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Abstract
The activation of the NF-κB pathway by pro-inflammatory cytokines, such as tumor necrosis factor-
α (TNFα), can be an important contributor for the re-programming of chondrocyte gene expression,
thereby making it a therapeutic target in articular diseases. To search for new approaches to limit
cartilage damage, we investigated the requirement of polyamines for NF-κB activation by TNFα in
human C-28/I2 chondrocytes, using α-difluoromethylornithine (DFMO), a specific polyamine
biosynthesis inhibitor. The NF-κB pathway was dissected by using pharmacological inhibitors or by
expressing a transdominant IκBα super repressor. Treatment of C-28/I2 chondrocytes with TNFα
resulted in a rapid enhancement of nuclear localization and DNA binding activity of the p65 NF-κB
subunit. TNFα also increased the level and extracellular release of interleukin-8 (IL-8), a CXC
chemokine that can have a role in arthritis, in an NF-κB-dependent manner. Pre-treatment of
chondrocytes with DFMO, while causing polyamine depletion, significantly reduced NF-κB DNA
binding activity. Moreover DFMO also decreased IL-8 production without affecting cellular
viability. Restoration of polyamine levels by the co-addition of putrescine circumvented the
inhibitory effects of DFMO. Our results show that the intracellular depletion of polyamines inhibits
the response of chondrocytes to TNFα by interfering with the DNA binding activity of NF-κB. This
suggests that a pharmacological and/or genetic approach to deplete the polyamine pool in
chondrocytes may represent a useful way to reduce NF-κB activation by inflammatory cytokines in
arthritis without provoking chondrocyte apoptosis.
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Chondrocytes, the only cell type in normal mature cartilage, are responsible for the synthesis
and metabolic control of the extracellular matrix. Thus, cartilage integrity depends on the
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biochemical and cellular functions of chondrocytes. In arthritic diseases this homeostasis is
disturbed with chondrocyte responses to injury characterized by alterations in proliferation
associated with decreased synthesis of cartilage-specific matrix, as well as matrix destruction
and apoptosis, which eventually results in cartilage damage, pain and limited joint motion
(Ghosh and Smith, 2002; Goldring, 1999; Sandell and Aigner, 2001).

Several lines of research indicate that pro-inflammatory cytokines, such as TNFα and IL-1,
released by activated synoviocytes and other cell types including chondrocytes, play a central
role in the pathogenesis of inflammatory articular diseases, such as rheumatoid arthritis (RA),
and even of osteoarthritis (OA), although this has been defined as a non-inflammatory
arthropathy (Ghosh and Smith, 2002; Goldring, 1999; Kumar et al., 2001; Sandell and Aigner,
2001; Shanahan and St Clair, 2002). These cytokines can induce chondrocytes to synthesize
matrix degradative enzymes and secondary extracellular mediators, such as chemokines,
prostaglandins and nitric oxide, which have been targeted for therapeutic intervention.

It is well established that the NF-κB transcription factor orchestrates inflammatory responses
by up-regulating the transcription of genes, encoding cytokines, chemokines, adhesion
molecules and inducible enzymes (e.g. iNOS, COX-2 and metalloproteases) (Ghosh and Karin,
2002; Li et al., 2002). In addition NF-κB also plays important roles in the control of cellular
survival and growth in a variety of cell types. There is increasing evidence that activation of
the NF-κB pathway by inflammatory cytokines can critically contribute to the re-programming
of gene expression in chondrocytes, thereby making it a potential therapeutic target in articular
diseases (Firestein and Manning, 1999; Vincenti and Brinckerhoff, 2002). Five members of
the NF-κB/Rel family have been described in mammalian cells with the prevalent DNA-
binding form of NF-κB in innate inflammatory responses being a heterodimer of the p50 and
p65 (Rel A) subunits (Ghosh and Karin, 2002; Li et al., 2002). In unstimulated cells,
heterodimeric p50/p65 subunits of NF-κB are sequestered in the cytoplasm by an inhibitory
molecule of the IκB family. The canonical NF-κB activation pathway entails the rapid
phosphorylation of two amino proximal serines of IκB by the IκB kinase (IKK) complex. This
site specific phosphorylation of the IκBs targets them for ubiquitination and degradation by
the 26S proteasome, which allows NF-κB to accumulate in the nucleus and bind to specific
κB elements in target genes. However, additional mechanisms of NF-κB activation are
emerging. These can involve the post-translational modification of NF-κB subunits or their
precursors, which can modulate interaction with IκBs, their intrinsic stabilities and association
with components of the transcriptional apparatus (particularly co-activators, HATs and
HDACs), thereby affecting DNA binding activity of NF-κB or its transcriptional competence
subsequent to DNA binding (Pomerantz and Baltimore, 2002; Schmitz et al., 2001).

Polyamines (putrescine, spermidine and spermine) are small, flexible molecules (Childs et al.,
2003; Thomas and Thomas, 2001) that can specifically bind to nucleic acids and proteins in
cell-free systems and thus affect conformation and biological activities of these cellular
components. The concentration of these organic polycations in cells can be finely modulated
by enzymatic and transport systems. The activity of ornithine decarboxylase (ODC) (Pegg et
al., 1995), the key enzyme in polyamine biosynthesis, increases following growth stimuli with
consequent augmentation of intracellular polyamine levels. Although it has been known for
some time that ODC and polyamines are essential for cell proliferation, growing evidence also
suggests a role for polyamines in other cell responses (Bachrach et al., 2001; Childs et al.,
2003; Pegg et al., 1995; Stefanelli et al., 2001; Thomas and Thomas, 2001). Some studies
indicate that polyamines may modulate signalling pathways and the expression of specific
genes in intact cells (Bachrach et al., 2001; Childs et al., 2003; Pegg et al., 1995; Stefanelli et
al., 2001; Stefanelli et al., 2002; Thomas and Thomas, 2001). Interestingly the existence of a
cross-talk between polyamine and NF-κB pathways has been proposed (Li et al., 2001b; Pfeffer
et al., 2001; Shah et al., 1999; Shah et al., 2001; Tantini et al., 2002), although the findings
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regarding the action of polyamines on NF-κB have been conflicting. Therefore, to search for
new approaches to limit cartilage damage, we have investigated the requirement of polyamines
for NF-κB activation by TNFα in chondrocytes by using α-difluoromethylornithine (DFMO),
a specific ODC inhibitor (Childs et al., 2003; Pegg et al., 1995; Thomas and Thomas, 2001).

MATERIALS AND METHODS
Materials and cell cultures

Recombinant human TNFα was provided by Cabru and DFMO by Calbiochem. Bay 11-7082
was purchased from Alexis. Putrescine, N-carbobenzoxy-Leu-Leu-Leucinal (MG-132) and all
other biochemical reagents were obtained from Sigma Chemical Company. Rabbit polyclonal
antibodies anti p65 NF-κB and phospho-p65 NF-κB (Ser536) were from Cell Signaling
Technology. Nuclear extract and TransAMTM NFκB kits were from Active Motif. The
immortalized human chondrocytes, C-28/I2 (Goldring et al., 1994), were cultured in DMEM/
F-12 medium containing glucose (4.6 g/l), L-glutamine and antibiotics. This cell line has been
used previously as a reproducible “in vitro” model to study a variety of chondrocyte functions,
including phenotypic transcriptional responses to inflammatory cytokines (Tan et al., 2003)
and NF-κB nuclear translocation (Ding et al., 1998). For experiments, C-28/I2 chondrocytes
were seeded at the density of 2000 cells/cm2, cultured for 3 days and then treated with 500 U/
ml TNFα for the times indicated. To obtain polyamine depletion, the medium was added with
4 mM DFMO at the time of plating. Cell viability was evaluated by trypan blue exclusion.

Stable expression of an IκBα super repressor in C-28/I2 cells
A transdominant IκBα (S32A/S36A) super-repressor (IκBαSR) mutant with its amino terminal
serines 32 and 36 mutated to alanines (Brockman et al., 1995), was stably introduced into wild
type C-28/I2 by retroviral transduction (Li et al., 2001a; Li et al., 2002). Following infection
with a recombinant retrovirus harboring an IκBαSR-IRES-puromycin bicistronic expression
cassette, a puromycin-resistant population of C-28/I2 cells, stably expressing the IκBαSR, was
derived after 6-8 days of selection in 0.5 μg/ml puromycin. A population of puromycin resistant
C-28/I2 cells harboring the empty retroviral vector was also generated to serve as a negative
control.

Nuclear cell extract preparation and NF-κB DNA binding activity
Nuclear cell extracts were prepared by employing a kit from Active Motif. At the end of the
incubations, the cells were washed, collected in ice-cold PBS in the presence of phosphate
inhibitors and centrifuged at 500 rpm for 5 min. The pellets were then resuspended in a
hypotonic buffer, treated with detergent and centrifuged at 14,000 g for 30 sec. After collection
of cytoplasmic fraction, the nuclei were lysed and nuclear proteins solubilized in the lysis buffer
in the presence of the protease inhibitor cocktail. The binding of NF-κB to DNA was measured
in nuclear extracts with a specific TransAMTM NF-κB p65 assay kit, according to the
manufacturer’s instructions. This assay is based on the use of multi-well plates coated with an
unlabeled oligonucleotide containing the consensus binding site for NF-κB. Nuclear proteins
(10 μg) were added to each well and incubated for 1 h to allow the binding of NF-κB to this
oligonucleotide. The presence of the DNA-bound transcription factor was detected by a
primary antibody that recognizes an epitope on p65 only when NF-κB is activated and bound
to its target DNA. After addition of a secondary antibody conjugated to horseradish peroxidase,
the results were quantified by spectrophotometry. The specificity of the assay was confirmed
by specific competition with excess wild-type NF-κB binding site oligonucleotide but not with
a site directed mutant of the same NF-κB DNA binding site, which fails to bind to NF-κB p65/
p50 heterodimers or mutated consensus oligonucleotide.
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Western blotting
The determinations of the levels and phosphorylation of the p65 NF-κB subunit were performed
by Western blotting, essentially as described (Flamigni et al., 1999), using specific primary
antibodies. Immunoreactive bands were visualized by chemiluminescence.

Polyamine analysis
Polyamines were separated and quantified in acidic cellular extracts by HPLC after
derivatization with dansyl chloride (Stefanelli et al., 2001; Stefanelli et al., 2002). Polyamine
content is expressed as nmol/mg of protein.

Determination of interleukin-8 content
Interleukin-8 (IL-8) levels in cell lysates and supernatants were determined by means of a
Sandwich ELISA employing reagents from BD Pharmingen (San Diego, CA) following
instructions of the manufacturer. The ELISA Capture Antibody used at 1 μg/ml was anti-human
IL-8 monoclonal antibody code G265-5; the ELISA Detecting Antibody used at 0.5 μg/ml was
the biotinylated anti-human IL-8 monoclonal antibody code G265-8. Recombinant human IL-8
(Cat#19681P) was used as the standard. The “analyte” was then normalized according to the
number of cells, which was evaluated on wells run in parallel. The levels of MCP-1 and IL-6
were measured by analogous analytical procedures using DuoSet antibodies from BD
Pharmigen (for MCP-1) or from R&D Systems (Minneapolis, MN) (for IL-6), in one
experiment with duplicate determinations of cytokine content of the supernatant.

Determination of cell number
The number of cells was evaluated by means of the PicoGreen dsDNA (Molecular Probes,
Eugene, OR) quantitation reagent and a calibration curve with known number of chondrocytes.
At the end of the experiments, the supernatants were collected and the wells containing the
cells were left empty and the plate stored frozen until analysis. Briefly, 100 μl of cell lysis
buffer (Molecular Probes) was added to each well, then combined with an equal volume of TE
working solution containing the PicoGreen dsDNA quantitation reagent diluted 1:40. After 5
min of incubation, the sample fluorescence was measured with a Spectra Max Gemini plate
fluorometer (Molecular Devices Sunnyvale, CA). The instrument was set in the well scan mode
with 480 excitation and 540 emission-cut off 515.

Determination of caspase activity
The activity of caspase enzymes was measured by the cleavage of the fluorogenic peptide
substrate Ac-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (AcDEVD-AMC) during a 15
min incubation at 37°C (Stefanelli et al., 2001). Since the sequence DEVD represents a
substrate for caspase-3 and other effector caspases, this activity will be referred to as caspase
activity. Duplicate determinations were carried out on each sample. Caspase activity is
expressed as mU/mg protein, where 1 unit (U) is defined as the amount of enzyme activity
cleaving 1.0 nmol of substrate per minute.

Statistical analysis
The data presented were analysed for statistical significance (p<0.05) by unpaired t-test.

RESULTS
Effect of polyamine depletion on TNFα-induced NF-κB activation

To investigate the role of polyamines in the chondrocyte response to inflammatory cytokines,
human C-28/I2 chondrocytes were pre-incubated with DFMO, a specific polyamine
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biosynthesis inhibitor, and then exposed to TNFα. Fig. 1 shows that DFMO treatment, while
inhibiting ODC activity (not shown), resulted in a reduction of putrescine content to
undetectable levels and of spermidine by about 80% (panel A), whereas spermine content was
more slightly affected, as usually reported for this drug (Thomas and Thomas, 2001). The
depletion or reduction in polyamine levels provoked by DFMO, was completely prevented by
co-administration of 100 μM putrescine. It should be noted that DFMO caused some reduction
(by about 30%) in the number of cells (Fig 1B). To investigate a possible effect of polyamines
on NF-κB activation, the DNA binding activity of NF-κB was measured with a sensitive NF-
κB p65/RelA specific ELISA-based assay. Treatment with TNFα resulted in a rapid increase
of NF-κB p65 DNA binding activity (up to about 4-fold after 30 min, as shown in Fig. 2A),
followed by a slow decline (not shown). As expected, pharmacological inhibitors of the NF-
κB pathway, such as Bay 11-7082, a IKK inhibitor (Pierce et al., 1997), and MG-132, a
proteasome and I-κB pathway inhibitor (Sakai et al., 2001), markedly inhibited this binding
activity. To verify the involvement of the canonical NF-κB signalling pathway, stable
populations of C-28/I2 cells expressing a transdominant IκBα(S32A/S36A) mutant which
functions like an I-κBα super repressor (IκBαSR) were prepared by retroviral transduction. As
shown in Fig. 2B, the increase in NF-κB DNA binding activity induced by TNFα was blunted
in cells expressing the IκBαSR, with respect to control cells harboring the empty retroviral
vector.

DFMO pre-treatment did not affect basal p65 NF-κB DNA binding activity (i.e. in the absence
of TNFα), but significantly inhibited the TNFα-induced augmentation of p65 NF-κB DNA
binding (Fig. 3A). The effect of DFMO was polyamine-specific, because the restoration of
polyamine content by 100 μM putrescine rescued the TNFα enhancement of NF-κB DNA
binding activity. These results indicate that the effect of DFMO on NF-κB is caused by the
low level of polyamines present at the beginning of TNFα treatment. The established canonical
mechanism of NF-κB activation by TNFα involves the IKKβ dependent nuclear translocation
of NF-κB subunits (Ghosh and Karin, 2002), while other reports have suggested that IKKα is
required to engender DNA binding NF-κB with transcriptional competence (Anest et al.,
2003;Li et al., 2002;Sizemore et al., 2002;Yamamoto et al., 2003). IKK dependent
phosphorylation of NF-κB subunits may also constitute additional mechanisms of NF-κB
regulation (Schmitz et al., 2001). In particular, phosphorylation of the p65 subunit at Ser-536
in transactivation domain-1 results in NF-κB activation elicited by various stimuli and also
represents a major phosphorylation site in response to TNFα and lymphotoxin β (Jiang et al.,
2003;Sakurai et al., 1999). Therefore, we have investigated whether the changes in NF-κB
DNA binding activity provoked by DFMO could be brought about via regulation of p65 NF-
κB nuclear translocation or phosphorylation. As expected, TNFα markedly increased the levels
of both p65 NF-κB in the nuclear fraction and of phosphorylated p65 within 30 min (Fig. 3B).
However, DFMO pre-treatment had no significant effect on either the amount of nuclear p65
NF-κB or the level of phosphorylated p65.

Effect of polyamine depletion on IL-8 production
Interleukin-8 (IL-8) is a member of the CXC chemokine family and has been implicated in a
variety of inflammatory diseases (Richmond, 2002). Studies performed with some cell types
indicate that IL-8 is regulated primarily at the level of gene transcription. In addition, NF-κB
is a potent transcriptional activator of IL-8 gene expression by virtue of its ability to bind to a
specific motif in the IL-8 gene promoter (Richmond, 2002). IL-8 was detected “in vivo” in
cartilage derived from RA and OA patients (Deleuran et al., 1994). More recently it has been
shown that chondrocytes can express IL-8 and that the IL-8 release from chondrocytes
increases in RA and OA (Borzi et al., 1999; Pulsatelli et al., 1999), further supporting its
involvement in the pathogenesis of joint diseases. Fig. 4 shows that TNFα provoked a marked
increase in the chondrocyte content of IL-8 after 24 h (panel A), and also increased IL-8 release

FACCHINI et al. Page 5

J Cell Physiol. Author manuscript; available in PMC 2006 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



from chondrocytes, as judged by the augmented level of IL-8 in the culture medium (panel B).
IL-8 production was prevented by pharmacological inhibition of the NF-κB pathway with
either Bay 11-7082 or MG-132. However, since these inhibitors may have effects unrelated to
NF-κB, the ability of TNFα to up-regulate IL-8 production in cells expressing IκBαSR was
investigated. As shown in Fig. 4 (panels C and D), TNFα-induced IL-8 production and release
were markedly reduced in cells stably transduced by an IκBαSR expressing retrovirus, when
compared to the same cells containing the empty retroviral vector. These results indicate that
NF-κB is critical for IL-8 expression in chondrocytes. We next investigated whether the
inhibition of NF-κB binding to DNA by polyamine depletion could result in an impairment of
IL-8 production by chondrocytes. Fig. 5 shows that DFMO pre-treatment provoked a
significant reduction in TNF-induced increase of intracellular and released IL-8 levels and
putrescine reversed the inhibitory DFMO effect. DFMO alone did not affect significantly the
levels of IL-8. Similar results were found by estimating the release of other chemokines that
are known under NF-κB control, i.e. MCP-1 and IL-6 (Firestein and Manning, 1999; Vincenti
and Brinckerhoff, 2002). In fact DFMO pre-treatment resulted in a reduction of the TNF-
stimulated increase of the levels in cell medium of MCP-1 (from 5.2 to 2.7 fold) and IL-6 (from
3.3 to 1.9 fold). Furthermore DFMO provoked a putrescine-sensitive reduction in the TNF-
stimulated expression of the metalloprotease MMP-13, another NF-κB target gene (Sakai et
al., 2001; Vincenti and Brinckerhoff, 2002): the content of MMP-13 mRNA, as evaluated by
real time PCR in an experiment with duplicate samples for each condition, increased 2-fold
following the treatment with TNF for 24h, but only 1.2 fold in the presence of DFMO, and 3.2
fold when putrescine was added to cells together with DFMO (not shown). These results
suggest that polyamine depletion may inhibit the expression of various NF-κB target genes in
cytokine-stimulated C-28/I2 chondrocytes.

Finally, it should be noted that under these experimental conditions TNFα increased only
slightly the activity of effector caspases (Fig. 6A), critical enzymes in the executive phase of
apoptosis, however without reducing cell viability (Fig. 6B). This is in agreement with
published studies on chondrocytes showing that TNFα may not be an apoptosis inducer, unless
chondrocytes are sensitized by the co-addition of survival pathways inhibitors (Aigner and
Kim, 2002). DFMO also had little or no effect on basal and TNF-stimulated caspase activity
and did not modify cell viability (Fig. 6).

DISCUSSION
The activation of NF-κB in chondrocytes by cytokines may contribute to the enhanced
expression of important genes involved in RA and OA, such as matrix metalloproteinases and
COX-2 (Sakai et al., 2001; Vincenti and Brinckerhoff, 2002). The present study underscores
the involvement of NF-κB activation in mediating the response of chondrocytes to TNFα that
results in IL-8 production, thus adding further support to the view of a critical role for this
transcription factor in the pathogenesis of arthritis. In fact previous studies have documented
that chondrocytes are an abundant source of IL-8 and that its synthesis and release are up-
regulated in arthritic diseases and following inflammatory cytokines (Borzi et al., 1999;
Pulsatelli et al., 1999). Thus, IL-8, as well as other chemokines, may be important mediators
in joint inflammation and cartilage damage by inducing the recruitment and activation of
leukocytes. Furthermore chondrocytes express functionally active receptors for IL-8 and other
CXC chemokines, which can favor the release of matrix-degrading enzymes (Borzi et al.,
2000) and even the formation of foci of hypertrophic chondrocytes (Merz et al., 2003). These
alterations, in turn, can promote dysregulated matrix repair and pathologic calcification in OA.

The main finding of this report is that polyamine depletion by DFMO significantly inhibits the
TNFα-induced increase in NF-κB p65 DNA binding and the expression of the NF-κB target
gene IL-8 in chondrocytes. In addition to IL-8, the secretion of other NF-κB dependent factors
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may be impaired by polyamine depletion. Apparently polyamines were not required for
TNFα-stimulated NF-κB p65 nuclear translocation and phosphorylation. Polyamines are
polycationic molecules that can bind to nucleic acids and proteins and may directly affect DNA-
proteins interactions (Thomas and Thomas, 2001). In accordance with this notion, Shah et al
(Shah et al., 1999; Shah et al., 2001) demonstrated that addition of polyamines at millimolar
concentrations to cellular extracts of breast cancer cells favors the binding of NF-κB to its
specific response element. The same group reported that addition of spermine to intact cells
facilitates the formation of NF-κB complexes with DNA and the co-activator CBP/p300 (Shah
et al., 1999; Shah et al., 2001). Thomas and Thomas (2001) have proposed polyamine-induced
DNA conformational changes and DNA bending as possible ways to modulate the sequence
specific interaction of transcription factors with DNA. These mechanisms may be invoked in
this system; however, indirect effects of polyamines on NF-κB cannot be excluded.

Our results constitute the first demonstration that polyamine depletion impairs NF-κB binding
and activation in chondrocytes. Thus a minimum level of polyamines would then be required
for the NF-κB orchestrated cellular response to a prototypical inflammatory cytokine. In
contrast to our observations, two studies that examined the effects of exposing intestinal
epithelial cells to DFMO (Li et al., 2001b; Pfeffer et al., 2001) found that it stimulated the
formation of NF-κB DNA complexes, at least in part through the I-κB pathway and NF-κB
nuclear translocation. On the other hand, we have shown quite recently (Tantini et al., 2004)
that, in transformed mouse fibroblasts, DFMO markedly inhibited the increase in NF-κB DNA
binding induced by etoposide in accordance with the present report, even if it provoked a slight
activating effect when given alone. This variety of results may be due to the different cell types
examined or differences in the experimental protocols.

It is known that polyamine levels in cells are variable and dependent upon a fine modulation
of the enzymes that control polyamine biosynthesis and interconversion, particularly ODC, or
of transport systems that control polyamine uptake (Bachrach et al., 2001; Childs et al.,
2003; Pegg et al., 1995; Thomas and Thomas, 2001). Although the roles of ODC and
polyamines in chondrocytes are poorly investigated, we have found that in chondrocytes
cultured either in monolayer or micromass, ODC activity is increased following stimulation
by some mediators that can play a role in arthritic diseases, such as the CXC chemokine stromal
cell-derived factor 1 (SDF-1) (unpublished data). SDF-1 can enhance the release of matrix
metalloproteases and the proliferation of chondrocytes (Kanbe et al., 2002; Mazzetti et al.,
2004). Interestingly, previous researches have shown increased levels of polyamines in
rheumatoid arthritis (Furumitsu et al., 1993). Therefore it may be speculated that polyamines
may favor some aspects of arthritis, such as proliferation and hypertrophy of chondrocytes,
and their responses to inflammatory cytokines by enhancing NF-κB binding to DNA and the
expression of NF-κB dependent genes, such as IL-8. A pioneer study has actually documented
the efficacy of an ODC inhibitor in preventing experimentally-induced arthritis in mice (Wolos
et al., 1990). It is also important to note that DFMO exerts some cytostatic (Fig. 1B), but not
cytotoxic (Fig. 6) effect in our experimental model, as reported for other cell systems (Thomas
and Thomas, 2001). This suggests that a pharmacological and/or genetic approach to deplete
the polyamine pool in chondrocytes may represent a useful way to reduce NF-κB activation
by cytokines in arthritis without provoking chondrocyte apoptosis. Given our findings, future
studies on polyamines in vivo would be a worthwhile pursuit.
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Fig. 1.
Effect of DFMO on polyamine content and cell number of C-28/I2 chondrocytes. Cells were
grown for 3 days after seeding without any addition (Control), or in the presence of 4 mM
DFMO, or in the presence of 4 mM DFMO plus 100 μM putrescine (Put). Then cells were
harvested and assayed for polyamine content (A) or for cell number by the PicoGreen dsDNA
method (B). * p< 0.05 vs. control cells. Data represent means ± SEM of three (A) or five (B)
determinations. Spd, spermidine; Spm, spermine.
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Fig. 2.
Effect of NF-κB pathway inhibitors on TNFα-stimulated NF-κB DNA binding activity in C-28/
I2 chondrocytes. (A) Cells, grown for 3 days after seeding, were pre-treated with 10 μM Bay
11-7082 for 1 h or 5 μM MG-132 for 30 min and then incubated in the presence or absence of
TNFα for 30 min. (B) Cells infected with IκBαSR or the empty vector were treated with
TNFα as previously described. Then cells were analysed for p65 NF-κB DNA binding activity.
Data are means ± SEM (N=4); * p<0.05 vs. TNFα-treated cells (A) or vs. TNFα-treated cells
infected with empty vector (B).
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Fig. 3.
Effect of polyamine depletion on TNFα-stimulated NF-κB activation in C-28/I2 chondrocytes.
(A) Cells were grown for 3 days after seeding without any addition (Control), or in the presence
of 4 mM DFMO, or in the presence of 4 mM DFMO plus 100 μM putrescine, and then treated
with TNFα for 30 min. Cells were collected and nuclear extracts were analyzed for p65 NF-
κB DNA binding activity. Data are means ± SEM (N=3); * p<0.05 vs. TNFα-treated cells. (B)
The cells, treated as indicated in the legend of panel A, were collected and analysed for the
amount of nuclear p65 NF-κB or the level of phosphorylated p65 NF-κB by Western blot.
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Fig. 4.
Effect of TNFα and NF-κB pathway inhibitors on IL-8 production by C-28/I2 chondrocytes.
(A,B) Cells, grown for 3 days after seeding, were pre-treated with 10 μM Bay 11-7082 for 1
h or 5 μM MG-132 for 30 min and then incubated with TNFα for 24 h. (C,D) Cells infected
with IκBαSR or the empty vector were treated with TNFα as previously described. Then cells
were analysed for IL-8 content in cell lysates (A,C) or in cell medium (B,D). Data are means
± SEM (N=3); * p<0.05 vs. TNFα-treated cells (A) or vs. TNFα-treated cells infected with
empty vector (B).
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Fig. 5.
Effect of polyamine depletion on TNFα-stimulated IL-8 production by C-28/I2 chondrocytes.
Cells were grown for 3 days after seeding without any addition (Control), or in the presence
of 4 mM DFMO, or in the presence of 4 mM DFMO plus 100 μM putrescine, and then treated
with TNFα for 24 h. Cells were analyzed for IL-8 content in cell lysates (A) or in cell medium
(B). Data are means ± SEM (N=3 for A and N=5 for B); * p<0.05 vs. TNFα-treated cells.
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Fig. 6.
Effect of TNFα and polyamine depletion on caspase activity and cell viability of C-28/I2
chondrocytes. Cells were grown for 3 days after seeding without any addition (Control), or in
the presence of 4 mM DFMO, or in the presence of 4 mM DFMO plus 100 μM putrescine, and
then treated with TNFα. After 20h incubation cells were collected and assayed for caspase
activity (A). Alternatively, cells viability (B) was evaluated by trypan blue exclusion at the end
of a 24h incubation with TNFα. Data are means ± SEM (N=3 for A and N=6 for B); * p<0.05
vs. control cells.
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