 versus control. Each bar repre-
sents mean * standard deviation of three experiments. (b) The levels of phosphorylated ATF-2 and ATF-2 protein were determined by western blot
on the left. Quantification of the western blot by densitometric analysis is shown on the right. *P < 0.05 versus control. Each bar represents mean *
standard deviation of three experiments. (c) Caspase-3 activities were determined using a caspase-3 cellular activity assay kit. *P < 0.05 versus con-
trol. each bar represents mean + standard deviation of three experiments. Anti-CD95: treatment with a mAb anti-Fas CH 11 (100 ng/ml) in serum-
free medium for 17 hours. SB: treatment with SB203580 (10 umol/l) for 17 hours. SB+Anti-CD95: treatment with SB203580 for 2 hours followed
by anti-Fas treatment for 17 hours. Control: cells were treated with DMSO only. Results are representative of three OA cartilage samples. ATF, acti-
vating transcription factor; DMSO, dimethyl sulfoxide; mAb, monoclonal antibody; MAPK, mitogen-activated protein kinase; OA, osteoarthritis.
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Figure 5
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Cell proliferation regulated by p38 MAPK activity. (a) The number of BrdU positive cells in 1,000. (b) Cell proliferation was evaluated by BrdU stain-
ing whereas all cell nuclei were stained by Hoechst 33258 dye. *P < 0.05 versus control. Each bar represents mean * standard deviation of three
experiments. Anti-CD95: treatment with a mAb anti-Fas CH 11 (100 ng/ml) in serum-free medium for 17 hours. SB: treatment with SB203580 (10
umol/l) for 17 hours. SB+Anti-CD95: treatment with SB203580 for 2 hours followed by anti-Fas treatment for 17 hours. Control Ab: cells were
treated with a mouse isotype control antibody IgM. Results are representative of three OA cartilage samples. BrdU, 5-bromo-2-deoxyuridine; mAb,
monoclonal antibody; MAPK, mitogen-activated protein kinase; OA, osteoarthritis.

consistent with previous observations in other types of cells,
such as neuronal and lymphoma B cells [23,24]. Furthermore,
we identified two components of the CD95/p38 MAPK path-
way that may mediate chondrocyte death. The first is ATF-2,
which is an important transcription factor and a known sub-
strate of p38 MAPK [25,26]. ATF-2 is involved in regulating
chondrocyte proliferation and differentiation because ATF-2
knockout mice exhibit cartilage defects during development
[27]. The second component is caspase-3, an executioner
caspase that mediates cell apoptosis [28]. Our study sug-
gests that both ATF-2 and caspase-3 function downstream of
p38 MAPK in regulating chondrocyte death. Elevation in p38
activity with anti-CD95 induces cell death by stimulating ATF-
2 and caspase-3 activity, whereas repression of p38 activity
by SB203580 inhibits chondrocyte cell death by depressing
ATF-2 and caspase-3 activity. In addition to blocking cell
death, inhibiting p38 MAPK activity stimulates chondrocyte
proliferation. Similar effects of p38 MAPK on proliferation was
observed in other types of cells [13,29]. Because a slow rate
of chondrocyte proliferation was observed in OA cartilage
[30,31], inhibiting p38 MAPK activity in chondrocytes may
increase the cellularity of OA chondrocytes by increasing cell
proliferation in addition to decreasing cell death. Our observa-
tions in vitro using OA chondrocytes have strong implications
for our understanding of the mechanisms underlying OA
chondrocyte death; however, the effectiveness of such inter-
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vention using p38 MAPK inhibitors awaits verification using
animal models in vivo.

Conclusion

In the present study we found that cell death induced by anti-
CD95 in chondrocytes includes both apoptosis and necrosis
during development of OA. Both chondrocyte apoptosis and
necrosis depended on the activity of p38 MAPK within
chondrocytes. Treatment of chondrocytes with p38 MAPK
inhibitor SB203580 abolished anti-CD95 induced cell death
by inhibiting the activities of ATF-2 and caspase-3. In addition,
inhibition of p38 MAPK activity in chondrocytes stimulated
chondrocyte proliferation. Thus, p38 MAPK is a potential ther-
apeutic target, inhibition of which may maintain the cellularity
of articular chondrocytes by inhibiting cell death and its ampli-
fication signal and by increasing cell proliferation.
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