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1 Impaired apoptosis of T-lymphocytes is involved in the development of chronic in¯ammatory
disorders. Previously we have shown that the anti-in¯ammatory drug sulfasalazine induces apoptosis
in a murine T-lymphocyte cell line. The aims of the present study were to expand these observations
to human systems and to analyse the molecular basis for sulfasalazine-induced apoptosis.

2 Sulfasalazine induces apoptosis both in Jurkat cells, a human T-leukaemia cell line (ED50 value
*1.0 mM), and in primary human peripheral blood T-lymphocytes (ED50 value *0.5 mM). In
contrast SW620 colon carcinoma cells or primary human synoviocytes are not a�ected at these
concentrations suggesting a cell type-speci®c sensitivity to sulfasalazine.

3 Sulfasalazine triggers the mitochondrial accumulation of Bax and induces a collapse of the
mitochondrial transmembrane potential (DCm).

4 Sulfasalazine causes cytochrome c release from mitochondria and subsequent activation of
caspase-3 and downstream substrates. However, the pan-caspase inhibitor Z-VAD.fmk fails to
inhibit sulfasalazine-induced apoptosis.

5 Sulfasalazine stimulates mitochondrio-nuclear translocation of the novel apoptogenic factor
apoptosis-inducing factor (AIF) and triggers large-scale DNA fragmentation, a characteristic feature
of AIF-mediated apoptosis.

6 Sulfasalazine-induced DCm loss, AIF redistribution, and cell death are fully prevented by
overexpression of Bcl-2.

7 In conclusion, our data suggest that sulfasalazine-induced apoptosis of T-lymphocytes is
mediated by mitochondrio-nuclear translocation of AIF and occurs in a caspase-independent
fashion. Sulfasalazine-induced apoptosis by AIF and subsequent clearance of T-lymphocytes might
thus provide the molecular basis for the bene®cial therapeutic e�ects of sulfasalazine in the
treatment of chronic in¯ammatory diseases.
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Introduction

Homeostasis of the immune response requires tight regula-
tion of proliferation and cell death. Useless or potentially
autoreactive cells are deleted by programmed cell death

(apoptosis) (Sca�di et al., 1999). In the developing immune
system autoreactive thymocytes undergo T-cell-receptor-
mediated apoptosis upon encountering `self' antigens in the

thymus (MacDonald & Lees, 1990). Apoptosis leads to safe
clearance of unwanted cells during the resolution of
in¯ammation by 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). Accumulating evidence
suggests that failure of apoptosis is a major mechanism

responsible for progression of initially mild or self-limited
diseases to more severe chronic in¯ammatory stages

(Thompson, 1995; Anderson, 1996; Ravirajan et al., 1999).
Chronic in¯ammatory diseases such as rheumatoid arthritis
and in¯ammatory bowel disease have been shown to be

associated with abnormally low levels of apoptosis of
pathogenic leukocytes (Ina et al., 1995; Boirivant et al.,
1999; Salmon et al., 1997; Mountz et al., 1994). Therefore,

therapeutic induction of apoptosis holds the attraction to be
e�ective in the treatment of these and other chronic
in¯ammatory diseases (Thompson, 1995; Anderson, 1996;

Ravirajan et al., 1999).
Cytotoxic drugs may induce apoptosis through di�erent

intracellular pathways such as death receptor systems and
mitochondria dependent signals. Upon CD95-ligand/receptor

interaction, caspase-8 is recruited to the receptor via the
adapter molecule FADD, leading to autoactivation of
caspase-8 and subsequent activation of downstream caspases

(Nagata, 1997; Walczak & Krammer, 2000). Induction of
CD95-ligand and CD95 expression after treatment with
cytotoxic drugs such as doxorubicin have been described in

British Journal of Pharmacology (2002) 137, 608 ± 620 ã 2002 Nature Publishing Group All rights reserved 0007 ± 1188/02 $25.00

www.nature.com/bjp

*Author for correspondence;
E-mail: roland.schmid@medizin.uni-ulm.de



a variety of tumour cell lines. Blockade of the CD95/CD95-
ligand interaction by antagonistic antibodies may inhibit
drug-induced apoptosis in some cases (Friesen et al., 1996;

Fulda et al., 1997). However, drug-triggered apoptosis may
also occur independently of the CD95-system (Eischen et al.,
1997; Newton & Strasser, 2000).
Mitochondrial membrane permeabilization is considered to

be one of the initial events of the apoptotic process, including
cell death induced by chemotherapeutic drugs. Opening of
the mitochondrial permeability transition pore, which is

under the control of members of the Bcl-2 family, may
culminate in the permeabilization of the outer mitochondrial
membrane and the release of potentially apoptogenic proteins

such as cytochrome c and AIF from the intermembrane space
(Kroemer, 1997; Green & Reed, 1998; Gross et al., 1999).
Cytosolic cytochrome c binds to Apaf-1 in a ternary complex

with caspase-9, leading to activation of caspase-9, which in
turn activates caspase-3 (Li et al., 1997). Caspase-3 substrates
include poly(ADP-ribose)polymerase (PARP) (Nicholson et
al., 1995; Tewari et al., 1995) and ICAD/DFF-45 (Enari et

al., 1998; Liu et al., 1997). Cleavage of ICAD (inhibitor of
the caspase-activated DNase) leads to activation of CAD and
cleavage of DNA into characteristic oligonucleosomal-length

fragments (Enari et al., 1998).
AIF (apoptosis-inducing factor) was more recently cloned

and identi®ed as a mitochondrial intermembrane space

protein with homology to bacterial NADH oxidoreductases.
In response to apoptotic stimuli AIF is released, migrates to
the nucleus and participates in the induction of chromatin

condensation, the exposure of phosphatidylserine in the outer
leaf of the plasma membrane, and the dissipation of the
mitochondrial transmembrane potential. These e�ects seem
to be caspase-independent, since none of them are prevented

by the broad spectrum caspase inhibitor Z-VAD.fmk and are
independent of the apoptosome complex (Susin et al., 1999,
2000; Ferri et al., 2000).

Sulfasalazine was synthesized in 1942 to combine an
antibiotic, sulfapyridine, and an anti-in¯ammatory agent, 5-
aminosalicylic acid (5-ASA) (Svartz, 1941). Sulfasalazine was

the ®rst drug with proven e�cacy for ulcerative colitis (Riis
et al., 1973). Controlled trials demonstrated a signi®cant
therapeutic bene®t also in the treatment of rheumatoid
arthritis (van der Heijde et al., 1989; Neumann et al.,

1983). Sulfasalazine and other salicylates as well as
corticosteroids are still mainstays in the therapy of in¯am-
matory bowel disease and rheumatoid arthritis. How

sulfasalazine achieves its therapeutic e�ect is still not
completely understood. Previously, we have shown that
sulfasalazine interferes with NF-kB/Rel activation, most

likely by interference with the ATP-binding site of the IkB-
inducing-kinases, IKKa and IKKb (Wahl et al., 1998; Weber
et al., 2000; Liptay et al., 1999). In addition, we observed that

prolonged incubation with sulfasalazine or higher doses of
sulfasalazine-induced apoptosis in a murine T-lymphocyte
cell line (Liptay et al., 1999).
In the present study we extended these observations to

human systems and analysed the molecular mechanisms for
sulfasalazine-induced apoptosis. We found that sulfasalazine
perturbs mitochondrial function, most likely by mitochon-

drial accumulation of Bax. Sulfasalazine treatment leads to
reduction of the mitochondrial transmembrane potential
(DCm), cytochrome c release, activation of caspase-3 and

cleavage of known caspase-3 substrates. However, caspase
activity seems not to be required for sulfasalazine-induced cell
death, since Z-VAD.fmk pre-treated cells die equally

e�ective. Rather the e�ect of sulfasalazine appears to be
mediated by AIF. Sulfasalazine induces AIF release from the
mitochondrial intermembrane space and nuclear transloca-
tion of AIF, which is blocked by Bcl-2 overexpression, but

not a�ected by caspase inhibition. These data indicate that
sulfasalazine-induced apoptosis is mediated by mitochondrio-
nuclear translocation of AIF. Sulfasalazine-induced apoptosis

by AIF and subsequent clearance of T-lymphocytes might
thus provide the molecular basis for the bene®cial therapeutic
e�ects of sulfasalazine in the treatment of chronic in¯amma-

tory diseases.

Methods

Cell culture and treatments

Jurkat cells, a human acute T-cell leukaemia cell line, and
Bcl-2-Jurkats, Jurkat cells stably transfected with Bcl-2 (a
kind gift from Georg HaÈ cker, Department of Microbiology,

Technical University of Munich, Germany), OKT-3-sensitive
Jurkat cells (a kind gift from Gudrun Strauû, Dept. of
Paediatrics, University of Ulm, Germany) were grown under

standard conditions in RPMI 1640 medium supplemented
with 100 U ml71 penicillin, 100 mg ml71 streptomycin, 2 mM

L-Glutamin (all GIBCO Life technologies, Eggenstein,

Germany) and 10% FCS (Biochrom, Berlin, Germany).
SW620 cells, a human colon carcinoma cell line, and primary
synoviocytes (a kind gift from Rolf Brenner, Department of
Orthopaedics, University of Ulm, Germany) were grown in

DMEM (GIBCO Life technologies) supplemented as de-
scribed above. Sulfasalazine (Sigma, Deisenhofen, Germany)
was freshly dissolved in culture media and added to the

cultures at the indicated concentrations and for the indicated
time periods. The following apoptosis inducers or inhibitors
were added: TNFa (150 U ml71, Sigma), PHA M (5 mg ml71,

Difco, Detroit, MI, USA), staurosporin (1 mM, Sigma), OKT-
3 monoclonal antibody (a kind gift from Gudrun Strauû,
Department of Paediatrics, University of Ulm, Germany),
neutralizing mouse anti-CD95L monoclonal antibody NOK-1

(100 mg ml71, Becton Dickinson, Heidelberg, Germany),
activating mouse anti-CD95 monoclonal antibody
(100 ng ml71, Upstate Tech.), bongkrekic acid (50 mM, kindly

provided by J.A. Duine, University of Delft, Delft, The
Netherlands), Z-VAD.fmk (100 mM, Bachem, Heidelberg,
Germany).

Isolation and culture of human primary peripheral blood
T-lymphocytes

Primary peripheral mononuclear cells of four healthy donors
were isolated using Ficoll gradient centrifugation (Pharmacia,
Freiburg, Germany). T-lymphocytes were isolated by roset-

ting with neuraminidase (Boehringer, Mannheim, Germany)
treated sheep erythrocytes. The percentage of T-cells was
greater than 90% as determined by ¯ow cytometry after

staining for CD-3 (FACSCalibur, Becton Dickinson). Cells
were seeded at a density of 106 cells per ml in RPMI 1640
media supplemented with 10% FCS.
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Determination of apoptosis

For quantitative determination of apoptosis, cells were

treated as indicated and analysed by ¯ow cytometry using
Cell Quest software (Becton Dickinson). Apoptotic cells were
identi®ed on the basis of their characteristic change in the
FSC/SSC pro®le as described (Friesen et al., 1996; Carbonari

et al., 1994).
For analysis of chromatin condensation Jurkat T-cells were

treated as indicated. Five 6 104 cells were seeded on poly-

lysine coated cover slips. Cells were ®xed with 4%
paraformaldehyde for 10 min at 378C, washed in 100 mM

NaCl, 10 mM EDTA, 10 mM Tris pH 7.0 and stained for 1 h

at 378C in washing solution containing 0.1 mg ml71 4,6-
diamidino-2-phenylindole (DAPI). Chromatin condensation
was assayed under a ¯uorescence microscope mounted on an

inverted microscope with an 10663 oil objective (Carl Zeiss,
Inc., Thornwood, NY, U.S.A.).
Hypodiploid DNA was determined as described (Liptay et

al., 1999). For analysis of oligosomal 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. 200 mg ml71

Proteinase K was added and cells were incubated at 508C
over night. 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 quantitative analysis of phosphatidylserine exposure

Jurkat cells were treated as indicated. Cells were washed once
in PBS and resuspended in annexin V binding bu�er (10 mM

HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Cells were
adjusted to 106 cells per 100 ml binding bu�er and Fluorescein

isothiocyanate (FITC)-conjugated annexin V (Becton Dick-
enson) was added to a ®nal concentration of 25 mg ml71.
After 15 min incubation cells were analysed by ¯ow

cytometry.

Preparation of whole cell, mitochondrial, cytoplasmic and
nuclear protein extracts

For whole cell extracts cells were lysed for 10 min at 48C in
150 mM NaCl, 50 mM Tris pH 7.5, 0.05% SDS, 1% NP40

and 0.4 mM PMSF. Isolation of mitochondria by ultracen-
trifugation and extraction of mitochondrial proteins was
performed as described previously (Fulda et al., 1999).

Cytoplasmic (Gross et al., 1998) and nuclear protein extracts
(Schmid et al., 1991) were prepared as described. Protein
concentration was determined by the Bradford method.

Western blot analysis

Western blot analyses were done as previously described
(Wahl et al., 1998; Fulda et al., 1999). Equal protein load was
controlled by Ponceau red staining of membranes. The
following antibodies were used: anti-CD95L (1 : 250, Becton

Dickenson), anti-TRAIL (1 : 1000, Becton Dickenson), anti-b-
actin (1 : 5000, Sigma), anti-cytochrome c (1 : 3000, Becton
Dickenson), anti-Bcl-2 (1 : 500, Santa Cruz Biotechnology,

Santa Cruz, CA, U.S.A.), anti-Caspase-3 (1 : 1000, Becton
Dickenson), anti-PARP (1 : 1000, Becton Dickenson), anti-
ICAD/DFF-45 (1 : 1000, Upstate Biotechnology, Lake Placid,

NY, U.S.A.), anti-AIF (1 : 2000, was previously described in
Susin et al., 1999 and anti-Bax (1 : 1000, Calbiochem, Bad
Soden, Germany), goat anti-mouse IgG (1 : 5000, Amersham),

and goat anti-rabbit IgG (1 : 5000, Amersham). ECL
(Amersham) or Lumilight (Boehringer Mannheim) was used
for detection.

Determination of mitochondrial membrane potential

For determination of mitochondrial potential 56105 per ml

cells were incubated with 3,3'-dihexyloxacarbocyanide iodine
(DiOC6(3)), 40 nM, Molecular Probes, Inc., Eugene, OR,
U.S.A.) for 15 min at 378C and analysed by ¯ow cytometry

(Becton Dickenson).

Preparation of agarose plugs and pulse field gel
electrophoresis

For detection of large-scale DNA fragmentation 2.56105

cells were resuspended in 40 ml PBS and mixed with 40 ml
1.2% InCert Agarose, FMC. The plugs were digested twice
for 24 h in 0.5 M EDTA pH 9.5, 1% SLS with 2 mg/ml
proteinase K (Boehringer Mannheim) and washed in 10T1E.

Pulse ®eld gel electrophoresis was carried out in a Biometra
Rotaphor System for 23 h at 138C in 0.256 TBE with 30 ±
5 s log, 120 ± 1108 lin, 180 ± 120 V log, Rotor Speed 7.1, 1%

Seakem GTG Agarose, FMC. Molecular weight standards
were from Gibco (25 kb-ladder) and New England Biolabs
(Yeast molecular weight standard).

Immunofluorescence staining

Five times 104 cells were seeded on poly-lysine coated cover

slips and treated as indicated. Cells were ®xed in 4%
paraformaldehyde for 60 min, permeabilized with 0.1%
SDS for 10 min, and blocked with 3% BSA, 0.1% Tween

40 for 20 min. Rabbit anti-AIF polyclonal antibody (as
previously described in Susin et al., 1999) was added (1 : 250)
for 30 min and revealed by a Cy3-conjugated goat anti-rabbit

IgG antibody (1 : 1000, Dianova-Immunotech., Hamburg,
Germany). Slides were analysed using a confocal laser
scanning microscope mounted on an inverted microscope
with a 10663 oil objective (Carl Zeiss, Inc., Thornwood,

NY, U.S.A.). Control experiments without the ®rst or
without the secondary antibody con®rmed that all detectable
¯uorescence was speci®c (not shown).

Results

Sulfasalazine induces apoptosis in human Jurkat
T-lymphocytes

To test whether sulfasalazine induces apoptosis in human T-
lymphocytes, Jurkat T-cells were incubated 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). Apoptotic lymphocytes were
identi®ed on the basis of their characteristic forward/side-

ward scatter changes (Carbonari et al., 1994). A concentra-
tion dependent induction of apoptosis was found with 45%
dead cells at 1.0 mM and over 80% dead cells at 2.0 mM
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sulfasalazine (Figure 1A). Jurkat cells were incubated with
2.0 mM sulfasalazine for varying time periods (0, 1, 2, 4, 8
and 24 h) followed by FACS analysis. As shown in Figure 1B

induction of apoptosis by sulfasalazine is fast leading to more
than 60% apoptotic cells after 8 h. Jurkat T-cells treated with
sulfasalazine displayed typical morphological and biochem-
ical features of apoptotic cells. Treatment with 2.0 mM

sulfasalazine for 24 h induced chromatin condensation and
formation of nuclear bodies in over 80% of the cells as
determined by staining with the intercalating dye DAPI (4,6-

diamidino-2-phenylindole) (Figure 1C). Sulfasalazine treat-
ment (2.0 mM) was associated with a loss of DNA with a
sub-G1 peak in 61% of Jurkat cells after 24 h (Figure 1D).

Oligonucleosomal DNA fragmentation was detected in
sulfasalazine-treated cells (1.0 and 2.0 mM), but not in
untreated or TNFa (150 U ml71) treated cells (Figure 1E).

Phosphatidylserine exposure was induced by sulfasalazine
(2.0 mM) with 36% annexin V positive cells after 6 h, and
85% positive cells after 24 h treatment (Figure 1F). Taken
together, these results clearly demonstrate that sulfasalazine

induces apoptosis in Jurkat T-lymphocytes. Interestingly,
incubation of a human colon carcinoma epithelial cell line,
SW620 cells (Figure 1G), or primary human synoviocytes

(Figure 1H) with 2.0 mM sulfasalazine for 24 h did not result
in any signi®cant induction of cell death (data not shown),
suggesting a cell type-speci®c sensitivity to sulfasalazine.

Sulfasalazine induces apoptosis in human primary
peripheral blood T-lymphocytes

Resting peripheral blood T-lymphocytes are relatively
resistant to apoptosis induced by physiological regulators
such as CD95 triggering. However, upon mitogenic activation

and extended culture in vitro, human peripheral blood T-
lymphocytes become sensitive to CD95-, TCR- or PHA-
mediated apoptosis (Klas et al., 1993; Wesselborg et al.,

1993). Since sulfasalazine-induced apoptosis of Jurkat T-
lymphocytes did not require additional T-cell activation we
were interested to see whether sulfasalazine would be able to

induce apoptosis in primary T-lymphocytes. Peripheral blood
T-lymphocytes were isolated and a purity of over 90% was
determined by CD-3 staining and FACS analysis. After 24 h
puri®ed T-cells were incubated with increasing doses of

sulfasalazine for an additional 24 h. Twenty per cent of
peripheral blood T-lymphocytes underwent spontaneous
apoptosis. Addition of sulfasalazine resulted in over 50%

apoptotic cells at 0.5 mM, and over 95% apoptotic cells at
1 mM sulfasalazine, indicating that primary T-lymphocytes
are even more sensitive to sulfasalazine than Jurkat T-cells

(compare Figure 2A,B to Figure 1A,B). Additional activation
of primary T-lymphocytes with PHA (5 mg ml71) or TNFa
(150 U ml71) did not result in an increased susceptibility to

apoptosis induction (data not shown).

Sulfasalazine induces apoptosis independently of the
CD95-system

Drug-induced apoptosis can be mediated by the CD95-
ligand/receptor-system in many cell types (Friesen et al.,

1996; Fulda et al., 1997). Cytotoxic drugs such as
doxorubicin, cisplatinum, and VP-16 were found to induce
CD95L expression, thereby leading to apoptosis via CD95

triggering (Friesen et al., 1996; Fulda et al., 1997). More
recently, it was demonstrated that doxorubicin also activates
expression of TRAIL (Herr et al., 1999), another member of

the CD95/TNFa superfamily, which mediates apoptosis in
various tumour cell lines (Gri�th & Lynch, 1998). Therefore,
we were interested whether sulfasalazine-induced apoptosis
involves the CD95- or TRAIL-ligand/receptor-systems.

Jurkat T-lymphocytes were treated with 2.0 mM sulfasalazine
for varying times and whole cell protein extracts were
subjected to Western blot analysis. Sulfasalazine treatment

did not induce TRAIL or CD95L expression (Figure 3A).
Receptor/ligand interaction and activation of the CD95-
system can be blocked by antagonistic antibodies as

previously shown for CD95-mediated drug-induced apoptosis
(Friesen et al., 1996). Therefore, Jurkat T-cells were
preincubated with a neutralizing antibody (NOK-1) for 1 h

followed by treatment with 2.0 mM sulfasalazine for an
additional 24 h. As shown in Figure 3B this neutralizing
antibody did not inhibit sulfasalazine-induced apoptosis. As a
control for its e�cacy, NOK-1 greatly reduced activation-

induced cell death of Jurkat cells triggered by CD-3
crosslinking (Figure 3B). These data suggest that sulfasala-
zine-induced apoptosis is independent of the CD95-system.

Sulfasalazine perturbs mitochondrial function

Since mitochondria have been implicated in various apoptotic
pathways we next asked whether sulfasalazine-induced
apoptosis is accompanied by alterations of mitochondrial

functions. After treatment with 2.0 mM sulfasalazine for 0, 1,
2, 6, 12 or 24 h Jurkat T-cells were incubated with the
potential-sensitive ¯uorochrome DiOC6(3) and analysed by
FACS. A reduction in the mitochondrial transmembrane

potential (DCm) identi®ed by reduced DiOC6(3) staining, was
noted in a time dependent manner in sulfasalazine-treated
cells (Figure 4A). To test if these mitochondrial alterations

involve opening of the mitochondrial permeability transition
(PT) pore, we next tested the e�ect of bongkrekic acid (BA),
a speci®c inhibitor of the PT pore (Susin et al., 1997).

Addition of BA inhibited the sulfasalazine triggered DCm

loss, indicating that mitochondrial alterations by sulfasalazine
involved opening of PT pores (Figure 4B). Upon permeability
transition, mitochondria have been shown to release apopto-

genic factors such as cytochrome c from the mitochondrial
intermembrane space into the cytoplasm. Therefore, Jurkat
cells were treated for varying times with 2.0 mM sulfasalazine

and mitochondrial or cytoplasmic protein extracts were used
in Western blot experiments to analyse the subcellular
distribution of cytochrome c. Following incubation with

sulfasalazine a decrease in mitochondrial cytochrome c levels
could be detected after 6 h, while an increase of cytoplasmic
cytochrome c was already detectable after 2 h treatment

(Figure 4C).

Overexpression of Bcl-2 inhibits sulfasalazine-induced
apoptosis

Overexpression of Bcl-2 has been found to confer resistance
to chemotherapy-induced apoptosis (Dole et al., 1994). Bcl-2

inhibits opening of mitochondrial permeability transition
pores (Susin et al., 1996) and/or stabilizes the barrier function
of the outer mitochondrial membrane (Kluck et al., 1997;
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Figure 1 Sulfasalazine induces apoptosis in Jurkat T-lymphocytes. (A) Jurkat cells were incubated for 24 h with increasing
concentrations of sulfasalazine, (B) or with 2.0 mM sulfasalazine for the indicated time periods. The percentage of apoptotic cells
was determined by FACS analysis on the basis of their characteristic forward/sideward light scatter changes. Data are obtained
from three independent experiments done in duplicate and are presented as mean and standard error of the mean (s.e.mean). (C)
Sulfasalazine induces chromatin condensation. Jurkat cells were treated for 24 h with medium (control) or 2.0 mM sulfasalazine
(SS), and examined under a ¯uorescence microscope after DAPI staining. Representative ®elds of one out of three independent
experiments are shown. (D) Sulfasalazine induces DNA loss. Jurkat cells were treated for 24 h with (SS) or without (control)
2.0 mM sulfasalazine, stained with propidium iodide (PI), and analysed by ¯ow cytometry. Numbers above the histogram markers
indicate the percentage of apoptotic nuclei (broad hypodiploid peak) in a representative experiment out of four. (E) Sulfasalazine
induces oligonucleosomal DNA fragmentation. Jurkat cells were treated for 24 h with medium (lane 2), 150 U ml71 TNFa (lane 3),
1 mM (lane 4) or 2 mM sulfasalazine (lane 5). Genomic DNA was extracted and analysed on an ethidium bromide stained agarose
gel. As molecular-weight marker a 100 bp DNA marker was used (lane 1). (F) Sulfasalazine induces phosphatidylserine exposure.
Jurkat cells were treated with medium (control), or 2.0 mM sulfasalazine for 6 or 24 h as indicated. Cells were stained with FITC-
conjugated annexin V and analysed by FACS. Numbers above the histogram markers indicate the percentage of apoptotic cells in a
representative experiment out of four. Viability of (G) SW620 cells, a human colon carcinoma cell line, and (H) human primary
synoviozytes is not a�ected by sulfasalazine. Cells were incubated with 2 mM sulfasalazine for the indicated time periods. Cell death
was determined by trypan blue exclusion.
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Yang et al., 1997). Therefore, we were interested in
determining whether Bcl-2 is able to inhibit sulfasalazine-
induced cell death. Wild-type or stably Bcl-2 transfected

Jurkat T-cells were incubated with increasing doses of
sulfasalazine for 24 h. Expression of Bcl-2 was con®rmed
by Western blot analysis (Figure 5A). Bcl-2 overexpression
signi®cantly reduced induction of apoptosis by sulfasalazine

(Figure 5B). Inhibition of apoptosis seems to occur by
stabilizing mitochondrial function, since overexpression of
Bcl-2 strongly inhibited disruption of the mitochondrial

transmembrane potential (DCm) as determined by staining
of sulfasalazine-treated Jurkat T-cells with DiOC6(3) and
FACS analysis (Figure 5C).

Sulfasalazine induces caspase activation, but caspase
activity is not required for sulfasalazine induced apoptosis

Cytochrome c released from the mitochondria leads to
binding of Apaf-1 in the cytoplasm and sequential activation
of caspase-9 and caspase-3 (Li et al., 1997). Activated

caspase-3 in turn cleaves downstream substrates such as
poly(ADP-ribose)polymerase (PARP) (Nicholson et al., 1995;
Tewari et al., 1995) and the more recently identi®ed DNase

inhibitor ICAD/DFF-45 (Enari et al., 1998; Liu et al., 1997).

Since sulfasalazine treatment leads to DCm breakdown and
cytochrome c release we wondered whether sulfasalazine
would induce the activation of caspase-3 and the cleavage of

caspase-3 substrates. Jurkat T-cells were incubated for 3 and
6 h with 2.0 mM sulfasalazine and whole cell extracts were
analysed by Western blotting. As a control, protein extracts
of staurosporin treated Jurkat cells were used. After 3 h

incubation with sulfasalazine caspase-3 (32 kDa) cleavage
into an intermediate (20 kDa) and its active product
(17 kDa) was observed (Figure 6A). In addition, sulfasalazine

treatment resulted in proteolytic cleavage of two caspase-3
substrates. Full-length PARP (116 kDa) was cleaved into an
85 kDa fragment (Figure 6B), while ICAD/DFF-45 yielded a

canonical 11 kDa product (Figure 6C).

A

B

Figure 2 Sulfasalazine induces apoptosis in human primary periph-
eral blood T-lymphocytes. Peripheral blood T-lymphocytes were
isolated (purity over 90%) and (A) incubated for 24 h with the
indicated concentrations of sulfasalazine, or (B) with 2.0 mM

sulfasalazine for the indicated time periods. The percentage of
apoptotic cells was determined as described in Figure 1A. Data were
obtained from three independent experiments done in duplicate and
are presented as mean and standard error of the mean (s.e.mean).

A

B

Figure 3 Sulfasalazine induces apoptosis independent of the CD95-
system. (A) Sulfasalazine does not increase TRAIL or CD95L
expression. Jurkat T-lymphocytes were treated with 2.0 mM sulfasa-
lazine for varying periods as indicated. Expression of TRAIL and
CD95L was determined by Western blot analysis of whole cell
protein extracts using speci®c monoclonal antibodies. Detection of b-
actin expression was used to control equal gel loading. (B) Lack of
inhibition of sulfasalazine-induced apoptosis by a CD95L neutraliz-
ing antibody (NOK-1). Jurkat cells were treated for 24 h with
medium (co), 2.0 mM sulfasalazine (SS) or 100 mg ml71 OKT-3, in
the presence or absence of NOK-1 (100 mg ml71), which was added
1 h before SS. The percentage of apoptotic cells was determined as
described in Figure 1A. Data are obtained from two independent
experiments done in duplicates and are presented as mean and
standard error of the mean (s.e.mean).
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To test whether caspase activity is required for sulfasala-

zine-induced apoptosis Jurkat T-cells were preincubated for
1 h with or without the wide-range caspase inhibitor Z-
VAD.fmk, followed by 24 h treatment with sulfasalazine
(2.0 mM), staurosporin (1 mM), or activating anti-CD95

antibody (100 ng ml71) as control. As expected, pre-treatment
with Z-VAD.fmk inhibited CD95- and staurosporin-induced
apoptosis, while sulfasalazine-mediated cell death was not

reduced by preincubation with Z-VAD.fmk (Figure 6D). In
addition, Z-VAD.fmk did not prevent sulfasalazine-induced
chromatin condensation, loss of DNA, or phosphatidylserine

exposure (Figure 6E ±G compare to Figure 1C, D and F).
These results indicate that sulfasalazine-triggered cyto-

chrome c release leads to activation of caspase-3 and

subsequent cleavage of known caspase-3 substrates. However,
inhibition of caspases by Z-VAD.fmk did not prevent
sulfasalazine-induced apoptosis, suggesting that other cas-
pase-independent mechanisms are involved in sulfasalazine-

mediated apoptosis.

Sulfasalazine leads to mitochondrio-nuclear translocation
of AIF

AIF (apoptosis-inducing factor) was recently cloned as a

mitochondrial intersperse membrane protein. In response to
apoptotic stimuli AIF is liberated, migrates to the nucleus and
participates in the induction of chromatin condensation,

dissipation of the mitochondrial membrane potential, and
phosphatidylserine exposure in a Z-VAD.fmk insensitive
manner (Susin et al., 1999). Since sulfasalazine-induced
apoptosis remarkably resembles these characteristics we next

tested whether sulfasalazine leads to mitochondrial release and
nuclear translocation of AIF. Jurkat T-cells were treated with
medium as control or 2.0 mM sulfasalazine for varying times

as indicated. To investigate the subcellular distribution of AIF
mitochondrial, cytoplasmic and nuclear protein extracts were
prepared and used for Western blot analysis. A speci®c AIF

antibody recognizes two di�erent transcription/translation

products of *57 and *67 kDa (Susin et al., 1999). A
decrease of mitochondrial AIF can be detected after 6 h, while
an increase of cytoplasmic and nuclear AIF levels was
observed after 3 h incubation with sulfasalazine (Figure 7A).

A characteristic feature of AIF is its ability to induce large-
scale DNA fragmentation, probably by activating a sessile
nuclear DNase (Susin et al., 1999). Therefore, we analysed

high-molecular weight DNA from control or sulfasalazine
treated Jurkat T-cells by pulse-®eld gel electrophoresis.
Sulfasalazine treated cells but not controls exhibited a strong

signal at *50 kbp, indicative of large-scale DNA fragmenta-
tion (Figure 7B).

Sulfasalazine-induced mitochondrio-nuclear translocation of

AIF was con®rmed by immuno¯uorescence microscopy using
an AIF speci®c polyclonal antibody and a Cy3-conjugated
secondary antibody (red ¯uorescence). In untreated, wild-type
Jurkat T-cells immuno¯uorescence detection of AIF revealed a

punctuate cytoplasmic staining typical for mitochondrial
localisation (Figure 7C). The same staining pattern was found
in untreated Jurkat cells stably transfected with Bcl-2, or in

wild-type Jurkat cells pre-treated with the caspase inhibitor Z-
VAD.fmk. Treatment of wild-type Jurkat cells with 2.0 mM

sulfasalazine for 24 h resulted in a di�use distribution of AIF

in the cytoplasm and within the nucleus. This AIF
translocation was not prevented by pre-treatment with Z-
VAD.fmk, yet was fully suppressed by Bcl-2 overexpression.

Sulfasalazine induces mitochondrial accumulation of Bax

Bax and Bax-like proteins are pro-apoptotic homologs of the

Bcl-2 family known to form ion channels on isolated
mitochondria (Schendel et al., 1998). Bax is both a membrane
and cytoplasmic protein and there is increasing evidence that

the cytoplasmic form undergoes a conformational change and
translocates to mitochondrial membranes in response to
apoptotic stimuli (Gross et al., 1998; Hsu et al., 1997). To

A B C

Figure 4 Sulfasalazine perturbs mitochondrial function. (A) Sulfasalazine induces a reduction of mitochondrial transmembrane
potential (DCm). Jurkat T-lymphocytes were incubated with 2.0 mM sulfasalazine for the indicated periods. DCm was determined by
staining with the potential-sensitive ¯uorochrome DiOC6(3) and FACS analysis. Data are given as mean and standard deviation of
triplicates. Similar results were obtained in three independent experiments. (B) Loss of DCm is inhibited by bongkrekic acid (BA).
Jurkat cells were treated for 12 h with medium as control (grey bars) or 2.0 mM sulfasalazine (SS) (white bars), in the presence
(hatched bars) or absence (plain bars) of 50 mM BA. DCm was determined by staining with the potential-sensitive ¯uorochrome
DiOC6(3) and FACS analysis. Data are given as mean and standard deviation of triplicates. Similar results were obtained in two
independent experiments. (C) Sulfasalazine induces cytochrome c release from the mitochondria. Jurkat cells were treated with
2.0 mM sulfasalazine for the indicated times and mitochondrial (mito) and cytoplasmic (cyto) protein extracts were prepared. The
subcellular distribution of cytochrome c was determined by Western blot analysis using a speci®c monoclonal antibody against
cytochrome c.
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investigate whether sulfasalazine induces mitochondrial

translocation of Bax, Jurkat T-cells were treated for varying
time periods with 2.0 mM sulfasalazine and mitochondrial
protein extracts (the same as used in Figure 7A) were
analysed by Western blotting. As shown in Figure 8

sulfasalazine treatment for 2 h induced an increase of
mitochondrial Bax. These results suggest Bax translocation
to be an initial event in sulfasalazine induced apoptosis.

Discussion

Here we show, that sulfasalazine, a therapeutic agent widely
involved in the treatment of in¯ammatory bowel disease and

rheumatoid arthritis, induces apoptosis in a human T-
lymphocyte cell line and in human primary peripheral blood
T-lymphocytes in a concentration- and time dependent

manner. Sulfasalazine-induced cell death shows typical
morphological and biochemical signs of apoptosis such as
cell shrinkage, chromatin condensation, formation of nuclear
bodies, loss of DNA, oligonucleosomal DNA fragmentation

and translocation of phosphatidylserine to the outer lea¯et of
the plasma membrane. This process does not involve
activation of the CD95-ligand/receptor system as proposed

for a variety of cytotoxic drugs (Friesen et al., 1996; Fulda et
al., 1997). Sulfasalazine induces a bongkrekic acid-sensitive
collapse of the mitochondrial transmembrane potential

(DCm), which is prevented by bongkrekic acid, an inhibitor
of the permeability transition pore, as well as by Bcl-2.
Sulfasalazine releases the apoptogenic factors cytochrome c

and AIF from mitochondria and stimulates the activation of
caspase-3 as well as the caspase-mediated cleavage of PARP
and ICAD. It is not clear whether cytochrome c, AIF, both,
or yet another pro-apoptotic mitochondrial factor such as the

recently identi®ed Smac/DIABLO (Du et al., 2000; Verhagen
et al., 2000) leads to caspase-3 activation by sulfasalazine.
Cytochrome c is a good candidate, since it is released from

the mitochondria as early as 2 h after sulfasalazine treatment.
It is well established that cytochrome c after release from the
mitochondria binds to Apaf-1 in a ternary complex leading to

activation of caspase-9, which in turn activates caspase-3 (Li
et al., 1997). AIF might also be involved since it was shown
that AIF in combination with a cytosolic factor releases

caspase-9 from isolated mitochondria and cleaves caspase-9
as well as the caspase substrate Z-VAD.afc through an
indirect, mitochondrion-dependent mechanism (Susin et al.,
1999). In addition, AIF induces DCm dissipation and

subsequent cytochrome c release in a positive autocrine loop
(Susin et al., 1999), leading to an increase of caspase-3
activation and ampli®cation of caspase-3-dependent apopto-

sis.
Nonetheless, caspase activity seems not to be required for

sulfasalazine-induced cell death, since cells treated with the

wide ranging caspase inhibitor Z-VAD.fmk display typical
signs of apoptosis such as cell shrinkage, chromatin
condensation, loss of DNA and phosphatidylserine exposure.
These features remarkably resemble those described for AIF

mediated apoptosis (Susin et al., 1999, 2000; Daugas et al.,
2000). Indeed, sulfasalazine causes a mitochondrio-nuclear
translocation of AIF, which is caspase-independent, but can

be blocked by overexpression of Bcl-2. In addition,
sulfasalazine-treated cells show large-scale DNA fragmenta-
tion, which is another characteristic of AIF-mediated

apoptosis (Susin et al., 1999; Daugas et al., 2000). These
data strongly indicate that sulfasalazine-induced apoptosis is,
at least in part, mediated by AIF, a caspase-independent,

mitochondrial e�ector of apoptotic cell death.
The molecular mechanisms which lead to mitochondrial

membrane permeabilization and release of apoptogenic
factors are a matter of debate. Physical disruption of the

outer mitochondrial membrane due to swelling of the matrix
(Vander-Heiden et al., 1997; Petit et al., 1998), as well as the
existence of non-speci®c, protein permeable pores in the outer

membrane, have been proposed (Kluck et al., 1997; Yang et
al., 1997; Shimizu et al., 1999). Since sulfasalazine does not
induce DCm loss of isolated mitochondria (Fulda & Liptay,

A

B

C

Figure 5 Overexpression of Bcl-2 inhibits sulfasalazine induced
apoptosis. (A) Bcl-2 expression of wild-type (lane 1) and stably
Bcl-2 transfected Jurkat cells (lane 2) was determined by Western blot
analysis using a Bcl-2 speci®c polyclonal antibody. (B) Wild-type
(black bars) and Bcl-2 transfected (white bars) Jurkat cells were
incubated for 24 h with increasing doses of sulfasalazine as indicated.
The percentage of apoptotic cells was determined as described in
Figure 1A. Data are obtained from three independent experiments
done in duplicate and are presented as mean and standard error of
the mean (s.e.mean). (C) Bcl-2 inhibits sulfasalazine-induced loss of
DCm. Jurkat cells transfected with Bcl-2 (white bars) or vector only
(black bars) were treated with 2.0 mM sulfasalazine for the indicated
periods. DCm was determined by staining with the potential-sensitive
¯uorochrome DiOC6(3) and FACS analysis. Data are given as mean
and standard deviation of triplicates. Similar results were obtained in
three independent experiments.
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Figure 6 Sulfasalazine induces caspase activation, but caspase activity is not required for sulfasalazine-induced apoptosis. (A, B,
C) Sulfasalazine induces cleavage of caspase-3, PARP and ICAD/DFF-45. Jurkat cells were incubated with medium or 2.0 mM

sulfasalazine (SS) for 3 and 6 h. As control staurosporin (Stauro, 1 mM) treated cells were processed in parallel. Whole cell protein
extracts were subjected to Western blot analysis for caspase-3, PARP and ICAD/DFF-45 processing using speci®c antibodies. (A)
Cleavage of caspase-3 (32 kDa) resulted in a 20 kDa intermediate and a 17 kDa active subunit as indicated. Processing of (B) PARP
(116 kDa) and (C) ICAD/DFF-45 (45 kDa) yielded 85 and 11 kDa products, respectively. (D) Inhibition of caspase activity does
not inhibit sulfasalazine-induced apoptosis. Jurkat cells were pre-treated with (white bars) or without (black bars) Z-VAD.fmk
(100 mM) for 1 h, followed by 24 h incubation with medium as control (co), 2.0 mM sulfasalazine (SS), 1 mM staurosporin (Stauro),
and 100 ng ml71 activating anti-CD95 antibody (CD95). The percentage of apoptotic cells was determined as described in Figure
1A. Data are obtained from three independent experiments done in duplicate and are presented as mean and standard error of the
mean (s.e.mean). (E) Inhibition of caspase activity does not inhibit sulfasalazine-induced chromatin condensation. Jurkat cells were
pre-treated for 1 h with Z-VAD.fmk (100 mM), followed by 24 h incubation with medium (ZVAD) or 2.0 mM sulfasalazine
(ZVAD+SS). Cells were stained with DAPI and examined under a ¯uorescence microscope. Representative ®elds of one out of
three independent experiments are shown. (F) Inhibition of caspase activity does not inhibit sulfasalazine-induced loss of DNA.
Jurkat cells were treated as described under (E). Cells were stained with propidium iodide (PI) and analysed by ¯ow cytometry.
Numbers above the histogram markers indicate the percentage of apoptotic nuclei in a representative experiment out of four. (G)
Inhibition of caspase activity does not inhibit sulfasalazine-induced phosphatidylserine exposure. Jurkat cells were treated as
described under E. Cells were stained with FITC-conjugated annexin V and analysed by FACS. Numbers above the histogram
markers indicate the percentage of apoptotic cells in a representative experiment out of three (compare to Figure 1C,D and F.)
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unpublished data) we analysed the involvement of known
pro-apoptotic members of the Bcl-2 family. Sulfasalazine
treatment for 2 h causes an early accumulation of Bax to the

mitochondria. It is known that in response to apoptotic
stimuli, cytoplasmic Bax undergoes a conformational change
and translocates to mitochondrial membranes (Gross et al.,
1998; Hsu et al., 1997; Wolter et al., 1997; Goping et al.,

1998). There it may `puncture' the outer membrane releasing
cytochrome c, AIF and other apoptogenic factors (Jurgen-
smeier et al., 1998) or promote the opening of the

permeability transition (PT) pore through association with
the adenine nucleotide translocator (ANT), a crucial
component of the PT pore (Marzo et al., 1998). Taken
together, our data suggest that sulfasalazine-induced apopto-

A B

C

Figure 7 Sulfasalazine leads to mitochondrio-nuclear translocation of AIF. (A) Jurkat T-lymphocytes were incubated with 2.0 mM

sulfasalazine for the indicated periods. Mitochondrial (mito), cytoplasmic (cyto) and nuclear extracts (nucl) were prepared. The
subcellular distribution of AIF was determined by Western blot analysis using a speci®c polyclonal antibody against AIF which
detects two di�erent transcription/translation products of *57 and *67 kDa. (B) Sulfasalazine induces large-scale DNA
fragmentation. High molecular-weight DNA of Jurkat cells treated for 24 h with 2.0 mM sulfasalazine (SS) or medium as control
was analysed by pulse-®eld gel electrophoresis. Sizes of the molecular-weight markers are indicated in kbp. (C) Sulfasalazine-induced
translocation of AIF is caspase-independent and inhibited by Bcl-2. Wild-type (wt) or Bcl-2 transfected (Bcl-2) Jurkat cells were
incubated for 24 h with sulfasalazine (SS) or medium alone as control (co). Wild-type cells were incubated with SS in the presence
(+ZVAD) or absence of Z-VAD.fmk (100 mM, added 1 h before SS). The subcellular distribution of AIF was determined by
immuno¯uorescence microscopy using an AIF speci®c polyclonal antibody and a Cy-3 conjugated secondary antibody. The
presented images re¯ect the dominant (480%) phenotype of subcellular AIF distribution obtained under each condition.
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sis might be initiated by translocation of Bax to the

mitochondria.
Lack of apoptosis is seen in patients with rheumatoid

arthritis and in¯ammatory bowel disease, 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). High

expression of the anti-apoptotic protein Bcl-xl was detected
in synovial T-lymphocytes from patients with rheumatoid
arthritis compared to healthy controls (Salmon et al., 1997).

Lamina propria T-cells from patients with Crohn's disease
and ulcerative colitis exhibit increased proliferation, cytokine
production and decreased rates 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). Since apoptosis is emerging as

a major mechanism for safe clearance of unwanted cells
during physiological resolution of in¯ammation, pharmaco-
logical induction of apoptosis emerges as an attractive
therapeutic goal. Data presented in this paper show that

sulfasalazine may well induce apoptosis of T-lymphocytes at
doses which do not a�ect viability of primary synoviocytes or
colon epithelial cells. The concentration of sulfasalazine

achieved in in¯amed tissue is not known. However, it is
reported that stool concentrations after an average oral dose
of 3 ± 6 g per day in patients with in¯ammatory bowel disease

are in the order of 1.25 to 2.0 mM and interstitial
concentrations may be as high as 0.5 ± 1.0 mM (Peppercorn
& Goldman, 1973). These local concentrations are compar-

able to those used in our study. In contrast, reported serum
levels of sulfasalazine are 10 ± 15 mg ml71, equivalent to

0.025 ± 0.038 mM (Das et al., 1973). These lower concentra-
tions explain that lymphopenia is not a common side e�ect
seen in patients treated with sulfasalazine.

Previously, we have demonstrated that sulfasalazine is an
inhibitor of NF-kB/Rel activation, most likely due to a direct
interference with the ATP-binding site of the IkB kinases,
IKKa and IKKb. However, this e�ect is achieved at lower

concentrations (Wahl et al., 1998; Weber et al., 2000). During
the last few years evidence has accumulated showing that
NF-kB plays a predominant role in the pathogenesis of

rheumatoid arthritis and in¯ammatory bowel disease. Over-
expression of NF-kB regulated cytokines as well as increased
nuclear level of NF-kB was demonstrated in the mucosa of

patients with active Crohn's disease and ulcerative colitis
(Schmid & Adler, 2000).

In addition to the pivotal role of NF-kB/Rel proteins in

the regulation of the immune response, there is increasing
evidence that NF-kB plays also an important role in the
regulation of apoptosis. Most reports demonstrated an anti-
apoptotic e�ect of NF-kB, most likely by increased

transcription of anti-apoptotic gene products. In contrast,
there is also strong evidence for a pro-apoptotic role of NF-
kB (Lin et al., 1999). However, sulfasalazine-induced

apoptosis of T-lymphocytes can not be explained by
inhibition of NF-kB activation, since it was not overcome
by overexpression of the NF-kB subunit RelA (Liptay &

Schmid, unpublished data). Nevertheless, it cannot be
excluded that inhibition of NF-kB activation plays an
additional role in sulfasalazine mediated apoptosis.

In conclusion, our data strongly indicate that sulfasalazine-
induced T-lymphocyte apoptosis is independent of caspase
activity and involves the mitochondrio-nuclear translocation
of AIF. AIF release might be initiated by mitochondrial

accumulation of Bax. These ®ndings elucidate why treatment
with sulfasalazine leads to clearance of in¯ammatory cells
and therefore can break the cycle of unrelenting cellular

activation and tissue damage in chronic in¯ammation.
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