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1 Chronic in¯ammatory diseases have been shown to be associated with NF-kB activation and
impaired apoptosis of immune cells. The aim of the present study was to investigate if sulfasalazine
and its colonic metabolites 5-aminosalicylic acid (5ASA) and sulfapyridine a�ect NF-kB/Rel
activation and viability of T-lymphocytes.

2 Sulfasalazine inhibits NF-kB/Rel activation in the murine T-lymphocyte cell line RBL5 using
electrophoretic mobility shift assays. In transfection assays sulfasalazine treatment for 4 h inhibits
kB-dependent transcription with an IC50 value of *0.625 mM.

3 Higher doses or prolonged treatment result in cell death of T-lymphocytes in a dose- and time-
dependent manner. Cell death is caused by apoptosis as judged by DNA fragmentation, annexin V
and Apo 2.7 staining. Induction of apoptosis is a fast event with 50% apoptotic cells after a 4 h
incubation with 2.5 mM sulfasalazine. The ED50 value for apoptosis induction after 24 h treatment
was *0.625 mM.

4 In contrast, 5ASA and sulfapyridine neither inhibit NF-kB/Rel activation nor induce apoptosis
in T-lymphocytes at doses up to 5.0 mM.

5 These results demonstrate that sulfasalazine, but not 5ASA or sulfapyridine, strongly inhibits
NF-kB activation and potently induces apoptosis in T-lymphocytes. Inhibition of NF-kB/Rel
activation and subsequent clearance of activated T-lymphocytes by apoptosis might thus explain the
bene®cial e�ects of sulfasalazine in the treatment of chronic in¯ammatory disorders.
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Abbreviations: 5ASA, 5-aminosalicylic acid; EMSA, electrophoretic mobility shift assay; ERK, extracellular signal-regulated
kinase; FACS, ¯uorescence-activated cell sorter; FSC, forward scatter; IBD, in¯ammatory bowel diseases;
ICAM, intercellular adhesion molecule; Ig, immunoglobulin; IkBa, inhibitor of kB a; IL-1, interleukin-1; IL-2,
interleukin-2; IL-6, interleukin-6; IL-7, interleukin-7; IL-8, interleukin-8; JNK, jun-N-terminal kinase; MTS, 3-
(4,5-dimethythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; NF-kB, Nuclear factor
kB; TNFa, tumour necrosis factor a; SAPK, stress activated protein kinase; SCID, severe combined
immunode®ciency; SSC, sideward scatter

Introduction

Homeostasis of the immune system is maintained as a function
of proliferation and cell death. One mechanism known to
remove potentially autoreactive cells of the immune system is

programmed cell death or apoptosis (Cohen & Duke, 1992).
This phenomenon has been most extensively studied in the T-
lymphoid lineage, where autoreactive thymocytes undergo T-
cell-receptor-mediated apoptosis upon encountering `self'

antigens in the thymus (MacDonald & Lees, 1990). In
addition, apoptosis also plays an important role in limiting
the persistence of activated T-cells (Strasser et al., 1995), B-

cells (McDonnell et al., 1989; Nisitani et al., 1993),
granulocytes (Haslett, 1992), and macrophages (Munn et al.,
1995). Chronic in¯ammatory diseases such as in¯ammatory

bowel disease (IBD) and rheumatoid arthritis have been
demonstrated to be associated with abnormally low levels of
apoptosis of in¯ammatory cells (Ina et al., 1995; Boirivant et
al., 1999; Salmon et al., 1997; Mountz et al., 1994). It is easily

conceivable that failure of programmed cell death is a major
mechanism by which initially mild diseases progress to more
severe chronic in¯ammatory stages. Therefore, pharmacologi-

cal agents inducing apoptosis can be e�ective in the treatment
of autoimmune disorders (Cohen & Duke, 1992; Krammer et
al., 1994; Thompson, 1995; Anderson, 1996).

Recently, we have shown that the anti-in¯ammatory drug

sulfasalazine interferes with NF-kB/Rel activation (Wahl et
al., 1998). NF-kB/Rel proteins comprise a family of inducible
transcription factors which are pivotal regulators of the

immune and acute phase response. NF-kB/Rel activates
transcription of proin¯ammatory cytokines such as tumour
necrosis factor a (TNFa), interleukin-1 (IL-1), IL-6, IL-8 or

adhesion molecules as ICAM (reviewed in Ghosh et al., 1998),
which have been shown to be upregulated in the in¯amed
mucosa of patients with ulcerative colitis or Crohn's disease
(Pang et al., 1994; Fiocchi, 1998). Some of these gene products,

TNFa and IL-1, are able to induce NF-kB by themselves,
leading to a positive autocrine loop and ampli®ed cellular
activation and, implicating NF-kB as a central player in the

pathogenesis of chronic in¯ammation (Ghosh et al., 1998;
Neurath et al., 1998; Rogler et al., 1998).
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There is increasing evidence that inhibition of NF-kB/Rel
induces apoptosis, most likely by preventing the expression of
anti-apoptotic genes (Ghosh et al., 1998; Wang et al., 1998).

Here, we report that sulfasalazine inhibits NF-kB/Rel
activation and subsequently induces apoptosis in a murine T-
cell line. In contrast, 5ASA or sulfapyridine did not a�ect NF-
kB activation or T-cell viability.

Methods

Cell culture and treatments

From inbred C57BL/6J (B6) mice derived RBL5 T-lymphoma
cells (a generous gift from J. Reimann, Ulm) were grown under
standard conditions in RPMI 1640 Click's medium (Seromed,

Biochrom, Berlin, Germany) supplemented with 5% FCS.
Recombinant TNFa was purchased from Sigma (Deisenhofen,
Germany). Sulfasalazine, 5ASA, and sulfapyridine (Sigma,
Deisenhofen) were freshly dissolved in culture media and

added to the cultures at the indicated concentrations and for
the indicated time periods.

Nuclear protein extractions and electrophoretic mobility
shift assay (EMSA)

Nuclear protein extracts were prepared as described earlier
(Schmid et al., 1991). Protein concentrations were determined
by the method of Bradford (BioRad, MuÈ nchen, Germany).

EMSAs were performed as described (Liptay et al., 1994). The
following oligonucleotides were used: IgkB, containing the kB
site of the mouse immunoglobulin k-light chain (5'-
AGCTTGGGGACTTTCCACTAGTACG-3'), AP1 (5'-
AGCTTACTCAGTACTAGTACG-3'), OCT-1 (5'-
CTAGTGTCGAATGCAAATCACTAGAAT-3'). Of each
probe the sense strand is listed. For competition experiments,

unlabelled oligonucleotides were added at a 20 fold molar
excess.

DNA transfection and luciferase assay

RBL5 cells were transfected by electroporation as described
elsewhere (Oswald et al., 1998). As reporter plasmid the

3xIgkBluc plasmid (Wahl et al., 1998) was used. 16 to 20 h
after transfection, cells were treated with control medium, or
the indicated concentrations of serially diluted sulfasalazine,

5ASA, or sulfapyridine for 1 h, followed by stimulation with
TNFa (150 U ml71) for 3 additional h. Cells were harvested
and assayed for luciferase activity according to the manufac-

turer's instructions (Promega, Mannheim, Germany) using a
Berthold luminometer. All transfections were normalized to
the level of total cellular protein (Bradford assay, BioRad).

Luciferase activity from transfected cells treated with TNFa
and control medium was used as a reference and set to 100%
luciferase activity. Experiments were done in duplicate. Data
from four independent transfections are presented as mean and

standard error of the mean (s.e.mean).

Cell viability and apoptosis assays

MTS-conversion assay were performed according to the
manufacturer's instructions (Promega, Mannheim, Germany).

2.56104 cells were seeded in 100 ml in 96-well plates and
treated as indicated. The A490 was measured in an ELISA plate
reader. For controls, medium with supplements and without
cells was similarly incubated to zero the reaction.

Cell viability was determined by forward/side scatter
analysis in a ¯uorescence-activated cell sorter (FACSCalibur,
Becton Dickinson, Heidelberg, Germany) as described

(Carbonari et al., 1994; Friesen et al., 1996).
For determination of hypodiploid DNA, cells were

harvested by centrifugation and washed in phosphate bu�ered
saline. Cell pellets were resuspended in 1 ml cold 70% ethanol

by vigorous vortexing and ®xed at 48C overnight. For staining,
cells were centrifuged and resuspended in 1 ml of propidium
iodide staining solution containing 50 mg ml71 propidium

iodide, and 100 U ml71 RNase A in phosphate bu�ered
saline. Cells were incubated in the dark for 30 min at room
temperature and kept at 48C until analysed. Cells were

analysed by ¯ow cytometry (FACSCalibur, Becton Dick-
inson). The percentage of hypodiploid cells were calculated
with speci®c software (Cell Quest, Becton Dickinson).

For analysis of DNA fragmentation, 26107 cells were
treated for 24 h as indicated. Cells were washed, centrifuged
and resuspended in 10 mM Tris pH 8.0, 400 mM NaCl, 2 mM

EDTA, 1% SDS. Two-hundred mg ml71 Proteinase K was

added and cells were incubated at 508C overnight. After
protein precipitation with NaCl, DNA was precipitated.
Twenty mg DNA were run on a 2% agarose gel. DNA was

visualized by ethidium bromide staining and UV illumination.
For immuno¯uorescence microscopy RBL5 cells were

incubated with medium or 2.5 mM sulfasalazine for 24 h and

cytospins were prepared. Cells were ®xed for 1 h using bu�ered
formaldehyde (6%). Unspeci®c binding was blocked by
incubation in TNB-bu�er (Tris 50 mM, NaCl 150 mM, 0.5%

bovine serum albumin, 0.5% sodium-azide, pH 7.7). Cells were
stained for 1 h with biotinylated annexin V (HoÈ lzel
Diagnostika, KoÈ ln, Germany) diluted 1 : 30 in TBS (in mM:
Tris 50, NaCl 150, CaCl2 2, pH 7.4). After washing with TNT

(Tris 50 mM, NaCl 150 mM, CaCl2 2 mM, 0.05% Tween 40, pH
7.4) streptavidin-PE (Immunotech, Marseille, France) 1 : 100
in TNB (with 2 mM CaCl2) was added and incubated for 1 h.

Counterstaining of the nuclei was performed using bisbenzi-
mide (Hoechst 33258, Sigma, Deisenhofen, Germany). For
Apo2.7 staining formaldehyde ®xed cytospins were permeabi-

lized with 70% ethanol for 1 h. Anti-Apo2.7 (Immunotech,
Marseille, France) 1 : 20 in TNB was added for 2 h. After
washing HRP-conjugated rabbit anti-mouse-IgG (DAKO,
Hamburg, Germany) 1 : 50 in TNB was added for one

additional hour. Cytospins were washed and incubated for
15 min with Tyramide Signal Ampli®cation (TSA-Indirect
NENTM, Life Science Products, Boston, U.S.A.) 1 : 40 diluted.

Fluorescein-conjugated streptavidin (DAKO, Hamburg, Ger-
many) (1 : 100 in TNB) was added for one additional hour.
Finally, nuclei were counterstained with propidium iodide.

For quantitative analysis of annexin V binding RBL5 cells
were treated as indicated. Cells were washed once in PBS and
resuspended in annexin V binding bu�er (in mM: HEPES 10,

pH 7.4, NaCl 140, CaCl2 2.5). Fluorescein isothiocyanate
(FITC)-conjugated annexin V (Becton Dickenson, Heidelberg,
Germany) was added, and samples were analysed by ¯ow
cytometry with a FACSCalibur (Becton Dickenson).

Results

Sulfasalazine inhibits NF-kB activation in
T-lymphocytes

RBL5 cells, a murine T-lymphocytic cell line were treated with
control medium or 1.25 mM sulfasalazine for 1, 2, 4, 8, or 24 h,
respectively. After stimulation with 150 U ml71 TNFa for one
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Figure 1 Sulfasalazine is a potent inhibitor of NF-kB activity in RBL5 T-lymphocytes. (A) Rapid inhibition of NF-kB binding
activity by treatment with sulfasalazine. RBL5 cells were left untreated (lane 1), stimulated for 1 h with TNFa (lanes 2 ± 9), and
pretreated with 1.25 mM sulfasalazine for the indicated time periods (lanes 3 ± 7). Nuclear proteins were extracted and
electrophoretic mobility shift assays performed using a kB speci®c probe (IgkB). For competition experiments a 20 fold molar
excess of unlabelled IgkB (lane 8) or Sp1 oligonucleotides (lane 9) were used. Running position of the NF-kB/Rel/DNA complexes
c1 and c2 are indicated. One representative experiment is shown (n=4). (B) Sulfasalazine is a speci®c inhibitor of NF-kB and does
not interfere with Oct-1 binding. The same nuclear extracts as in (A) were used in electrophoretic mobility shift assays using an Oct-
1 probe. Running positions of the Oct-1 and a non-speci®c (n.s.) complex are indicated by arrows. One representative experiment is
shown (n=3). (C) Sulfasalazine, but not its metabolic moieties 5ASA and sulfapyridine, is a potent inhibitor of NF-kB-dependent
transcription. RBL5 cells were transiently transfected with a kB-dependent reporter plasmid (3xIgkBLuc). Cells were pretreated with
medium or serial dilutions of sulfasalazine (SS) (black bars), 2.5 mM 5ASA (white bar), or 2.5 mM sulfapyridine (SP) (hatched bar)
for 1 h, followed by stimulation with 150 U ml71 TNFa for three additional hours. Luciferase activity from transfected cells
stimulated with TNFa was used as reference and set to 100% luciferase activity. Experiments were done in duplicate. Mean values
and standard error of the mean (s.e.mean) of four independent experiments (n=8) are shown.
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additional hour, nuclear extracts were prepared and electro-
phoretic mobility shift assays performed using a kB speci®c
probe (IgkB) (Figure 1A). Uninduced RBL5 cells showed a

weak basal kB-binding activity, complex c1 (lane 1), which was
strongly increased after treatment with TNFa, complex c1 and
c2 (lane 2). By supershift assays c1 could be identi®ed as NF-
kB1 p50 homodimers, whereas c2 contained predominantly

RelA p65, NF-kB1 p50, but also traces of NF-kB2 p52, RelB
and c-Rel (data not shown). Binding speci®city of both
complexes was shown by competition with an excess of

unlabelled kB-oligonucleotide (lane 8). No competition was
observed witih the unrelated Sp1 binding site (lane 9).
Pretreatment with sulfasalazine for 1 h completely inhibited

TNFa induced NF-kB activation (lane 3). Incubation for
longer time periods (2 and 4 h) resulted in the reappearance of
NF-kB1 p50 homodimers (complex c1), comparable to kB
activity in uninduced cells (compare lanes 4 and 5 to lane 1).
Prolonged incubation with sulfasalazine also a�ected binding
of NF-kB1 p50 homodimers (complex C1) (lanes 6 ± 7).

To test the speci®city of sulfasalazine-induced inhibition of

NF-kB, nuclear extracts of sulfasalazine treated RBL5 cells
were tested for DNA binding activity of other transcription
factors. Uninduced RBL5 cells showed the constitutive Oct-1

binding activity, which was not a�ected by treatment with
1.25 mM sulfasalazine for 1 ± 4 h (Figure 1B). Prolonged
treatment for 8 and 24 h decreased Oct-1 binding activity

(lanes 6 ± 7) most likely due to nonspeci®c events caused by
decreasing cell viability (see below). Almost identical results
were obtained for AP1 binding activity (data not shown).

To examine whether 5-aminosalicylic acid (5ASA) or
sulfapyridine, the colonic metabolites of sulfasalazine, showed
any e�ect on kB binding activity RBL5 cells were treated for 1,
4, or 8 h with 2.5 or 5.0 mM 5ASA or sulfapyridine,

respectively, followed by stimulation with 150 U ml71 TNFa
for an additional hour. Even at these high concentrations
treatment with 5ASA or sulfapyridine did not a�ect kB
binding activity (data not shown).

To examine the e�ects of sulfasalazine, 5ASA, and
sulfapyridine on kB dependent gene expression RBL5 cells

were transiently transfected with a plasmid containing three kB

sites from the immunoglobulin k-light chain enhancer up-
stream of a luciferase reporter gene (3xIgkBLuc). As shown in
Figure 1C treatment with sulfasalazine e�ectively decreased

TNFa-induced kB-dependent transcription in a dose-depen-
dent fashion. Half maximal inhibition was detected at
approximately 0.625 mM sulfasalazine, whereas 2.5 mM

sulfasalazine suppressed luciferase activity to background

levels (Figure 1C, black bars). In contrast, no signi®cant
changes of luciferase activity were seen after treatment with
2.5 mM 5ASA (white bar) or 2.5 mM sulfapyridine (hatched

bar).

Sulfasalazine, but not its metabolites 5ASA or
sulfapyridine, causes cell death in RBL5 T-lymphocytes
in a dose- and time-dependent manner

To determine if the observed nonspeci®c loss of DNA binding
activity after prolonged sulfasalazine treatment was caused by
a decrease in cell viability, RBL5 cells were treated with
increasing doses of sulfasalazine for 24 h. Cell viability was

analysed by conversion of MTS dye to its formazan product, a
reaction depending on living mitochondria. As shown in
Figure 2 less than 50% of the cells were viable after incubation

with 313 mM sulfasalazine for 24 h. Since the MTS assay can
not discriminate between growth inhibition and induction of
cell death, sulfasalazine treated RBL5 cells were further

analysed for characteristic features of cell death and apoptosis.
RBL5 cells were treated with increasing doses of

sulfasalazine for 24 h and analysed by forward scatter/

sideward scatter (FSC/SSC) analysis in a ¯uorescence-
activated cell sorter (FACS). Dead lymphocytes were identi®ed
on the basis of their characteristic forward/sideward scatter
changes (Carbonari et al., 1994). A dose-dependent induction

of cell death was found in a concentration ranging from 0.313
to 2.5 mM sulfasalazine, with 50% dead cells between 0.313
and 0.625 mM and almost 100% dead cells at 2.5 mM

sulfasalazine (Figure 3A). RBL5 cells were incubated with
1.25 mM sulfasalazine for varying time periods (0, 1, 2, 4, 8,
and 24 h) followed by FACS analysis. As shown in Figure 3B

induction of cell death started as early as 4 h after addition of
sulfasalazine into the culture medium. Incubation between 4
and 8 h resulted in 50% dead cells. To study whether the
metabolites of sulfasalazine had similar e�ects on T-cell

viability, RBL5 cells were incubated for 24 h with 5ASA
and/or sulfapyridine, respectively. Cell viability was assayed by
FACS analysis as above (FSC/SSC). Doses up to 5.0 mM

5ASA (white bars), sulfapyridine (grey bars) or 5ASA plus
sulfapyridine (hatched bars) did not show any e�ect on cell
viability compared to control medium (grey bar) (Figure 3C).

Sulfasalazine induces apoptosis in RBL5 T-lymphocytes

One characteristic, late event during apoptosis is the
internucleosomal cleavage of genomic DNA following activa-
tion of cytoplasmic endonucleases (Wyllie, 1980; 1998). DNA-
fragmentation can be detected by staining of nuclei with

intercalating dyes (Nicoletti et al., 1991) or by extraction and
gel electrophoresis of genomic DNA (Wyllie, 1980). To
determine if sulfasalazine-induced cell death was due to

apoptosis we analysed sulfasalazine treated RBL5 cells for the
appearance of hypodiploid DNA. As shown in Figure 4, RBL5
cells were treated either with medium (A), 0.625 mM (B) or

2.5 mM (C) sulfasalazine for 24 h. Cells were harvested,
ethanol ®xed, stained with propidium iodide and analysed by
¯ow cytometry. In untreated control cells, 11% showed
hypodiploid nuclei indicative of apoptosis, whereas treatment

Figure 2 Sulfasalazine decreases cell viability in RBL5 T-lympho-
cytes. RBL5 cells were treated for 24 h with medium or increasing
doses of sulfasalazine as indicated. Cells were analysed for viability
by conversion of MTS dye to its formazan product. A490 obtained
from control cells were set to 100% viability. Data were obtained
from three independent experiments done in triplicate (n=9) and are
presented as mean and standard error of the mean (s.e.mean).
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with sulfasalazine resulted in 44% at 0.625 mM, and 98%
apoptotic cells at 2.5 mM sulfasalazine. No signi®cant increase
of hypodiploid DNA was observed after treatment with either

5ASA (2.5 mM) (D) or sulfapyridine (2.5 mM) (E). Further-
more, as shown in Figure 4F sulfasalazine (0.625 mM, lane 6)
but not 5ASA (2.5 mM, lane 4) or sulfapyridine (2.5 mM, lane

5) treatment of RBL5 cells resulted in a typical DNA
fragmentation pattern on an ethidium bromide stained agarose
gel.

In living cells the phospholipid phosphatidylserine is
situated on the inner lea¯et of the plasma membrane. When
cell death occurs, phosphatidylserine is translocated to the
outer layer of the membrane. This occurs in the early phase of

apoptosis during which the cell membrane itself remains intact.

Annexin V binds to phosphatidlyserine and is therefore useful
to quantitate apoptotic cells (Koopman et al., 1994).
Furthermore, apoptotic cells can be detected with Apo 2.7, a

monoclonal antibody recognizing speci®cally apoptotic cells
early during apoptosis (Zhang et al., 1996). RBL5 cells were
treated with 2.5 mM sulfasalazine for 24 h. Double immuno-

¯uorescence microscopy of annexin V binding (red) and DNA
staining (blue, Hoechst 33258) is shown in Figure 5A,B, Apo
2.7 expression (yellow-green) and propidium iodide staining

(red) is shown in Figure 5C,D. More than 90% of sulfasalazine
treated cells were positive for annexin V (Figure 5B) and Apo
2.7 binding (Figure 5D), whereas almost no positive cells could
be detected among the untreated control cells (Figure 5A,C).

Furthermore, sulfasalazine treated cells display smaller,

Figure 3 Sulfasalazine induces cell death in RBL5 T-lymphocytes in a dose- and time-dependent manner. (A) RBL5 cells were
incubated with the indicated concentrations of sulfasalazine for 24 h, (B) or with 1.25 mM sulfasalazine for the indicated time
periods. (C) 5ASA and sulfapyridine, the colonic metabolites of sulfasalazine, have no e�ect on T-cell viability. RBL5 T-
lymphocytes were treated for 24 h either with medium (control) or increasing concentrations of 5ASA (white bars), sulfapyridine
(SP) (black bars) or 5ASA plus sulfapyridine (hatched bars) as indicated. The percentage of dead cells was determined by FACS
analysis on the basis of their characteristic forward/sideward light scatter changes as described (Carbonari et al., 1994). Data are
obtained from three independent experiments done in duplicate (n=6) and are presented as mean and standard error of the mean
(s.e.mean).
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condensed nuclei, recognized as a morphological characteristic
of apoptotic cells.

Induction of apoptosis by sulfasalazine seems to be a fast

event as judged by staining with FITC-labelled annexin V and
FACS analysis. RBL5 cells were incubated with medium or
2.5 mM sulfasalazine for 2, 4, 8, and 24 h. After 4 h treatment

50%, after 8 h more than 90% of the cells were positive for
annexin V staining (Figure 5E). In summary, these results
demonstrate that sulfasalazine induces apoptosis in RBL5 T-
lymphocytes.

Discussion

Although in¯ammatory bowel disease (IBD) and rheumatoid
arthritis are distinct entities, similar pharmacological agents

are useful for their clinical treatment. Despite intense research,
there are still no speci®c therapies for these diseases. Treatment
is directed towards symptomatic improvement and controlling

the disease process. Sulfasalazine, 5ASA and corticosteroids
are among the commonly used drugs for the treatment of IBD
and rheumatoid arthritis (Riis et al., 1973; Azad Khan et al.,
1977; Klotz et al., 1980; Gaginella & Walsh, 1992; Taggart et

al., 1986; Bird, 1995). However, the molecular mechanisms of
action remain unclear (Gaginella & Walsh, 1992).

In this study we demonstrate that sulfasalazine is a speci®c

inhibitor of NF-kB activation in T-lymphocytes. Prolonged

treatment with sulfasalazine induces cell death of T-
lymphocytes in a time- and dose-dependent manner. Cell
death is due to apoptosis as judged by DNA fragmentation,

FACS analysis of hypodiploid DNA, Annexin V and Apo 2.7
staining, and nuclear condensation. In contrast, 5ASA and
sulfapyridine up to concentrations of 5 mM neither inhibited

NF-kB activation nor induced apoptosis. Our data suggest
that the anti-in¯ammatory e�ect of sulfasalazine in IBD and
rheumatoid arthritis might be due to NF-kB inhibition and
subsequent induction of apoptosis of T-lymphocytes.

During the last few years evidence has accumulated to show
that NF-kB plays a predominant role in the pathogenesis of
IBD. Overexpression of NF-kB regulated cytokines as well as

increased nuclear levels of NF-kB were demonstrated in the
mucosa of patients with active Crohn's disease and ulcerative
colitis (Neurath et al., 1996; Jobin et al., 1997; Rogler et al.,

1998; Schreiber et al., 1998; Ardite et al., 1998). Most
intriguingly, a single application of NF-kB RelA antisense
oligonucleotides led to abrogation of chronic intestinal

in¯ammation in experimental colitis in mice (Neurath et al.,
1996). Therefore, the observed inhibition of NF-kB activation
by sulfasalazine is a good explanation for the long known anti-
in¯ammatory potency of this drug. In addition, it explains

previous reports that sulfasalazine inhibits IL-2 synthesis in
lymphocytes (Sheldon et al., 1988), as well as TNFa and IL-1
production in macrophages (Fujiwara et al., 1990). In our

hands 5ASA and and sulfapyridine in concentrations up to

F

Figure 4 Sulfasalazine induces apoptosis in RBL5 T-lymphocytes as judged by DNA fragmentation. RBL5 cells were treated for
24 h with either (A) medium, (B) 0.625 mM sulfasalazine, (C) 2.5 mM sulfasalazine, (D) 2.5 mM 5ASA, or (E) 2.5 mM sulfapyridine.
After ethanol ®xation cells were stained with propidium iodide and analysed by FACS for the appearance of hypodiploid DNA.
Numbers above the histogram markers indicate the percentage of apoptotic nuclei (broad hypidiploid peak) in a representative
experiment (n=3). (F) Analysis of sulfasalazine induced DNA fragmentation pattern. RBL5 cells were treated with medium,
150 U ml71 TNFa, 2.5 mM 5ASA, 2.5 mM sulfapyridine, or 0.625 mM sulfasalazine for 24 h. Genomic DNA was extracted and
analysed on an ethidium bromide stained agarose gel. As molecular weight marker a 100 bp marker was used (Gibco). One
representative experiment is shown (n=4).
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E

Figure 5 Sulfasalazine induces apoptosis in RBL5 T-lymphocytes as judged by annexin V and Apo 2.7 staining. (A ±D) Cells were
incubated with medium (A,C) or 2.5 mM sulfasalazine (B,D) for 24 h. Cytospins were prepared and double immuno¯uorescence of
annexin V binding (red) and Hoechst 33258 nuclear staining (blue) (A,B) or Apo 2.7 expression (yellow-green) and propidium iodide
staining (red) (C,D) were performed. Fluorescence was observed and photographed with a ¯uorescence microscope (C. Zeiss,
Oberkochen, Germany) equipped with epilumination. Magni®cation 4006. One representative experiment is shown (n=2). (E) For
quantitative analysis of annexin V binding RBL5 cells were incubated with medium or 2.5 mM sulfasalazine for 2, 4, 8, and 24 h.
Cells were stained with FITC-conjugated annexin V and analysed by FACS. 10,000 cells were analysed under each condition.
Numbers above the histogram markers indicate the percentage of apoptotic cells in a representative experiment (n=3).
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5 mM did not e�ect NF-kB activation. However, previous
studies have shown that salicylates including aspirin and a
derivative of 5ASA (mesalamine) block cytokine-induced

activation of NF-kB as well as other signalling cascades such
as ERK1/ERK2 and JNK/SAPK kinases at a concentration of
20 mM (Kopp & Ghosh, 1994; Frantz & O'Neill, 1995; Kaiser
et al., 1999). Moreover, high doses of mesalamine inhibit IL-1-

stimulated phosphorylation of the NF-kB subunit RelA but
does not a�ect IkBa degradation (Egan et al., 1999). These
data suggest that both sulfasalazine and 5ASA, suppress NF-

kB activation by di�erent mechanisms, although with di�erent
e�ciency.

Apoptosis, or programmed physiological cell death, is a

central regulatory check-point which limits the intensity of
immune responses. Failure of apoptosis may be a major
mechanism by which initially mild diseases progress to severe

chronic in¯ammatory disorders (Cohen & Duke, 1992;
Thompson, 1995; Anderson, 1996). Lack of apoptosis is seen
in patients with chronic in¯ammatory conditions, although the
cause of impaired apoptosis is unknown. It has been suggested

that in rheumatoid arthritis the in¯ammatory T-cell in®ltrate
persists because apoptosis is actively suppressed by the
synovial microenvironment (Salmon et al., 1997). Lamina

propria T-cells from patients with Crohn's disease and
ulcerative colitis exhibit increased proliferation, cytokine
production and decreased rate of apoptosis (Boirivant et al.,

1999). In addition, mucosal T-cells of patients with Crohn's
disease are resistant to apoptosis induced by deprivation of IL-
2 in vitro (Ina et al., 1995).

During apoptosis cells display characteristic morphological
changes: cells shrink, rapidly display an altered plasma
membrane, and undergo nuclear condensation prior to
endonuclease-dependent DNA-fragmentation. Early changes

in the plasma membrane seem to be particularly important
since they signal macrophages to phagocytose dying cells
before toxic breakdown products can injure the surrounding

tissue (Savill et al., 1989). For this reason, therapeutic
induction of apoptosis holds the attraction of rapidly and
safely killing activated e�ector cells of the immune system

without secondary tissue damage. In contrast, necrosis releases
all cellular contents into the surrounding tissue leading to
ongoing in¯ammation.

This data provides strong evidence that sulfasalazine
induces apoptosis in T-lymphocytes. No such e�ect was seen
with 5ASA or sulfapyridine. Therefore sulfasalazine and its
metabolic moiety 5ASA act di�erently, thus the bene®cial

e�ects of both reagents are not explained by the same
mechanisms. These ®ndings are of particular interest since
there is still a debate about the pharmacological active moiety

of sulfasalazine (Azad Khan et al., 1977; Klotz et al., 1980;
Sutherland et al., 1993; Taggart et al., 1986; Bird, 1995). Our
study suggests that sulfasalazine is not only a prodrug, but

moreover an active pharmacological agent by itself with
distinct and unique actions not shared by its metabolites
5ASA and sulfapyridine.

The concentration of sulfasalazine achieved in in¯amed
tissue is not known. However, it is reported that serum levels
of sulfasalazine after an average oral dose of 3 ± 6 g per day in
patients with IBD are 10 ± 15 mg ml71, equivalent to 0.025 ±

0.038 mM (Das et al., 1973). Stool concentrations are in the
order of 1.25 ± 2.0 mM and interstitial concentrations may be
as high as 0.5 ± 1.0 mM (Peppercorn & Goldman, 1973). These

concentrations are comparable to those used in our study.
In conclusion, our data clearly demonstrate that sulfasala-

zine inhibits NF-kB activation and induces apoptosis in T-

lymphocytes. This may explain why treatment with sulfasala-
zine leads to clearance of in¯ammatory cells and therefore can
break the cycle of unrelenting cellular activation and tissue

damage in chronic in¯ammation. Thus, both inhibition of NF-
kB activation as well as the clearance of activated T-
lymphocytes are the mechanisms of action of sulfasalazine.

We are indebted to Sabine Schirmer, Ester RuÈ ber and Janet KoÈ hler
for excellent technical assistance. We thank Sonja Aigner for
preparing the manuscript. This work was supported by grants from
the Bundesministerium fuÈ r Bildung und Forschung and the
Deutsche Krebshilfe Mildred Scheel Stiftung to S. Liptay and
R.M. Schmid.
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