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SUMMARY: TNF-� plays a key role in rheumatoid arthritis, but its effect on chondrocyte survival is still conflicting. In the present
study, we tested how TNF-� influences chondrocyte survival in response to nitric oxide (NO)-related apoptotic signals, which are
abundant during rheumatoid arthritis. Human primary articular chondrocytes or cartilage explants were pretreated with TNF-� for
24 hours and then treated with the proapoptotic NO donor sodium-nitro-prusside (SNP) for an additional 24 hours. TNF-�
pretreatment markedly protected chondrocytes from SNP-induced cell death. Preincubation of chondrocytes with TNF-�
inhibited both SNP-induced high-molecular weight DNA fragmentation and annexin V-FITC binding. Of interest, TNF-� induced
persistent nuclear factor-�B (NF-�B)-DNA binding activity even in the presence of SNP, mirroring apoptosis protection effects.
Both the TNF-� antiapoptotic effect and NF-�B-DNA binding activity were significantly inhibited by NF-�B inhibitors, Bay
11-7085, MG-132, and adenovirus-expressing mutated I�B-�. Phosphatidylinositol-3 kinase inhibitor LY 294002 also markedly
inhibited the antiapoptotic effect of TNF-�. In primary chondrocytes, TNF-� induced expression of the antiapoptotic protein
Cox-2, which persisted in the presence of SNP, and a specific Cox-2 inhibitor significantly blocked the TNF-� protective effect.
We therefore conclude that TNF-�–mediated protection of chondrocytes from NO-induced apoptosis acts through NF-�B and
requires Cox-2 activity. (Lab Invest 2002, 82:1661–1672).

C artilage loss associated with rheumatoid arthritis
(RA) leads to irreversible joint dysfunction. Car-

tilage destruction results from metalloproteinase-
dependent matrix degradation and nitric oxide (NO)-
induced chondrocyte apoptosis (Amin et al, 1999;
Blanco et al, 1995; Lotz et al, 1999; Sakurai et al,
1995). Extracellular matrix modifications may also lead
to chondrocyte apoptosis, as was shown in collagen
II–deficient mice (Yang et al, 1997). Because chondro-
cytes are the only cells in the cartilage and the only
matrix producers, their survival is the focus of many
recent investigations (Blanco et al, 1998; Colnot et al,
2001; Hashimoto et al, 1998; Kim and Song, 1999).
The proinflammatory cytokines TNF-� and IL-1� are

indirectly responsible for cartilage degradation and
chondrocyte death because they stimulate the synthe-
sis and release of metalloproteinases and NO from

monocytes-macrophages, synoviocytes, and chon-
drocytes. In vitro, however, conflicting results have
been reported about the effect of proinflammatory
cytokines on chondrocyte apoptosis (Aizawa et al,
2001; Blanco et al, 1995; Fischer et al, 2000; Kuhn et
al, 2000; Lotz et al, 1999).
Many TNF-� biologic activities are mediated by

nuclear factor-�B (NF-�B). NF-�B is maintained in the
cytoplasm of most cell types under an inactive form
associated with an inhibitor from the I�B family, such
as the ubiquitous I�B-� protein. After cellular stimula-
tion with TNF-�, NF-�B nuclear activity is rapidly
induced as a consequence of IKK kinase activation
and I�B-� phosphorylation, ubiquitination, and degra-
dation (Karin, 1999). NF-�B transcription factor con-
trols the expression of a number of proinflammatory
molecules, including cytokines (TNF-�, IL-1�, IL-6),
chemokines (IL-8, macrophage inflammatory protein-
1�), enzymes (COX-2, inducible nitric oxide synthase,
cPLA2, metalloproteinases), and adhesion molecules
(intercellular adhesion molecule-1 and vascular cell
adhesion molecule-1) (Pahl, 1999). Interestingly,
NF-�B also controls the expression of its inhibitor,
I�B-� (Brown et al, 1993). However, in chronic inflam-
matory diseases, this negative regulating loop is over-
whelmed by a positive one involving NF-�B activation
by TNF-� and IL-1� and NF-�B–dependent expres-
sion of these two major proinflammatory cytokines.
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Indeed, chronic inflammatory diseases such as RA,
asthma, or inflammatory bowel diseases are associ-
ated with persistent in situ NF-�B activity (Bureau et
al, 2000; Handel et al, 1995; Weber et al, 2000).
Moreover, animal models in which the genes coding
for the I�B-� or A20 NF-�B inhibitors have been
inactivated present important and even fatal inflam-
matory reactions (Beg et al, 1995; Lee et al, 2000). The
constitutive NF-�B activity is required for cell survival
(Bargou et al, 1997; Sovak et al, 1997; Wu et al, 1996),
and NF-�B activity protects many cell types from
apoptotic death. In the context of the chronic inflam-
matory diseases, this activity is likely to maintain
immune and inflammatory cell viability and to partici-
pate in the persistence of inflammation (Bureau et al,
2000, 2002).

In this work we show that TNF-� protected chon-
drocytes from NO-mediated apoptosis and this pro-
tection required NF-�B, and its target antiapoptotic
gene Cox-2, as well as phosphatidylinositol-3 kinase
(PI-3K) activity.

Results

TNF-� Protects Primary Chondrocytes from
Sodium-Nitro-Prusside (SNP)–Induced Apoptosis

Human primary chondrocytes were stimulated with
TNF-� (10–30 ng/ml) and with IL-1� (5 ng/ml) for 24
hours and then treated with the apoptosis-inducing
agent SNP (0.5–2 mM) (Blanco et al, 1995) for an addi-
tional 24 hours. Viability test [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium; MTS] showed that treatment with SNP
induced primary chondrocyte cell death in a dose-
dependent manner (Fig. 1, A and C), a significant de-
crease in cell viability being already observed at 0.5 mM

SNP. TNF-� (Fig. 1, A and B) and IL-1� (Fig. 1C)
markedly protected chondrocytes from SNP-induced
cell death. Although TNF-� induces apoptosis in several
cell types (Grell et al, 1994), all the tested concentrations
(10–30 ng/ml) had a similar protective effect on chon-
drocyte mortality (Fig. 1A). TNF-� pretreatment for vari-
ous times ranging from 30 minutes to 18 hours before

Figure 1.
TNF-� and IL-1� protect chondrocytes from sodium-nitro-prusside (SNP)–induced cell death. A, Isolated chondrocytes were pretreated with different concentrations
of TNF-� (10–30 ng/ml) for 24 hours. SNP at the indicated concentrations was then added for an additional 24 hours. Cell survival was estimated by
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) test, and results were expressed as percent of surviving cells
compared with control nontreated cells (100%). *a, Statistically different from the nontreated control (p � 0.05); *b, statistically different from SNP-treated cells in
the absence of TNF-� (p � 0.05). B, Chondrocyte survival after 30 minutes to 18 hours of TNF-� (10 ng/ml) pretreatment, followed by 24 hours of SNP treatment.
*a, Statistically different from the nontreated control (p � 0.05); *b, statistically different from SNP-treated cells in the absence of TNF-� (p � 0.05). C, Experiment
was performed as in A, except that cells were pretreated with IL-1� (5 ng/ml) instead of TNF-�. *a, Statistically different from the nontreated control (p � 0.05);
*b, statistically different from SNP-treated cells in the absence of IL-� (p � 0.05). D, Cartilage explants were pretreated with TNF-� (10 ng/ml) for 24 hours. SNP
(0.5 mM) was then added for an additional 24 hours. Cell survival was determined as in A. *a, Statistically different from the nontreated control (p � 0.05); *b,
statistically different from SNP-treated cells in the absence of TNF-� (p � 0.05).
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SNP treatment protected chondrocytes from cell death
(Fig. 1B). A longer TNF-� pretreatment (48 hours) also
efficiently protected chondrocytes from SNP-induced
apoptosis (data not shown).

Similarly, preincubation (24 hours) of cartilage ex-
plants with TNF-� (Fig. 1D) or IL-1� (not shown)
efficiently protected chondrocytes from SNP-induced
cell death. These results show that both proinflamma-
tory cytokines protected isolated and cartilage-
associated chondrocytes from SNP-induced cell
death.

SNP-induced chondrocyte apoptosis was analyzed
by gel electrophoresis of 32P end-labeled fragmented
high-molecular weight (HMW) DNA (Relic et al, 2001;
Susin et al, 2000) (Fig. 2). Radioactive labeling of total
DNA from SNP-treated cells revealed an intense band,
corresponding to the fragmented HMW DNA fraction
(Fig. 2, lane 2). However, pretreatment with TNF-�
prevented this DNA fragmentation (Fig. 2, lane 3).

To confirm SNP and TNF-� effects on apoptosis,
chondrocytes were stained with annexin V-FITC. SNP
treatment increased the percentage of annexin V–pos-
itive chondrocytes 5-fold, whereas TNF-� pretreat-
ment reduced it back to basal level (Fig. 3A). Micro-
scopic examination of cells confirmed that
membranes of SNP-treated chondrocytes were
strongly stained, whereas TNF-� pretreatment inhib-
ited this effect (Fig. 3B). However, the chondrocyte
death after 24 hours of SNP treatment was also
characterized by propidium iodide uptake that stained
condensed nuclei (not shown), as observed in late
apoptosis (Foglieni et al, 2001) and secondary necro-
sis (Honda et al, 2000).

Kinetics of TNF-�–Induced NF-�B Activation

TNF-� is a known inducer of the NF-�B transcription
factor that protects several cell types from apoptosis
(Barkett and Gilmore, 1999; Bours et al, 2000). We
analyzed the NF-�B activity in chondrocyte nuclear
extracts. Constitutive NF-�B-DNA binding activity was
observed in nuclear extracts from nontreated chon-
drocytes (Fig. 4A). TNF-� treatment further induced
NF-�B-DNA binding activity, and this induction was
inhibited by preincubation of chondrocytes with Bay
11-7085, a selective inhibitor of cytokine-induced I�B

phosphorylation (Pierce et al, 1997), whereas SNP did
not modify NF-�B-DNA binding activity (Fig. 4A). NF-
�B-DNA binding activity was strongly induced as early
as 15 minutes after TNF-� stimulation and persisted
for up to 72 hours (Fig. 4B). Of interest, the TNF-�–
induced NF-�B binding activity persisted even in the
presence of SNP (Fig. 4C). Supershift assays per-
formed with antibodies to p50 and p65 showed that
both components of NF-�B are present in nuclear
extracts from unstimulated and TNF-�–treated chon-
drocytes (Fig. 4D, lanes 3, 6, and 2, 5, respectively).
Application of c-Rel, Rel-B, and p52 antibodies did not
cause a supershift, suggesting that these units are not
present in nuclear extracts from TNF-�–stimulated
chondrocytes (not shown).

Suppression of TNF-� Protective Effect by
NF-�B Inhibitors

To test whether TNF-�–induced NF-�B activity is
responsible for its antiapoptotic effect, cells were
treated with the specific NF-�B inhibitor Bay 11-7085
(Pierce et al, 1997) before TNF-� stimulation and SNP
treatment. Bay 11-7085 concentrations that inhibited
TNF-�–induced NF-�B-DNA binding (Fig. 5A) sup-
pressed the TNF-� cytoprotective effect on SNP-
induced cell death as measured by the MTS test (Fig.
5B). Moreover, even in the absence of SNP, the same
Bay 11-7085 concentrations reduced cell viability and
caused chondrocyte death (Fig. 5B). 32P end-labeling
of total DNA from Bay 11-7085 (20 �M)–treated cells
revealed a band corresponding to the fragmented
HMW DNA fraction, suggesting apoptosis (Relic et al,
2001; Susin et al, 2000) (Fig. 5C). Bay 11-7085–
induced chondrocyte death was also characterized by
annexin-V-FITC–stained cell membranes (not shown).

To confirm these data, we tested another NF-�B
inhibitor, an adenovirus vector expressing a mutated
nondegradable I�B-� (Ad5-I�B) (DiDonato et al, 1996;
Jobin et al, 1998). Chondrocytes were incubated with
the adenovirus for 24 hours before TNF-� stimulation.
Electrophoretic mobility shift assay (EMSA) showed
that Ad5-I�B inhibited TNF-�–induced NF-�B-DNA
binding activity (Fig. 6A), whereas the control adeno-
virus, Ad5-GFP, an adenoviral vector encoding the
green fluorescent protein (GFP), did not have a signif-
icant effect. Chondrocytes pretreated with both Ad5-
I�B and TNF-� before SNP treatment survived signif-
icantly less than chondrocytes pretreated with only
TNF-� or with control AdGFP virus and TNF-� before
SNP treatment (Fig. 6B). These results confirm that the
inhibition of NF-�B activity decreased the TNF-� an-
tiapoptotic effect.

Although both Bay 11-7085 and Ad5-I�B inhibited
the TNF-� antiapoptotic effect, Bay 11-7085 also
caused cell death even in the absence of SNP. We
thus tested another NF-�B inhibitor, the proteasome
inhibitor MG-132. MG-132 also inhibited TNF-�–in-
duced NF-�B-DNA binding (Fig. 7A) and the TNF-�
antiapoptotic effect (Fig. 7B). However, in contrast to
Bay 11-7085, in the absence of SNP, the effect of
MG-132 on chondrocyte survival was moderate and

Figure 2.
TNF-� inhibits SNP-induced DNA fragmentation. Chondrocytes were pre-
treated or not with TNF-� (10 ng/ml), for 24 hours. SNP (1 mM) was then
added for an additional 24 hours. Genomic DNA isolation and 32P labeling were
performed as in “Materials and Methods” to detect fragmented high-molecular
weight (HMW) DNA (Relic et al, 2001). Lane 1, control cells; lane 2,
SNP-treated cells; lane 3, TNF-� pretreated, SNP-treated cells.
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reached significance only at high concentrations (Fig.
7B).

PI-3K Inhibitor Suppresses TNF-�–Induced
Antiapoptotic Activity

Because several recent studies showed that both
PI-3K and its substrate Akt are involved in NF-�B
activation (Ozes et al, 1999; Romashkova and
Makarov, 1999; Sizemore et al, 1999; Sonoda et al,
2000), we tested the effect of the PI-3K–specific
inhibitor LY 294002 on TNF-� antiapoptotic activity.
Chondrocytes were pretreated with LY 294002 for 1
hour before TNF-� treatment for 24 hours, and SNP
was then added for an additional 24 hours. LY 294002
at 10 �M (Fig. 8A) or 20 �M (not shown) markedly
inhibited TNF-�–mediated protection from SNP-
induced apoptosis. However, TNF-�–induced NF-�B-
DNA binding activity was not modified by LY 294002
(Fig. 8B). LY 294002, at the concentration that inhib-
ited the TNF-� antiapoptotic effect, was able to block
Akt phosphorylation in stimulated chondrocytes (Fig.
9, lanes 2 and 3, respectively).

TNF-�–Induced Cox-2 Production Is SNP Resistant

The TNF-�–inducible NF-�B-dependent gene Cox-2
(Sakai et al, 2001) was induced upon TNF-� treatment
(Fig. 10A, lane 2). Two protein forms were detected by
anti-Cox-2 antibodies, as has been shown for human

endothelial cells (Habib et al, 1993) and human neu-
trophils (McAdam et al, 2000).

Because Cox-2 has been shown to be involved in
tumorigenesis through its antiapoptotic actions (Cao
and Prescott, 2002; Shimada et al, 2000) and because
TNF-�–induced Cox-2 expression (Fig. 10A, lane 2)
persisted in the presence of SNP (Fig. 10A, lane 4), we
studied its possible involvement in the TNF-� anti-
apoptotic effect. The specific Cox-2 inhibitor cele-
coxib significantly reduced the TNF-� cytoprotective
effect, indicating that Cox-2 participates in the TNF-�
inhibition of apoptosis, after the SNP treatment (Fig.
10B).

Discussion

Our present study shows that TNF-� protects chon-
drocytes from NO-induced cell death. Furthermore,
we show that the TNF-� effect is NF-�B mediated
because TNF-� induced lasting NF-�� activity that
persisted even in the presence of SNP and because
both NF-�B activity and the antiapoptotic effect were
sensitive to the specific inhibitors Bay11-7085, MG-
132, and Ad5-I�B, which prevent nuclear translocation
of NF-�B. Thus our results are in agreement with
reports showing that proinflammatory cytokines do
not cause chondrocyte apoptosis (Blanco et al, 1995;
Lotz et al, 1999) and even protect these cells from
proapoptotic stimuli such as those triggered by anti-
Fas antibodies (Kuhn et al, 2000). Our results concern-

Figure 3.
TNF-� suppresses SNP-induced annexin V-FITC binding. Chondrocytes were pretreated or not with TNF-� (10 ng/ml) and then exposed to SNP for an additional 24
hours. Annexin V-FITC labeling was performed, and FITC was detected by FACScan in A or by fluorescence microscope in B. In A, black graphs represent chondrocytes
in control conditions and green surfaces correspond to annexin V–positive cells (% indicated on the arrow). In B, each of three fluorescence figures is accompanied
by a phase contrast image of the same microscopic field.

Relic et al

1664 Laboratory Investigation • December 2002 • Volume 82 • Number 12



ing the Bay 11-7085 apoptotic effect are also in
agreement with the previous demonstration that vita-
min C, another NF-�B inhibitor that blocks IL-1� and
TNF-�–mediated I�B-� degradation (Bowie and
O’Neill, 2000), caused apoptosis of human articular
chondrocytes (Malicev et al, 2000). However, in con-
trast to Bay 11-7085, neither Ad5-I�B nor MG-132
caused chondrocyte apoptosis in the absence of SNP.
It is possible that the inhibition of NF-�B activity by
Ad5-I�B is less efficient than inhibition by Bay 11-7085
treatment because of the irreversible nature of this
inhibitor (Pierce et al, 1997). Indeed, we have ob-
served that when cells are transfected with an I�B-�
super-repressor, a high level of I�B-� expression and
complete NF-�B inactivation were required to observe
a significant increase in TNF-�–induced cell death
(Bours et al, 2000). Alternatively, Bay 11-7085 could
also affect other signaling pathways than those involv-
ing inhibition of NF-�B (Hu et al, 2001; Pierce et al,
1997). These pathways probably do not involve p38
because Bay 11-7085 provoked the chondrocyte
death, whether or not chondrocytes were pretreated
with the p38-specific inhibitor SB203580 (not shown).

Opposite results have however been reported
showing that TNF-� induces apoptosis of chicken

chondrocytes (Aizawa et al, 2001) and of human
chondrocytes in the absence of matrix but not in
cartilage explants (Fischer et al, 2000). These results
suggest that TNF-� proapoptotic or antiapoptotic ef-
fects may depend upon the experimental model. Nev-
ertheless, in our model of SNP-induced apoptosis,
TNF-� consistently protected human chondrocytes in
cartilage explants, either as primary isolated cells or as
dedifferentiated chondrocytes (our unpublished data).

TNF-�–induced NF-�B activation is achieved
through IKK activity and I�B degradation and through
the regulation of NF-�B transcriptional activity (Wang
et al, 2000). These two distinct processes in NF-�B
activation were also proposed as a mechanism for
IL-1� action (Sizemore et al, 1999), illustrating that
NF-�B DNA binding activity is necessary but not
sufficient for NF-�B activity. Recently, PI-3K was
recognized to be involved in NF-�B activation (Ber-
trand et al, 1998; Ozes et al, 1999; Reddy et al, 2000;
Romashkova and Makarov, 1999; Sizemore et al,
1999). We show in this work that LY 294002 markedly
inhibited the TNF-� antiapoptotic effect, but it did not
influence TNF-�–induced NF-�B DNA binding activity.
These results suggest that PI-3K could be involved
either in stimulation of NF-�B transcriptional activity

Figure 4.
Kinetics of TNF-�–induced nuclear factor-�B (NF-�B)-DNA binding activity in chondrocyte nuclear extracts. A, NF-�B-DNA binding activity was determined in
chondrocyte nuclear extracts by EMSA. Lane 1, control; lane 2, TNF-� (10 ng/ml, 1 hour); lane 3, Bay 11-7085 (20 �M, 1 hour); lane 4, Bay 11-7085 (1 hour) followed
by TNF-� (1 hour); lane 5, SNP (1 mM, 2 hours). The arrow indicates the p65/50 complex. B, NF-�B activity from chondrocyte nuclear extracts after TNF-� (10 ng/ml)
stimulation for the indicated times. The first and the last lanes show NF-�B-DNA binding activity in nuclear extracts from nontreated chondrocytes at the beginning
and the end of the experiment, respectively. C, NF-�B activity in chondrocyte nuclear extracts pretreated with TNF-� (10 ng/ml) for 48 hours and then treated with
SNP (1 mM) for an additional 10 hours. Lane 1, control; lane 2, TNF-�; lane 3, SNP (1 mM); lane 4, TNF-� followed by SNP. D, Supershift analysis. Nuclear extracts
from unstimulated (lanes 1–3) and TNF-�–treated (lanes 4–6) chondrocytes were analyzed for DNA binding to a �B probe either in the absence of antibody (lanes
1 and 4) or in the presence of an anti-p65 (lanes 2 and 5) or an anti-p50 antibody (lanes 3 and 6).
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Figure 5.
NF-�B inhibitor Bay 11-7085 blocks TNF-� antiapoptotic effect and induces chondrocyte apoptosis. A, Effect of Bay 11-7085 on basal and TNF-�–induced NF-�B-DNA
binding activity in chondrocyte nuclear extracts, determined by EMSA. Chondrocytes were pretreated with Bay 11-7085 for 1 hour, at the indicated concentrations,
in the absence of any stimulus or before 24 hours of TNF-� (10 ng/ml) treatment. The arrow indicates the p65/50 complex. B, Effect of Bay 11-7085 on TNF-�
protection and chondrocyte survival. Chondrocytes were pretreated with Bay 11-7085 at the indicated concentrations for 1 hour and then treated with TNF-� (10
ng/ml) for 24 hours. SNP was then added for an additional 24 hours. Cell survival was determined by MTS test as explained in Figure 1A. *a, Statistically different
from the nontreated control (p � 0.05); *b, statistically different from SNP-treated cells in the absence of TNF-� (p � 0.05); *c, statistically different from SNP-treated
cells in the presence of TNF-� (p � 0.05). C, HMW DNA fragmentation test. After treatment with Bay 11-7085 (20 �M) or SNP (2 mM) for 24 hours, genomic DNA
was isolated and labeled as explained in “Materials and Methods” and in Figure 2. Lane 1, control untreated cells; lane 2, BAY 11-7085; lane 3, SNP.
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(Sizemore et al, 1999) or that PI-3K acts through
another, NF-�B–independent, antiapoptotic pathway.
The PI-3K pathway that can be stimulated with both
insulin and IGF-1 is known to be important for chon-
drocyte survival, especially during osteoarthritis and
aging (Loeser et al, 2000; Tardif et al, 1996).

Cox-2 prevents apoptosis in many cell types, in-
cluding cancer cells (Cao and Prescott, 2002; Shi-
mada et al, 2000). Moreover, Cox-2–specific inhibitors
have already been applied in clinical practice for the
treatment of inflammatory diseases. In primary chon-

drocytes Cox-2 expression was markedly induced by
TNF-�, and the induction persisted in the presence of
SNP. Pretreatment of chondrocytes with the selective
Cox-2 inhibitor celecoxib markedly reversed the
TNF-� protective effect against SNP, indicating that
Cox-2 participates in this cytoprotection.

The NF-�B transcription factor is a major player of
the inflammatory reaction, and in situ NF-�B activation
is a hallmark of chronic inflammatory diseases includ-
ing RA (Han et al, 1998; Handel et al, 1995; Miagkov et
al, 1998). The role of NF-�B in the inflammatory

Figure 6.
Adenovirus-mediated I�B-� overexpression inhibits the TNF-� antiapoptotic effect. A, NF-�B-DNA binding activity in nuclear extracts from chondrocytes infected with
adenovirus expressing mutated nondegradable I�B-� (Ad5-I�B) or control Ad5-GFP adenovirus for 24 hours, in the absence of any stimulus or before TNF-� (10
ng/ml) treatment for 24 hours. The arrow indicates the p65/50 complex. B, Chondrocytes were infected with Ad5-I�B for 24 hours, before 24 hours of TNF-� (10
ng/ml) treatment. SNP was then added for an additional 24 hours. Cell survival was estimated by MTS test, and results were expressed as percent of surviving cells
compared with control untreated cells (100%). *a, Statistically different from the nontreated control (p � 0.05); *b, statistically different from SNP-treated cells in
the absence of TNF-� (p � 0.05); *c, statistically different from SNP-treated cells in the presence of TNF-� (p � 0.05); *d, statistically different from SNP-treated
cells in the presence of AdIkB and TNF-� (p � 0.05).

Figure 7.
The proteasome and NF-�B inhibitor MG-132 blocks the TNF-� antiapoptotic effect. A, Effect of MG-132 on basal and TNF-�–induced NF-�B-DNA binding activity
in chondrocyte nuclear extracts, determined by EMSA. Chondrocytes were pretreated with MG-132 (20 mM) for 1 hour in the absence of any stimulus or before 24
hours of TNF-� (10 ng/ml) treatment. The arrow indicates the p65/50 complex. B, Effect of MG-132 on TNF-� protection and chondrocyte survival. Chondrocytes
were pretreated with MG-132 at the indicated concentrations for 1 hour and then treated with TNF-� (10 ng/ml) for 24 hours. SNP (2 mM) was then added for an
additional 24 hours. Cell survival was determined by MTS test as explained in Figure 1A. *a, Statistically different from the nontreated control (p � 0.05); *b,
statistically different from SNP-treated cells in the absence of TNF-� (p � 0.05); *c, statistically different from SNP-treated cells in the presence of TNF-� (p � 0.05).
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process is mediated through the expression of a large
number of proinflammatory molecules (Pahl, 1999),
and there is evidence of NF-�B–dependent mecha-
nisms of cartilage destruction in RA (Bondenson et al,
2000; Miagkov et al, 1998). Indeed, inhibition of NF-�B
activity by Bay 11-7085 application (Pierce et al, 1997)
and intra-articular adenoviral gene transfer of super-
repressor I�B and NF-�B decoys (Miagkov et al, 1998)
were efficient in an experimentally induced animal
model of arthritis. Furthermore, TNF-� inhibition is an
established therapeutic strategy in RA (Feldmann and
Maini, 2001). Thus, it seems likely that in vivo the
destructive effect of prolonged TNF-� production on
the cartilage matrix overwhelms its protective effect
on chondrocyte survival. The long-term conse-
quences of prolonged TNF-� blockade and whether
NF-�B inhibition could became a future therapeutic

target in RA remain important issues. Our results
indicate that the inhibition of NF-�B activity during
therapies would have to be carefully balanced without
interfering with chondrocyte basal NF-�B activity, as
discussed recently (Makarov, 2001).

The signaling pathways regulating proinflammatory
and antiapoptotic genes in response to TNF-�–in-
duced NF-�B activity are partially distinct, because
they also involve other transcription factors and me-
diators. The identification of these specific pathways
and of NF-�B target genes (Aupperle et al, 2001) will
characterize molecules acting downstream of NF-�B,
some of which could also constitute specific thera-
peutic targets. The present study points out a possible
drawback to the use of nonspecific NF-�B inhibitors
for the treatment of inflammatory diseases.

Materials and Methods

Chondrocyte Isolation and Culture

Human cartilage was obtained postmortem from 22-
to 77-year-old patients who were not admitted to the
hospital for joint diseases. Cartilage was cut in 1- to
2-mm3 explants and digested at 37° C with gentle
agitation successively by hyaluronidase (Sigma-
Aldrich, St. Louis, Missouri) (0.5 mg/ml) for 30 minutes,
pronase (Merck KGaA, Darmstadt, Germany) (1 mg/
ml) for 1 hour, and collagenase (Sigma-Aldrich) (0.8
mg/ml) for 16 to 20 hours. After digestion, cells were
filtered through 70 �M Nylon membrane (Falcon, Bec-
ton Dickinson, Franklin Lakes, New Jersey), washed
four times, and seeded in DMEM containing or lacking
phenol red (BioWhittaker, Walkersville, Maryland) and
supplemented with 10% FCS. Only primary chondro-
cytes were used, ie, all experiments began immedi-

Figure 8.
Inhibition of the TNF-� antiapoptotic effect by phosphatidylinositol-3 kinase (PI-3K) inhibition. A, LY 294002 effect on TNF-� cytoprotective effect. Chondrocytes were
cultured in DMEM supplemented with 2% FCS and pretreated or not with LY 294002 (10 �M) for 1 hour before TNF-� (10 ng/ml) treatment for 24 hours. SNP (0.5
mM) was then added for an additional 24 hours. Cell survival was estimated by MTS test, and results were expressed as percent of surviving cells compared with
control untreated cells (100%). *a, Statistically different from the nontreated control (p � 0.05); *b, statistically different from SNP-treated cells in the absence of
TNF-� (p � 0.05); *c, statistically different from SNP-treated cells in the presence of TNF-� (p � 0.05). B, EMSA showing NF-�B activity in nuclear extracts from
chondrocytes pretreated or not with LY 294002 (20 �M) for 1 hour followed by 1 hour of TNF-� (10 ng/ml) treatment. The arrow indicates the p65/50 complex.

Figure 9.
LY 294002 effect on Akt phosphorylation in primary chondrocytes. Chondro-
cytes were starved for 24 hours in serum-free DMEM medium, pretreated (lane
2) or not (lanes 1 and 3) with LY 294002 (20 �M) for 1 hour, and then
stimulated for 15 minutes with DMEM medium containing 10% FCS and 1 �M

insulin (lanes 2 and 3). Phosphorylated Akt was detected by antibodies specific
for Ser473 (New England Biolabs).
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ately on the day of chondrocyte isolation and lasted
for up to 82 hours maximum.

Cell Treatment

Isolated chondrocytes were cultured in 96-well plates
at a density of 5 � 104 cells/100 �l of DMEM supple-
mented with 10% FCS, except in experiments con-
cerning LY 294002, in which 2% FCS was used. Cells
were pretreated with TNF-� or IL-1� (R&D Systems,
Minneapolis, Minnesota) for 30 minutes to 48 hours.
The NO donor SNP (Sigma-Aldrich) was then added to
the cells for an additional 10 to 24 hours. In some
experiments, Bay 11-7085, LY 294002 (Alexis Corpo-
ration, San Diego, California), MG-132 (Sigma-
Aldrich), or Ad5-I�B (DiDonato et al, 1996; Jobin et al,
1998) were added before cytokine treatment. Experi-
ments with cartilage explants were done in the same
way except that 24-well plates, each containing 500 �l
of medium and five explants (1–2 mm3), were used.

Survival Assay

Cell survival was measured as mitochondrial NADH/
NADPH–dependent dehydrogenase activity, resulting
in the cellular conversion of methyltetrazolium salt

MTS (Promega, Madison, Wisconsin) into a soluble
formazan dye (Buttke et al, 1993). An electron cou-
pling agent, phenazine methosulfate, was obtained
from Sigma-Aldrich. Colorimetric measurement of
formazan dye was performed at 490 nm.

DNA Fragmentation Test

Chondrocyte apoptosis was evaluated by a HMW
DNA fragmentation test (Relic et al, 2001), with slight
modifications. Briefly, at the first day of isolation, 5 �
106 chondrocytes were seeded into 10-cm Petri
dishes containing 10 ml of medium (DMEM, 10%
FCS). The same day, cells were pretreated or not with
TNF-� and incubated for 24 hours before SNP stimu-
lation for an additional 24 hours. Total DNA was
isolated from nonadherent cells harvested by super-
natant centrifugation (300 �g, 5 minutes) and from
adherent cells harvested by trypsinization. Harvested
cells were incubated in 1 ml of lysis buffer (100 mM

NaCl; 10 mM TRIS-Cl, pH 8; 25 mM EDTA, pH 8; 0.5%
SDS) supplemented with 0.1 mg/ml of proteinase K
(Roche, Mannheim, Germany) for 16 hours, at 42° C.
After lysis, an equal volume of phenol was used for
DNA extraction. After 2 minutes of centrifugation
(3200 �g), DNA was precipitated and recovered by
centrifugation (2 minutes, 3500 �g), and the DNA
pellet was dissolved in distillated water. One micro-
gram of total DNA was labeled with Klenow enzyme
(Feinberg and Vogelstein, 1984), in 1� buffer H
(Roche) and 10 �Ci of both 32PdCTP and 32PdATP.
DNA was electrophoresed on standard 1% agarose
gel in 1� TAE buffer. Gel was fixed in 10% acetic acid
for 1 hour at 4° C, vacuum dried, and exposed to x-ray
film for 10 to 30 minutes.

FACS Analysis

At the day of isolation, chondrocytes were plated in
6-well plates at a density of 106 cells/2 ml of DMEM
supplemented with 10% FCS. Cells were pretreated
with TNF-� for 24 hours before exposure to SNP for an
additional 24 hours. Cells were collected, washed in
PBS, and labeled with annexin V-FITC and propidium
iodide (Annexin V fluos staining kit; Roche). Cell im-
ages were captured under fluorescence microscope.
Fluorescent cells were counted by FACScan.

Nuclear Protein Extraction and EMSA

Nuclear extracts and EMSA were performed as de-
scribed (Dejardin et al, 1995) and adjusted for chondro-
cyte cultures with modification of centrifugation condi-
tions at 300 �g for collecting and washing steps. Each
nuclear extract was made from 5 � 106 chondrocytes
seeded in 10-cm Petri dishes containing 10 ml of culture
medium. The palindromic �B probe oligo was 5'-
TTGGCAACGGCAGGGGAATTCCCCTCTCCTTA-3'.
Gels were migrated at 260V for 2 to 3 hours. Supershifts
were performed with p50 and p65 antibodies (UBS, Lake
Placid, New York).

Figure 10.
The TNF-�–induced antiapoptotic effect is mediated by Cox-2. A, TNF-� effect
on Cox-2 production as determined by Western blot. Chondrocytes were
pretreated with TNF-� (10 ng/ml) for 24 hours and then with SNP (2 mM) for
an additional 24 hours. B, Effect of Cox-2 inhibitor celecoxib on TNF-�
antiapoptotic activity. Chondrocytes were pretreated with celecoxib at the
indicated concentrations for 1 hour and then treated with TNF-� (10 ng/ml) for
24 hours. SNP (2 mM) was then added for an additional 24 hours. Cell survival
was estimated by MTS test, and results were expressed as percent of surviving
cells compared with control nontreated cells (100%). *a, Statistically different
from SNP-treated cells in the absence of TNF-� (p � 0.05); *b, statistically
different from SNP-treated cells in the presence of TNF-� (p � 0.05).
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Adenovirus Vectors

The inhibition of NF-�B-DNA binding activity was
obtained by infection with 100 plaque forming unit per
cell of Ad5-I�B (adenovirus type 5, replication incom-
petent, deleted for E1 and E3 sequences and express-
ing a mutated undegradable I�B-� [Ser 32–36] under
the control of the cytomegalovirus promoter) (DiDo-
nato et al, 1996; Jobin et al, 1998). As a control, an
adenoviral vector encoding GFP was used (Ad5-GFP).

Western Blot

Chondrocytes (5 � 106 cells per treatment) were
collected in ice-cold PBS and lysed for 30 minutes on
ice in 100 �l of buffer (25 mM HEPES, 150 mM NaCl,
0.5% Triton, 10% glycerol, 1 mM dithiothreitol) con-
taining phosphatase inhibitors (1 mM Na3VO4, 25 mM

�-glycerophosphate, 1 mM NaF). Western blot analy-
sis was performed on a 10% SDS-polyacrylamide gel.
Total proteins (40 �g) were separated by SDS-PAGE
and transferred to an Immobilon-P membrane (Milli-
pore Corporation, Bedford, Massachusetts). Cox-2
was detected with goat polyclonal IgG (200 ng/ml)
(Santa Cruz Biotechnology, Santa Cruz, California),
and the reaction was revealed with horseradish
peroxidase-conjugated 1:5000 diluted anti-goat anti-
bodies (Kirkegaard & Perry Laboratories, Gaithers-
burg, Maryland) and ECL chemiluminescent reagents
(Amersham Biosciences, Arlington Heights, Illinois).
For detection of phosphorylated Akt, chondrocytes
were starved for 24 hours and pretreated or not with
LY 294002 (20 �M) for 1 hour before 15-minute stim-
ulation with DMEM medium containing 10% FCS and
1 �M insulin. Phosphorylated Akt protein was detected
with 1:1000 diluted Phospho-Akt–specific (Ser473)
antibody (New England Biolabs, Beverly, Massachu-
setts) and 1:2000 diluted anti-rabbit secondary anti-
bodies (DACO A/S, Glostrup, Denmark).

Statistics

p values were obtained using the Mann-Whitney test
and considered significant when lower than 0.05.
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