Sulfasalazine: a Potent and Specific Inhibitor of Nuclear Factor Kappa B
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Abstract

Transcription factors of the NF-kB/Rel family are critical
for inducible expression of multiple genes involved in in-
flammatory responses. Sulfasalazine and its salicylate moi-
ety S-aminosalicylic acid are among the most effective
agents for treating inflammatory bowel disease and rheu-
matoid arthritis. However, the mode of action of these drugs
remains unclear. Here we provide evidence that the tran-
scription factor NF-«B is a target of sulfasalazine-mediated
immunosuppression. Treatment of SW620 colon cells with
sulfasalazine inhibited TNFa-, LPS-, or phorbol ester—
induced NF-kB activation. NF-kB-dependent transcription
was inhibited by sulfasalazine at micro- to millimolar con-
centrations. In contrast, 5-aminosalicylic acid or sulfapyri-
dine did not block NF-kB activation at all doses tested.
TNFa-induced nuclear translocation of NF-kB was pre-
vented by sulfasalazine through inhibition of IkBa degrada-
tion. When blocking proteasome-mediated degradation of
IkBa, we could demonstrate that sulfasalazine interfered
with IkBa phosphorylation, suggesting a direct effect on an
IkBa kinase or on an upstream signal. Inhibition of NF-«xB
activation seems to be specific since other DNA-binding ac-
tivities such as AP1 were not affected. These results demon-
strate that sulfasalazine is a potent and specific inhibitor of
NF-«B activation, and thus may explain some of the known
biological properties of sulfasalazine. (J. Clin. Invest. 1998.
101:1163-1174.) Key words: NF-«B « AP1 « SW620 « inflam-
matory bowel disease « therapy

Introduction

Treatment of inflammatory bowel disease is restricted by its
obscure pathogenesis which leads to chronic inflammation of
the gastrointestinal tract. While ulcerative colitis is character-
ized by diffuse mucosal inflammation involving mostly the co-
lon, Crohn’s disease represents patchy transmural inflamma-
tion involving any segment of the gastrointestinal tract from
the mouth to the anus. Rheumatoid arthritis, another chronic
inflammatory disease of unknown cause, affects mainly the
synovial membranes of multiple joints.

Sulfasalazine was synthesized in 1942 to combine an antibi-
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otic, sulfapyridine, and an antiinflammatory agent, 5S-aminosal-
icylic acid (5-ASA; 1).! Sulfasalazine was the first drug with
proven efficacy for ulcerative colitis (2). About 30% of sul-
fasalazine is absorbed in its unaltered form, whereas the rest is
subjected to degradation by colonic bacteria and azo-reduction
into sulfapyridine and 5-ASA(3). 70% of sulfapyridine is ab-
sorbed opposite to 5-ASA, which appears mostly unchanged in
the feces. Studies comparing equimolar doses of sulfasalazine,
5-ASA ,and sulfapyridine applied topically to patients with dis-
tal colitis suggested by clinical, endoscopic, and pathological
evaluations that the effects of sulfasalazine and 5-ASA were
equivalent and significantly superior to sulfapyridine (4-6).
Paradoxically, sulfapyridine appears to be the active moiety in
rheumatoid arthritis based on the assumption that plasma vis-
cosity and CRP are good parameters of response (7, 8).

The mechanisms of action by which these substances exert
their effects remain a matter of debate. Numerous pharmaco-
logical and biochemical effects have been described, including
immunosuppressive and modulatory actions on lymphocytes
and leukocyte functions. However, it is unclear which actions
are essential for the observed clinical outcome. Sulfasalazine
has been found to inhibit granulocyte activation, as assessed by
superoxide production and chemotaxis. In addition, sulfasala-
zine has been demonstrated to inhibit IL-2 synthesis and lym-
phocyte proliferation as well as IL-1 production by monocytes
(9-14). Another possible mode of action of sulfasalazine, sul-
fapyridine, and 5-ASA includes toxic reactive oxygen interme-
diate (ROI) scavenging by neutrophils, monocytes, and mac-
rophages (15-17).

ROIs are involved in activation of nuclear factor kappa B
(NF-kB). NF-kB is a central mediator of the immune re-
sponse. It is a multisubunit transcription factor that can rapidly
activate transcription of various inflammatory cytokines, adhe-
sion molecules, and chemokines (for review see references 18
and 19). At least five different genes belong to the NF«B fam-
ily: NF-«xB1 (p105/p50), NF-«xB2 (p100/p52), RelA (p65),
RelB, and c-Rel. Most commonly, NF-xkB dimers are com-
posed of the RelA (p65) and NF-«xB1 (p50) or NF-«kB2 (p52)
subunits (18, 19). In most cell types, NF-«kB dimers are seques-
tered in an inactive cytoplasmic complex by binding to its in-
hibitory subunit, IkB. Upon stimulation, IkB gets phosphory-
lated. This phosphorylation is followed by ubiquitination and
rapid degradation by a proteasome-dependent pathway (20—
23). This pathway allows translocation of free, active NF«B
complexes into the nucleus where they bind specific DNA mo-
tifs in the promoter/enhancer regions of target genes and acti-
vate transcription.

In this study we describe sulfasalazine, a well-known drug
used in treatment of inflammatory bowel disease and rheuma-
toid arthritis as a potent inhibitor of the transcription factor

1. Abbreviations used in this paper: 5-ASA, 5-aminosalicylic acid;
ASS, acetylsalicylic acid; NAC, N-acetyl-L-cystine; NF-kB, nuclear
factor kappa B; PDTC, pyrrolidine dithiocarbamate; ROI, reactive
oxygen intermediate.
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NF-kB. We show that micro- to millimolar amounts of sul-
fasalazine inhibited activation of NF-«xB specifically, whereas
activation of AP1, another transcription factor involved in im-
mune function regulation, was not affected at similar concen-
trations. NF-kB activation in response to three different stim-
uli (PMA, TNFa, and LPS) was blocked, suggesting that
sulfasalazine interfered with an early common signal in these
different signal transduction cascades. Sulfasalazine treatment
inhibited translocation of NF-«B into the nucleus. This inhibi-
tion is paralleled by a block in IkB degradation, and is inde-
pendent of protein synthesis. Most strikingly, these actions are
unique to sulfasalazine, and are not shared by its moieties sul-
fapyridine and 5-ASA. Our data suggest that the antiinflam-
matory activity of sulfasalazine may rely on inhibition of the
transcription factor NF-kB. These findings may explain the
clinical observation that sulfasalazine influences the inflamma-
tory responses in ulcerative colitis and Crohn’s disease.

Methods

Cell culture and treatments. SW620 human colonic epithelial cells
(CCL 227) were obtained from the American Type Culture Collec-
tion (Rockville, MD). Jurkat T cells and 293 human embryonic kid-
ney cells were a generous gift from Dr. Gary J. Nabel (Howard
Hughes Medical Institute, University of Michigan, Ann Arbor, MI).
SW620 and 293 cells were grown in Dulbecco’s modified Eagle me-
dium, and Jurkat T cells were grown in RPMI. Media were supple-
mented with 10% heat-inactivated FCS, 2 mmol/liter glutamine, and
1% (wt/vol) penicillin/streptomycin.

Recombinant human TNF«, LPS, PMA, pyrrolidine dithiocar-
bamate (PDTC), N-acetyl-L-cystine (NAC), acetylsalicylic acid
(ASS), sulfasalazine, 5-ASA, and sulfapyridine were purchased from
Sigma Chemical Co. (St. Louis, MO). Stock solutions were found to
be endotoxin-free when tested in a Limnulus amebocyte lysate assay
(Sigma Chemical Co.). M132 was a generous gift from Dr. Ronald T.
Hay (School of Biological and Medical Science, University of St. An-
drews).

NAC, ASS, sulfasalazine, 5-ASA, and sulfapyridine were dis-
solved in culture medium. PMA was dissolved in ethanol, and M132
was dissolved in DMSO. The respective solvents were added to con-
trol cultures. PDTC, NAC, ASS, sulfasalazine, 5-ASA, or sulfapyri-
dine was added to the culture dishes 30 min before stimulation.

SW620 cells were stimulated with TNFa, LPS, or PMA in the
presence or absence of inhibitors. After the indicated time periods,
cells were harvested and processed for electromobility shift assays,
Western blot, or slot blot analysis.

Oligonucleotides and plasmid construction. A PCR fragment con-
taining three tandemly repeated kB motifs upstream of a minimal
IFN-B promoter (=55 to +9) was generated using 5’ TCT-
CAAGGGCATCGCTCGAG 3’ (sense) and 5 ACCGGAATGC-
CAAGCTTGCG 3’ (antisense) as primers and p-55Ig kBLuc as a
template (kind gift from Dr. Takashi Fujita and Dr. David Baltimore,
Department of Biology, Massachusetts Institute of Technology, Cam-
bridge, MA). The PCR fragment was digested with Xho I and Hind
111, and subcloned into pGL3 (Promega Corp., Madison, WI) to gen-
erate 3xkBLuc. To clone 3xAP1Luc, 3xIgkBLuc was digested with
Xho I and Bam HI, and three tandemly repeated AP1 motifs were in-
troduced as double-stranded oligonucleotides: 5" GAGCTCAC-
TCAGTCTGTACTCAGTCTGTACTCAGTCTCCTAGG 3'. Clon-
ing junctions and PCR products were verified by DNA sequencing.
RSVp50, RSVp52, RSVp65, and RSVMAD3 (IkBa) were described
previously (24, 25). IkBB was cloned into the Hind IIT and Bg II sites
of RSV-B-globin (23). IkBR was kindly provided by Dr. Sankar
Ghosh (Department of Cell Biology, Yale University, New Haven,
CT). Plasmid DNA was purified from bacterial cultures using a plas-
mid extraction kit (QUIAGEN Inc., Chatsworth, CA).
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Cytoplasmic and nuclear protein extractions. Nuclear and cyto-
plasmic protein extracts were prepared as described earlier (24, 26).
Protein concentrations were determined by the method of Bradford
(Bio-Rad Laboratories).

Electrophoretic mobility shift assays (EMSA). EMSAs were per-
formed as described (24, 26) using the kB motif of the mouse Ig
kappa light chain enhancer or an AP1 site (TRE: 5’AGCTT-
ACTCAGTACTAGTACG3') as probe.

Supershift assays were performed with polyclonal antibodies
against the NF-kB proteins NF-kB1 (p50), NF-kB2 (p52), and the Rel
proteins RelA (p65), RelB, c-Rel, or IkBa (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). These antibodies were added to the reaction
mixtures at concentrations of 1-20 wl. The samples were incubated at
4°C for 30 min.

Transfections and luciferase assays. Transfections were performed
as previously described (26). Inhibitors were added in the indicated
amounts 30 min before stimulation with TNF«, LPS, or PMA. Lu-
ciferase assays were performed according to the manufacturer’s in-
structions (Promega Corp.). Luminescence was quantitated in single
photon mode using a Berthold luminometer. SW620 cells transfected
with reporter construct alone were taken as basal activity. Transfec-
tions were performed in at least six independent experiments. Data
are presented as mean*=SEM.

Total RNA extraction and slot blot analysis. SW620 cells were in-
cubated with sulfasalazine or medium 30 min before stimulation with
TNFa for the indicated periods. Total RNA was extracted basically
as described by Chomczynski and Sacchi (27). For slot blot analysis,
20 pg of RNA was transferred to a Nylon membrane (GeneScreen
Plus; NEN Research Products, Boston, MA) and UV cross-linked.
Prehybridization and hybridization was performed at 42°C in 5X
SSPE, 5X Denhardt’s, 1% SDS, 10% dextran sulphate, 50% deion-
ized formamide, and 100 wg/ml sheared salmon sperm DNA over-
night. cDNA probes were labeled with «[**P]dCTP by the random
prime method. The following cDNA probes were used: RelA, Ncol
fragment, IkBa, Eco RI fragment, and IkB, Eco RI fragment (23).
IkBa was kindly provided by Dr. Albert S. Baldwin, Jr. (Lineberger
Comprehensive Cancer Center, University of North Carolina). IkBf
was a gift from Dr. Sankar Ghosh (Department of Cell Biology, Yale
University). Membranes were washed under high stringent condi-
tions and exposed to x-ray film at —70°C. The blots were stripped and
reprobed with an 18S rRNA probe.

Immunofluorescence. SW620 cells were seeded in chamber slides
3 d before the experiment. Cells were incubated with or without sul-
fasalazine (5 mM) and/or TNFa (150 U/ml). After 1 h of stimulation,
cells were fixed in methanol (70%) and glycine (30%), pH 2.5 at
—20°C for 30 min. After three washes with PBS, cells were permeabi-
lized using TritonX100 0.1% for 4 min, and were washed three times
with PBS and PBS/fishskin gelatine (0.2%), respectively. Anti-p65
(Santa Cruz Biotechnology) was added (1:200) at room temperature
for 30 min. After washing, Cy3-conjugated goat anti-rabbit (Dianova-
Immunotech, Hamburg, Germany) was added (1:1,000) for 1 h. After
final washes, slides were stored at 4°C until pictures were taken using
a confocal laser scanning microscope (Carl Zeiss, Inc., Thornwood, NY).

Western blotting. Nuclear or cytoplasmic protein extracts were
diluted in SDS-PAGE loading buffer. The amount of protein loaded
was measured by Bradford assay. Recombinant NF-kB1 (p50), NF-
kB2 (p52), RelA (p65), IkBa, or IkBB was prepared by transfecting
293 human embryonic kidney cells with the respective eukaryotic ex-
pression vector as previously described and loaded as controls (26).
After SDS-PAGE, the gels were transferred to 0.2-pm PVDF mem-
branes for 2 h at 4°C (Schleicher & Schuell, Inc., Keene, NH). Blots
were blocked with 5% Blotto (5% dry milk, 50 mM Tris-HCI, pH 7.5,
50 mM NaCl, 1 mM EDTA, and 1 mM DTT) overnight at 4°C. The
next day blots were rinsed with TBST (150 mM NaCl, 10 mM Tris-
HCI, pH 8, and 0.05% Tween 20) for 30 min. Blots were incubated
with primary antibodies against NF-kB1 (p50), NF-kB2 (p52), RelA
(p65), IkBa, or IkBB (Santa Cruz Biotechnology). Antibodies were
added at a dilution of 1:1,000 for 2 h at room temperature, washed



with TBST containing 0.2% Tween 20, and incubated for 2 h with the
secondary antibody, goat anti-rabbit IgG-peroxidase (Dianova-
Immunotech) at a dilution of 1:10,000 in 5% Blotto. Subsequently,
blots were washed three times with TBST containing 0.2% Tween 20.
Blots were developed for 60 s with ECL reagents (Amersham Corp.,
Arlington Heights, IL).

Results

NF-kB/Rel activation and kB-dependent transcription in SW620
cells. SW620 cells were used as a model system for studying
NF-kB activation in vitro. This cell line displays important
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functional and morphological characteristics of normal human
intestinal epithelial cells (28). Furthermore, this colon cell line
responds to treatment with TNFa, LPS, and IL-18 (29). To
study the effect of different doses of TNFa on NF-kB binding
activity in these cells, electromobility shift assays were per-
formed. SW620 cells were incubated with increasing doses of
TNFa, and nuclear extracts were prepared and incubated with
an end ¥P-labeled DNA oligonucleotide containing the recog-
nition site of NF-kB. While no specific NF-kB-binding activity
was detected in the unstimulated state (Fig. 1 A, lane 1), TNFa
induced NF-xB binding in a gradual manner (lanes 2-6). Max-
imal activation of inducible DNA binding activity required 150
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Figure 1. NF-«kB nuclear activity in SW620 cells. (A) Electromobility shift assay showing dose-dependent induction of NF-kB binding activity by
TNFa. SW620 cells were untreated (lane 7) or incubated with various doses of TNFa. Nuclear extracts were prepared, and equal amounts were
reacted with %?P-labeled DNA probe encompassing the kB motif of the mouse kappa light chain enhancer. Samples were analyzed on a native 1 X

Tris-glycine-EDTA polyacrylamide gel. The arrows indicate the position of the kB-specific DNA binding activity and the position of a nonspe-
cific (n.s.) activity. (B) Supershift assay identifying the subunit composition of NF-kB complexes in TNFa-induced SW620 colon cells (lanes

1-11). After treatment with TNFa (150U/ml for 1 h), a panel of different antibodies was added as indicated (lanes 2-11).
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U/ml TNFa. A faster-migrating, nonspecific protein-DNA
complex was not affected by the various treatments, and pro-
vided an internal control for the amount and integrity of nu-
clear cell extracts.

The specificity of NF-kB DNA binding induced by TNFa
was confirmed in competition experiments. Incubation with an
excess of mutated oligonucleotide or an unrelated oligonucle-
otide spanning an AP1 binding site did not antagonize NF«B
binding, whereas competition with a 100-fold excess of unla-
beled oligonucleotide led to inhibition of binding activity (data
not shown).

Because NF-kB complexes may constitute a variety of dif-
ferent homo and heterodimers, the subunit compositions of
the TNFa-induced DNA complex were analyzed by supershift
assays (Fig. 1 B). Rabbit antisera against NF-«xB2 (p52; lanes
2-4), NF-kB1 (p50; lanes 5-8), RelA (p65; lane 9), RelB (lane
10), and c-Rel (lane 17) were added to nuclear extracts of
SW620 cells (lanes /-11) stimulated with 150 U/ml TNF« for 1 h.
Anti-p65 retarded the NF-«kB specific DNA complex. In addi-
tion, anti-p50 induced a slight supershift (lane 6), anti-p52 and
anti-c-Rel did not induce a supershift in these cells. When gels
were exposed for long periods, the p50-specific supershift was
more clearly detectable. These data indicate the presence of
RelA (p65) and NF-kB1 (p50) in the TNFa-induced NF-xB
complex in SW620 cells.

TNFa induced NF-«kB in SW620 cells within 10 min. Maxi-
mal induction was observed after 1 h of treatment and per-
sisted for 4 h (data not shown). In addition, PMA induced NF-
kB in these cells in a dose- and time-dependent manner (data
not shown).

NF-«kB binding sites in promoters and enhancers of genes
serve as response elements that confer activation after treat-
ment with TNFa, LPS, phorbol ester, and other stimuli (18, 19,
21, 22). In the following experiments, luciferase constructs un-
der the control of three kB sites (3xIgkBLuci) or a control
plasmid without kB sites were transfected into SW620 cells. 24 h
after transfection, cells were treated for an additional 24 h with
either TNFa or LPS. TNFa caused strong induction of lu-
ciferase activity (Fig. 2 A). 200 U/ml of TNF« induced a 25-
fold increase in luciferase activity compared with cells not ex-
posed to TNFa. Treatment of cells with LPS showed effects
very similar to those with TNFa (Fig. 2 B). A maximum of kB-
dependent transcription was observed with 50 ng/ml LPS,
which was not further increased by higher doses. Treatment
with 20 ng/ml PMA augmented luciferase activity as strongly
as did treatment with 150 U/ml TNF (data not shown). The in-
crease in luciferase activity was completely dependent on the
presence of kB sites since the control plasmid lacking the kB
elements did not respond to TNFa, LPS, or PMA.

Effect of antioxidants on NF-«kB activation in SW620 cells.
Involvement of ROI in the effects of TNF«, LPS, and IL-1B8-
mediated NF-kB activation has been demonstrated in lympho-
cytes, macrophages, and endothelial cells (30, 31). Radical
scavenging agents such as PDTC, NAC, or ASS can easily re-
act with and thereby eliminate ROIs, resulting in inhibition of
NF-kB activation (30-32). To investigate the effect of antioxi-
dants on NF-kB activation in SW620 cells, cells were preincu-
bated with 10 or 100 uM PDTC, 10 mM NAC, or 5 mM ASS.
Subsequently, cells were stimulated with 150 U/ml TNFa for
an additional 1 h. Nuclear extracts were prepared and electro-
mobility shift assays were performed using ?P-labeled oligo-
nucleotide containing the Ig-kB motif. While no specific NF-
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Figure 2. Stimulation of NF-kB-dependent transcription by TNFa
and LPS. (A) SW620 cells were transfected using the calcium phos-
phate method with a three-copy kB reporter construct (3xIgkBLuc).
24 h after transfection, TNFa was added to the media at the indicated
doses. After another 24 h, cell extracts were harvested and luciferase
activity was determined. The fold induction is relative to luciferase
activity of the vector without kB sites. (B) In a second set of experi-
ments, cells were stimulated with LPS. Doses of LPS are indicated.
Values are expressed as the mean of at least six independent
experiments=SEM.
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kB binding activity was detected in the unstimulated state (Fig.
3 A, lane 1), 150 U/ml TNFa induced strong NF-«kB binding
activity (lane 2) that was reduced to ~ 50% when cells were
preincubated with 100 puM PDTC (lane 3), but was unaffected
with 10 uM PDTC, 10 mM NAC, or 5 mM ASS (lanes 4-6).
To assess the effect of antioxidants on NF-kB—dependent
transcription, SW620 cells were transfected with the kB-depen-
dent luciferase reporter construct. Cells were pretreated with
1-100 uM of PDTC, 10 mM NAC, 5 mM ASS, or medium for
30 min followed by stimulation with 150 U/ml TNF« for 24 h.
Thereafter, cells were lysed, and extracts were assayed for
luciferase activity. Treatment with PDTC resulted in dose-
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Figure 3. Effect of antioxidants on NF-kB activation in SW620 cells.
(A) SW620 cells were treated for 30 min with 100 or 10 uM PDTC, 10
mM NAC, or 5 mM ASS before stimulation with TNFa (150 U/ml).
After another 1 h, nuclear extracts were prepared from control and
treated cells, and equal amounts of protein (5 pg) were used in elec-
tromobility shift analysis with the kB motif of the mouse kappa light
chain enhancer. Specific NF-kB complexes are shown. (B) SW620
cells were transfected with 5 g of DNA of a reporter construct con-
taining 3 kB motifs in front of a minimal B-interferon promoter and
the luciferase reporter gene (3xIgkBLuc), or a control plasmid with-
out kB sites. After transfection, cultures were treated with 100, 10, or
1 wM PDTC, 10 mM NAC, or 5 mM ASS after stimulation with 150
U/ml TNFa. Extracts were prepared after 24 h, and were assayed for
luciferase activity. Values were expressed as percent luciferase activ-
ity compared with cells stimulated with TNFa only. At least six inde-
pendent experiments were performed. Values are expressed as
mean*+SEM.

dependent suppression of luciferase activity. The strongest ef-
fect was seen with 100 WM PDTC, which decreased luciferase
activity to 20% (Fig. 3 B). This effect was in the same range as
that reported for other cell lines (31). NAC and ASS did not
affect luciferase activity at the doses tested, suggesting that
higher concentrations are required to inhibit NF-xB—depen-

dent transcription in these cells. Previously, it was shown in
Iymphocytes that NAC and ASS were most effective at higher
doses (30, 32, 33). However, we were unable to use these high
doses since at these concentrations, the pH of the medium was
affected and the compounds did not dissolve completely.
When cells were treated with PMA or LPS, similar results
were obtained (data not shown).

Sulfasalazine is a specific inhibitor of kB binding activity.
Since there is evidence that sulfasalazine and its moieties 5-ASA
and sulfapyridine are potent antiinflammatory agents, we were
interested in whether these substances affect NF-«B activa-
tion. Therefore, SW620 cells were pretreated for 30 min with
medium 5-ASA, sulfasalazine, or sulfapyridine at 1-, 2-, or
5-mM concentrations, respectively. After stimulation with 150
U/ml TNFa for an additional 1 h, nuclear extracts were pre-
pared and incubated with a kB-specific probe (Fig. 4, lanes
1-12). TNFa« induced a strong NF-«kB binding activity (lane 2)
which was specifically competed by a 20-fold molar excess of
unlabeled competitor oligonucleotide (lane 3). Cells pre-
treated with 5-ASA showed a pattern of DNA binding activity
that was not distinct from that of control cells stimulated with
TNFa (lanes 4-6). In contrast, incubation with sulfasalazine
resulted in dose-dependent suppression of NF«B activity
(lanes 7-9). In cells treated with sulfapyridine, NF-xB-binding
activity was not affected at all doses tested (lanes 10-12).
These data suggest sulfasalazine as a potent inhibitor of NF«B
activation, whereas its moieties 5-ASA and sulfapyridine are
not. In vitro addition of sulfasalazine to the binding reaction of
extracts from TNFa-treated SW620 cells did not inhibit bind-
ing to the kB motif (data not shown). To test the specificity of
sulfasalazine, the same nuclear extracts of SW620 cells were
tested for DNA binding activity of other transcription factors.
AP1 binding activity was assayed using **P-labeled TRE probe
(Fig. 4, lanes 13-24). Specific AP1 activity was detectable in
uninduced and TNFa-induced SW620 cells (compare lane 15
to lanes /3 and 74). Sulfasalazine could not prevent AP1 bind-
ing activity (lanes 719-21), indicating that sulfasalazine did not
interfere with other PKC-regulated events in intact cells.
Again, 5-ASA (lanes 16-18) and sulfapyridine (lanes 22-24)
had no significant influence on DNA binding activity. In con-
clusion, sulfasalazine seems to be a potent and fairly specific
inhibitor of NF-«kB binding activity.

Sulfasalazine is a potent inhibitor of NF-xB-dependent
transactivation. To test whether sulfasalazine, 5-ASA, or sul-
fapyridine can suppress induction of luciferase activity after
TNFa or LPS stimulation, SW620 cells were transfected with a
kB-dependent luciferase reporter construct (3xIgkBLuc) or a
respective control plasmid. After 18 h, cells were treated with
increasing doses of sulfasalazine, 5-ASA, or sulfapyridine 30
min before stimulation with TNF«a, LPS, or PMA. Cells were
harvested after an additional 24 h, and were assayed for lu-
ciferase activity. Induction of luciferase activity by TNFa was
inhibited by sulfasalazine in a dose-dependent fashion (Fig. 5 A).
Half-maximal inhibition was detected between 0.5 and 1 mM
sulfasalazine, whereas 5 mM sulfasalazine suppressed lu-
ciferase activity to basal levels. These effects are in the same
concentration range as the inhibitory effect of sulfasalazine on
NF-«B binding activity seen by electromobility shift assay (Fig.
4). Dose-dependent suppression was also detected when NF-
kB was activated by LPS (Fig. 5 B), or PMA (data not shown).

It is in accordance with the DNA binding data that the sul-
fasalazine moieties 5-ASA and sulfapyridine were less potent
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Figure 4. Sulfasalazine is a specific inhibitor of NF-«kB activation. SW620 cells were left untreated or incubated with 5-ASA, sulfasalazine, or sul-
fapyridine at various doses as indicated followed by stimulation with TNFa (150U/ml). Nuclear extracts were prepared, and equal amounts were
reacted with ¥P-labeled DNA probes encompassing the kB motif of the mouse kappa light chain enhancer (lanes /-12) or a TRE-motif (lanes

13-24). Samples were analyzed on a native 1X TGE polyacrylamide gel. The arrows indicate the positions of the specific NF-kB and AP1 DNA

binding activities, and of a nonspecific (n.s.) binding activity.

in inhibiting kB-dependent transcription. 5-ASA, even at the
highest concentration (5 mM), almost did not affect luciferase
activity. Sulfapyridine mediated only a marginal reduction of
luciferase activity (Fig. 5, C and D). Similar results were ob-
tained in Jurkat T cells (Fig. 5 E). The inhibitory effects of
sulfasalazine were specific since the activity of an AP1 repor-
ter construct was not suppressed by sulfasalazine (data not
shown).

Sulfasalazine did not inhibit RelA mRNA levels, but rather
significantly decreased IkBa mRNA levels. To investigate fur-
ther the mode of sulfasalazine-mediated inhibition of NF«B
activation, we analyzed the effect of sulfasalazine on RelA
(p65) mRNA levels. SW620 cells were treated with sulfasala-
zine 30 min before stimulation with TNFa, and were harvested
at various time points as indicated (Fig. 6). Slot blot analyses
were performed to assay the effect of sulfasalazine on steady-
state mRNA levels of RelA (p65) and IkBa. RelA (p65)
mRNA did not increase after stimulation with TNF«, and did
not show significant changes after treatment with sulfasala-
zine. However, IkBa mRNA increased 15-fold 30 min after
TNFa induction, and declined to fourfold after 6 h. After 12 h,
the IkBa mRNA levels were down to basal. This increase was
completely suppressed by sulfasalazine pretreatment. In addi-
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tion, basal IkBa levels seemed to be decreased. Previously, it
was shown that IkBa expression was strongly induced by NF-
kB (34). Once NF~B is activated and present in the nucleus, it
induces IkBa transcription via kB sites present in the IkBa
promoter (35). This induction is thought to function as nega-
tive feedback regulation. Resynthesized IkBa interacts with
NF-kB complexes to terminate NF-kB activation and maintain
NF-«B inducibility. Our results suggest that induction of IkBa
mRNA by TNFa can be abolished by sulfasalazine, and there-
fore completely suppress kB-dependent transcription and this
negative feedback mechanism. mRNA levels of IkB3 were not
affected after TNFa treatment, or by addition of sulfasalazine
(data not shown).

Sulfasalazine blocks nuclear translocation of RelA. In un-
stimulated cells, NF-kB heterodimers are kept as inactive com-
plexes in the cytoplasm by inhibitory proteins such as IkBa
and IkBp. After cell stimulation, IkBs are phosphorylated and
degraded, and free dimers translocate into the nucleus. To in-
vestigate whether sulfasalazine inhibited nuclear translocation
of RelA (p65)-containing complexes, SW620 cells were left un-
treated, or were stimulated with TNFa in the presence or ab-
sence of sulfasalazine. Cells were grown on chamber slides,
treated as indicated, fixed, and the location of RelA (p65) was
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Figure 5. Sulfasalazine blocks TNFa and LPS-induced NF-kB-dependent transcription but its compounds 5-ASA and sulfapyridine are ineffec-
tive. (A) SW620 cells were transfected with the 3xIgkBLuc reporter construct. After 18 h, cells were incubated with either medium alone or with
sulfasalazine (A and B), 5-ASA, or sulfapyridine (C) at the indicated doses 30 min before stimulation with TNFa 150 U/ml (A and C), or 150 ng/
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SW620 cells (D). After 24 h cells were harvested, and luciferase activity was determined. Values are expressed as the mean of at least six inde-

pendent experiments *SEM.

determined by immunofluorescence using an antibody specific
against RelA (p65). In the unstimulated state, RelA (p65) lo-
calized exclusively to the cytoplasm (Fig. 7 A). The staining
pattern did not change upon treatment with sulfasalazine
alone (Fig. 7 B). After stimulation with TNFa, RelA (p65) was
also found in the nucleus (Fig. 7 C). However, treatment with
TNFa plus sulfasalazine resulted in exclusive cytoplasmic
staining indistinguishable from that of unstimulated cells (Fig.
7 D). These results indicate that sulfasalazine prevents nuclear
translocation of RelA (p65). Therefore, we were interested to
analyze the effects of sulfasalazine and its compounds 5-ASA

and sulfapyridine on nuclear protein levels of RelA (p65), NF-
kB1 (p50), and NF-kB2 (p52) in more detail. Cells were prein-
cubated with sulfasalazine, 5-ASA, sulfapyridine, or with
medium alone followed by stimulation with TNFa. Nuclear
extracts were prepared, and Western blot analysis was per-
formed with specific antibodies (Fig. 7 E). A strong RelA
(p65) signal was detected in nuclear extracts from cells stimu-
lated with TNFa (lane 2) compared with unstimulated cells
(lane 7). Pretreatment with sulfasalazine prevented transloca-
tion of RelA (p65; lane 4), while RelA (p65) was not affected
by similar doses of 5-ASA (lane 3) and sulfapyridine (lane 5).
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Figure 6. Sulfasalazine did not affect RelA (p65), but significantly
decreased IkBa steady-state mRNA levels. Cells were treated with
5 mM sulfasalazine 30 min before TNFa (150 U/ml) stimulation, and
were harvested at the indicated times. RN A was isolated, blotted on
nylon membranes, and hybridized to probes specific for RelA (p65)
or IkBa.

NF-kB1 (p50) and NF-kB2 (p52) were detected in small
amounts, and expression was not found to be affected by all
treatments. In SW620 cells RelA (p65) seems to be the pre-
dominant NF-kB subunit consistent with the results obtained
in supershift assays (see Fig. 4).

Sulfasalazine interferes with IxBa degradation. These results
do not allow a conclusion regarding the stage at which block-
age of NF-kB activation occurs. In light of these observations,
we tested whether degradation of IkBa could take place in the
presence of sulfasalazine. SW620 cells were pretreated with
sulfasalazine for 30 min, and were subsequently stimulated
with TNFa. Cells were harvested at different time points as in-
dicated, and cytoplasmic and nuclear proteins were extracted.
Cytoplasmic and nuclear extracts were analyzed by Western
blotting using anti-IkBa and anti-RelA (p65) antibodies. The
cytoplasmic IkBa signal almost completely disappeared after
30 min of TNFa treatment, concomitant with an increase of
RelA (p65) in the nucleus. After 1 h of TNFa treatment, IkBa
returned to the original level (Fig. 8; compare lanes 2—4). This
time-dependent degradation of IkBa was blocked by sulfasala-
zine (compare lanes 7 and 3). In addition, IkBa levels seemed
to be reduced in the presence of sulfasalazine. In contrast,
IkBB protein levels were not affected (data not shown). No
changes on RelA (p65) expression were observed after sul-
fasalazine treatment (lanes 6-9). Our results demonstrate that
both activation of NF-kB and loss of IkBa are inhibited in the
presence of sulfasalazine. When SW620 cells were pretreated
with sulfasalazine in the presence or absence of cycloheximide,
no difference was observed, suggesting that the suppressive
effect mediated by sulfasalazine is independent of de novo
protein synthesis (data not shown).

Sulfasalazine appears to prevent IkBa phosphorylation. It
has been reported that IkBa is subject to both phosphorylation
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and proteolysis in the process of NF-«xB activation (20-22).
Proteolysis of IkBa follows immediately after phosphoryla-
tion, and is dependent on the activity of proteasomes. In dif-
ferent cell types, specific proteasome inhibitors can prevent
IkBa degradation, thus allowing detection of a slower-migrat-
ing phosphorylated form of IkBa that usually is not observed
because of the high turnover of phosphorylated IkBa. There-
fore, we were interested to investigate the effect of the protea-
some inhibitor MG132 on SW620 cells in the presence and ab-
sence of sulfasalazine. Again, 30 min after TNFa treatment,
cytoplasmic IkBa levels were reduced compared with unstim-
ulated cells (Fig. 9, lane 2 compared with lane 7). After 60 min,
IkBa returned to original levels due to enhanced transcription.
Degradation of IkBa was suppressed in the presence of sul-
fasalazine (compare lanes 4 and 2). When cells were preincu-
bated with the proteasome inhibitor MG132, a faint slower-
migrating band was detected, representing a modified form of
IkBa (lanes 6 and 7). This form of IkBa is the result of phos-
phorylation as the appearance of this band could be blocked if
extracts were incubated with calf intestinal phosphatase (data
not shown). No phosphorylated form of IkBa was detectable
in protein extracts from cells pretreated with sulfasalazine.
Taken together, these results suggest that sulfasalazine inter-
fered with phosphorylation of IkBa.

Discussion

Although inflammatory bowel disease and rheumatoid arthri-
tis are distinct entities, the same pharmacological agents are
useful for their clinical treatment. Despite intense research,
there are still no specific therapies for these diseases. Treat-
ment is directed towards symptomatic improvement and con-
trolling the disease process. The mainstays for therapy of
inflammatory bowel disease remain sulfasalazine, or its com-
pound 5-ASA, and corticosteroids. Current knowledge sug-
gests that the effect of sulfasalazine on disease activity and re-
lapse prevention in ulcerative colitis should be attributed to
5-ASA; its second compound, sulfapyridine, is thought to be
responsible for most of the major side effects. Numerous stud-
ies have described pharmacological and biochemical proper-
ties in relation to the use of these drugs in ulcerative colitis,
and more recently in rheumatoid arthritis. However, the possi-
ble mechanisms of action remain unclear.

Here we present evidence that sulfasalazine inhibits activa-
tion of the transcription factor NF«B, a central mediator of
the inflammatory response. In most cell types, NF-«B is kept
as an inactive complex in the cytoplasm bound to its inhibitor
protein, IkB. Upon activation IkB rapidly degrades, and free
NF—«B dimers translocate to the nucleus and activate target
genes. Here we show by different criteria that sulfasalazine is a
potent and specific inhibitor of NF-kB activation in SW620
colon cells: (a) sulfasalazine inhibited TNFa-, LPS-, or PMA-
induced activation of NF-kB; (b) sulfasalazine suppressed NF-
kB—dependent transcription; (c) sulfasalazine, but not its met-
abolic moieties 5-ASA or sulfapyridine, inhibited NF«B.
Only minor changes were observed at high concentrations of
5-ASA or sulfapyridine; (d) sulfasalazine actions were specifi-
cally directed against NF-kB activation since it did not inhibit
DNA binding activity and transactivation by other transcrip-
tion factors like AP1; and (e) inhibition by sulfasalazine is the
result of preventing nuclear translocation of RelA due to the
inhibition of IkBa phosphorylation and subsequent degrada-
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Figure 7. Sulfasalazine inhibits nuclear translocation of RelA (p65). SW620
cells were left untreated (A), stimulated with TNFa 150 U/ml (B), treated
with sulfasalalzine 5 mM alone (C), or pretreated with 5 mM sulfasalazine
o w0 4= pS0  followed by stimulation with TNFa 150 Ufml (D). The intracellular location
of RelA (p65) was determined by immunofluorescence using an anti-Rel A
(p65) antibody. Pictures were taken with a confocal scanning microscope
(Carl Zeiss), and representative fields are shown. (E) Western blot analysis
— . —— o p52 of nuclear extracts of SW620 cells with specific antibodies against RelA
(p65), NF-kB1 (p50), or NF-kB2 (p52). Cells were left untreated (lane 7),
stimulated with TNFa alone (150 U/ml; lane 2), or pretreated with 5 mM of
1 2 3 4 5 5-ASA (lane 3), sulfasalazine (lane 4), or sulfapyridine (lane 5).

tion. We thus propose that sulfasalazine exerts either a direct ~ Treatment of cells with many structurally unrelated antioxi-

effect on an IkBa kinase or on another upstream signal. dants or overexpression of antioxidative enzymes such as cata-
Several lines of evidence suggest that ROIs function as up- lase, thioredoxin, or glutathione peroxidase, inhibit NF«B ac-
stream second messengers in the NF-«B activation pathway. tivation induced by various stimuli (36, 37). Scavenging of free
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Figure 8. Sulfasalazine blocks IkBa degradation after stimulation
with TNFa. Western blot analysis of cytoplasmic and nuclear extracts
of SW620 cells treated with or without sulfasalazine for 30 min before
stimulation with TNFa. At the indicated time points (in min), cyto-
plasmic and nuclear extracts were prepared. Control samples were
processed immediately after adding TNFa. Equivalent amounts of
cytoplasmic extracts were analyzed by Western blot as indicated in
Methods using RelA (p65) and IkBa-specific antibodies.

oxygen radicals by sulfasalazine has been proposed to cause
beneficial effects in the treatment of ulcerative colitis (16, 17).
This effect could not be explained by inhibition of NF«B acti-
vation since several previous studies have shown that sulfasala-
zine and 5-ASA have comparable radical scavenging activities.
In this study, sulfasalazine could block NF-«B activation,
whereas 5-ASA failed to show any effect. Therefore, it seems
unlikely that the effect of sulfasalazine on ROIs could account
for its potent inhibitory effect on NF«B activation.
Previously, it has been shown that other widely used antiin-
flammatory salicylates, specifically sodium salicylate and aspi-
rin, can inhibit NF-kB—dependent transcription (32, 33). Half
maximal inhibition was obtained with 2 mM, whereas 20 mM
of sodium salicylate was needed for complete suppression of
NF-kB activity (32). In this study only marginal effects were
obtained using SW 620 colon cells and 5 mM sodium salicylate

sulfasalazine
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Figure 9. Sulfasalazine appears to prevent IkBa phosphorylation. In-
hibition of in vivo phosphorylation of IkBa after treatment with sul-
fasalazine. Cells were treated for 30 min with the proteasome inhibi-
tor MG132 before stimulation with TNFa (150 U/ml) in the presence
or absence of sulfasalazine. Equal amounts of SW620 cytoplasmic ex-
tracts were prepared 30 and 60 min after TNFa stimulation. Samples
were then analyzed by Western blotting using an IkBa antibody. The
phosphorylated and unphosphorylated forms of IkBa are indicated
(arrows).
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(15% inhibition) in contrast to sulfasalazine, which mediated
~ 50% inhibition with 0.5 mM and complete inhibition at 5 mM
concentration. Therefore, sulfasalazine seems to be at least ten
times more potent than sodium salicylate. Similar results were
obtained using Jurkat T cells. The differences of our data from
the previously published results might be due to the different
cell types used. Since previous reports used sodium salicylates
in doses up to 20 mM, we were interested in studying the effect
of such high doses in our cell system. Unfortunately, in our
hands sodium salicylate was not soluble at this high concentra-
tion. Therefore, we cannot rule out increasing inhibition of
NF-kB activation by sodium salicylate at higher concentrations
in SW620 cells or Jurkat T cells. However, it was shown that
sodium salicylate acts rather nonspecifically by inhibiting tran-
scription from AP1 and CRE-dependent reporter constructs at
the same concentrations as those that blocked NF-«xB-medi-
ated transcription (38). Since no specific component is shared
between the PMA/inonomycin-inducing NF«B or AP1 path-
ways and c-AMP-dependent signal transduction, the authors
concluded that inhibition by sodium salicylate is most likely
due to a nonspecific effect on cellular kinases. In contrast, sul-
fasalazine did not inhibit AP1 binding or AP1 dependent-tran-
scription in concentrations up to 5 mM.

The concentration of sulfasalazine achieved in inflamed
tissue is not known. However, the serum sulfasalazine concen-
tration after an average oral dose of 3-6 g/die is reported in
inflammatory bowel disease patients to be 10-15 pg/ml (equiv-
alent to 0.025-0.038 mM; 39). Stool concentrations are in the
order of 1.25-2.0 mM. Interstitial concentrations may be as
high as 0.5-1.0 mM (40).

It is generally believed that the active and beneficial com-
ponent of sulfasalazine in treatment of ulcerative colitis is
5-ASA. However, here we present data that sulfasalazine by
itself is an active pharmacological agent with a strong and
unique potency to inhibit NF-kB which is not shared by its
moieties, 5-ASA and sulfapyridine.

There is increasing evidence from in vivo studies in animals
that NF-kB is involved in pathogenesis of chronic intestinal in-
flammation (41). Lamina propria macrophages of mice with
TNBS-induced colitis produced high amounts of proinflamma-
tory cytokines including IL-1, IL-6, and TNF« (41). The genes
coding for these cytokines are strongly regulated by NF«B.
Furthermore, IL-1 and TNFa are among the most potent in-
ducers of NF-kB. Strikingly, mice suffering from TNBS-induced
colitis could be successfully treated by a single local adminis-
tration of a RelA (p65) antisense phosphothioate oligonucle-
otide (41). Similar upregulation of proinflammatory cytokines
was found in the colitis of IL-10 deficient mice. This upregula-
tion may also be due to deregulated RelA (p65) activity since
it was successfully treated with RelA (p65) antisense oligonu-
cleotides (41). Previously, a suppressive effect of IL-10 on NF«B
activation was demonstrated in vitro (42, 43). However, IL-10
seemed not to interfere with NF-«B activation in human
monocytic cell lines stimulated with PMA or LPS, but rather
inhibited the B7/CD28-mediated costimulatory effect of
monocytes on CD3-stimulated T lymphocytes. This downregu-
lation might involve inhibition at a posttranscriptional level
(42, 43). Upregulation of RelA (p65) expression was noted in
lamina propria macrophages from patients with Crohn’s dis-
ease (41). Specific downregulation of RelA (p65) in these cells
in vitro resulted in a considerably reduced production of IL-1,
IL-6, and TNFa. These observations in combination with our



data support the assumption that the beneficial effect of sul-
fasalazine on inflammatory bowel disease is mainly due to the
inhibition of NF-«kB activation.

Glucocorticoids that are frequently used for treatment of
inflammatory bowel disease and rheumatoid arthritis are also
suggested to suppress NF-kB activation. In contrast to sul-
fasalazine, glucocorticoids are thought to induce transcription
of IkBa, resulting in an enlarged IkBa pool, and therefore re-
duced active NF-«B in the nucleus (44, 45).

Previously, it was shown that sulfasalazine inhibited IL-2
production of activated T lymphocytes (12), as well as TNF«
and IL-1 synthesis in macrophages (13). Sulfasalazine was at
least ten times more potent to suppress antibody synthesis of
plasma cells than was 5-ASA (46). These observations can now
be explained by the inhibitory effect of sulfasalazine on NF«B
activation. Further studies of the effect of sulfasalazine on NF-
kB—dependent gene expression in lymphocytes and macro-
phages may elucidate complex biological properties.

In summary, our data suggest that sulfasalazine, but not its
compounds 5-ASA or sulfapyridine, is a strong and specific in-
hibitor of NF-«kB activation, which might explain its beneficial
effect in the treatment of chronic inflammations.
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