aspet’

0026-895X/06/6904-1405-1412

MOLECULAR PHARMACOLOGY

U.S. Government work not protected by U.S. copyright
Mol Pharmacol 69:1405-1412, 2006

Vol. 69, No. 4
20578/3097544
Printed in U.S.A.

A Molecular Mechanism for the Anti-Inflammatory Effect of
Taurine-Conjugated 5-Aminosalicylic Acid in Inflamed Colon

Heejung Kim, Hyunchu Jeon, Hyesik Kong, Youngwook Yang, Boim Choi, Young Mi Kim,

Len Neckers, and Yunjin Jung

Laboratory of Biomedicinal Chemistry (He.K., H.J., Y.J.)/Medicinal Chemistry (Y.Y., B.C., Y.M.K.), College of Pharmacy, Pusan
National University, Busan, Korea; and Urologic Oncology Branch, National Cancer Institute, Center for Cancer Research,
National Cancer Institute, National Institutes of Health, Bethesda, Maryland (Hy.K., L.N.)

Received November 4, 2005; accepted January 3, 2006

ABSTRACT

In previous reports, a novel colon-specific prodrug, 5-amino-
salicyltaurine (5-ASA-Tau) administered orally, is successfully
delivered to and liberates 5-aminosalicylic acid (5-ASA) and
taurine in the inflamed large intestine of rats. Furthermore, the
prodrug ameliorates the 2,4,6-trinitrobenzene-sulfonic acid-in-
duced colitis, and taurine acts not only as a carrier but also as
an active therapeutic agent. In this study, we investigated the
anti-inflammatory properties of the prodrug at a molecular level.
After rectal administration of taurine, formation of taurine chlo-
ramine (TauCl) in the inflamed colonic tissue was examined
using high-performance liquid chromatography. In human co-
lon epithelial cell lines, nuclear factor-xB (NF-kB) activity was
accessed using an NF-kB-dependent luciferase reporter gene.
Protein levels were monitored by Western blotting. DNA bind-

ing activity of the NF-«B subunit p65 was determined using a
DNA binding assay kit. A millimolar level of TauCl was formed
in the inflamed tissue. TauCl inhibited tumor necrosis factor
(TNF)-dependent NF-«B activation by modifying thiol(s) on p65
and blocking DNA binding. In addition, 5-ASA inhibited phos-
phorylation of p65 at serine 536, which is critical for transcrip-
tional activity of NF-kB. Furthermore, combined TauCl/5-ASA
treatment additively inhibited TNF-dependent NF-xB activa-
tion. Together, our data suggest that the colon-specific carrier
taurine contributes to the clinical effect of the prodrug by po-
tentiating the inhibitory effect of the active ingredient 5-ASA on
a major proinflammatory signal, TNF-dependent NF-«B activa-
tion in the inflamed large intestine.

NF-«B is an important transcription factor that regulates
genes involved in immunity and inflammation (Li and
Verma, 2002). The functional NF-«B protein is a heterodimer
composed of two subunits, p65 and p50 (Urban et al., 1991).
Under normal conditions, NF-«B is present in the cytoplasm
in an inactive state, bound to IkB. Stimulation with proin-
flammatory cytokines such as TNF-« initiates an intracellu-
lar signaling cascade, resulting in the phosphorylation and
subsequent degradation of IkB by the 26S-proteasome
(Tanaka et al., 2001). The degradation of IkB«a releases NF-
kB, allowing it to translocate into the nucleus, and activates
cyclooxygenase-2 (COX-2), cytokines, chemokines, cell sur-
face receptors, and adhesion molecules that are pivotal me-
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diators of the immune and inflammatory responses (Li and
Verma, 2002).

NF-«B activity and levels of the proinflammatory cytokine
TNF-a have been shown to be increased in the colon epithe-
lial cells and mucosa of patients with inflammatory bowel
disease, ulcerative colitis, and Crohn’s disease (Neurath et
al., 1998). It is known that expression of TNF-«, which
strongly activates NF-«B, is itself up-regulated by NF-«B.
This provides a positive autoregulatory loop that amplifies
the inflammatory response and perpetuates chronic intesti-
nal inflammation (Neurath et al., 1998). For this reason,
therapeutic intervention against TNF-a or NF-«B activation
has been used for treatment of inflammatory bowel disease
(IBD) (Yamamoto and Gaynor, 2001). In fact, inhibition of
NF-kB activity has been suggested to be a major component
of the anti-inflammatory activity of glucocorticoid and 5-ami-
nosalicylic acid (5-ASA), both of which are frequently used for
treatment of chronic intestinal inflammation (Auphan et al.,

ABBREVIATIONS: NF-«B, nuclear factor-«B; TNF, tumor necrosis factor; COX, cyclooxygenase; IBD, inflammatory bowel disease; 5-ASA,
5-aminosalicylic acid; TauCl, taurine chloramine; MPO, myeloperoxidase; 5-ASA-Tau, 5-aminosalicyltaurine; TNBS, 2,4,6-trinotrobenzene-
sulfonic acid; DTT, dithiothreitol; HPLC, high-performance liquid chromatography; PBS, phosphate-buffered saline; CMV, cytomegalovirus;
HIF-1«, hypoxia-inducible factor-1«; NFDL, nuclear factor-dependent luciferase; IKK, 1kB kinase complex.
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1995; Yan and Polk, 1999). Moreover, new strategies that
specifically regulate NF-«B activity using p65 (RelA) anti-
sense oligonucleotides, proteasome inhibitors, or adenoviral
IxB expression vector show beneficial therapeutic effects in
experimental colitis (Neurath et al., 1996; Conner et al.,
1997).

Taurine chloramine (TauCl) is a mild oxidant. It is formed
by the reaction of taurine (2-aminoethanesulfonic acid), a
free amino acid not incorporated into protein, with the strong
oxidant HOCI/OC1™ produced by myeloperoxidase (MPO).
MPO is up-regulated under certain physiological conditions
such as inflammation (Marquez and Dunford, 1994). The
reaction occurs physiologically around or in activated im-
mune cells that contain a large amount of taurine to protect
tissues from the highly toxic effect of HOCI/OCl ™ (Schuller-
Levis et al., 1994). An expanding body of evidence suggests
that taurine chloramine plays an important role in inflam-
matory progression by modulating NF-«B activity and atten-
uating production of proinflammatory mediators such as
prostaglandins, nitric oxide, and cytokines (Marcinkiewicz et
al., 1998; Barua et al., 2001).

5-ASA is an important anti-inflammatory agent for long-
term treatment of IBD (Biddle and Miner, 1990). In most
cases, 5-ASA is absorbed rapidly and extensively in the upper
intestine and does not reach the colon (Crotty and Jewell,
1992). Systemically absorbed 5-ASA can cause nephrotic syn-
drome (Novis et al., 1988). Thus, a number of prodrugs and
pharmaceutical formulations have been developed to allow
colon-specific delivery of 5-ASA, reducing the side effects and
increasing the therapeutic effect of 5-ASA (Yang et al., 2002).

We previously reported that a novel colon-specific prodrug
of 5-ASA, 5-aminosalicyltaurine (5-ASA-Tau) has good colon
targetability (Jung et al., 2003) and effectively ameliorates
2,4,6-trinitrobenzene-sulfonic acid (TNBS)-induced colitis in
rats and furthermore, taurine is shown to potentiate the
clinical effect of 5-ASA upon rectal administration of com-
bined 5-ASA/taurine (Y. Jung, H.-H. Kim, H. Kim, H. Kong,
B. Choi, Y. Yang, and Y. Kim, unpublished data). In this
study, we investigated at a molecular level how taurine itself
contributes to the anti-inflammatory properties of the pro-
drug 5-ASA-Tau using human colon epithelial cells. Colon
epithelial cells are active participants in chronic intestinal
inflammation such as IBD by producing and responding to
proinflammatory cytokines (Fiocchi, 1997). Our data show
that a millimolar level of TauCl was formed from taurine
administered rectally in the inflamed large intestine of rats.
We also show that either TauCl or 5-ASA inhibits TNF-
mediated NF-«B activation and that combined TauCl/5-ASA
treatment elicits an additive effect on inhibition of NF-«B
activity. Furthermore, we provide a potential molecular
mechanism underlying the additive effect on inhibition of
NF-«kB activation by revealing novel mechanisms by which
either 5-ASA or taurine chloramine inhibit TNF-dependent
NF-«kB activation.

Materials and Methods

Drugs and Chemicals. Dithiothreitol (DTT), hexadecyl-trimeth-
ylammonium bromide, TNBS, 5-ASA, taurine, and NaOCl were pur-
chased from Sigma-Aldrich (St. Louis, MO).

Preparation of Taurine Chloramine. Taurine chloramine (50
mM) was prepared in our laboratory by adding NaOCI dropwise to

250 mM taurine dissolved in phosphate-buffered saline, pH 7.4. The
concentration of TauCl was determined by measuring its absorption
at 252 nm (molar extinction coefficient = 415).

Induction of Inflammation. Inflammation was induced by the
method of Yano et al. (2002). In brief, before induction of colitis, rats
were starved for 24 h but had free access to water. The rats were
lightly anesthetized with ether. A rubber cannula (2 mm o.d.) was
inserted rectally into the colon such that the tip was 8 cm proximal
to the anus, approximately at the splenic flexure. TNBS dissolved in
50% (v/v) aqueous ethanol was instilled into the colon via the rubber
cannula (15 mg/0.3 ml/rat).

High-Performance Liquid Chromatography Analysis of
TauCl in the Inflamed Colonic Tissue. Male Sprague-Dawley
rats were starved for 24 h before use for the experiments but had free
access to water. Taurine (30 mM) was administered rectally 6 days
after induction of inflammation by TNBS. The colitic rats were
ether-anesthetized and sacrificed 5 and 25 min after the rectal ad-
ministration, and the inflamed colon was cut out and weighed. The
inflamed colonic tissue (0.2 g) was mixed with 600 ul of PBS, pH 7.4,
and homogenized using a Polytron PT 3100 homogenizer (Kine-
matica, Basel, Switzerland) after gently removing the colonic con-
tents. The homogenates were centrifuged at 14,000 rpm at 4°C and
the supernatants were 4-fold diluted with methanol. The concentra-
tion of TauCl in the methanol-diluted supernatants was determined
by a reversed-phase high-performance liquid chromatography (Gil-
son, Villier Le Bel, France) using a uBondapak C18 (300 X 3.9 mm;
10 um) column (Waters, Milford, MA) with a guard column (20 X 3.9
mm, 5 um; Waters). The mobile phase consisted of 7.5% acetonitrile
in 15 mM phosphate buffer, pH 4.0, containing 0.5 mM tetrabu-
tylammonium chloride, which was filtered through 0.45-pm mem-
brane filter before use. Samples (50 ul) were injected and eluted with
the mobile phase at a flow rate of 1.0 ml/min. The eluate was
monitored at 252 nm at sensitivity of AUFS 0.001. The retention
time of TauCl was 7.6 min.

Cells and Transient Transfection. Human colon epithelial cell
lines HT-29, HCT116, and SW620 (American Type Culture Collec-
tion, Manassas, VA) were grown in Dulbecco’s modified Eagle’s me-
dium (Biofluids, Rockville, MD) supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA) and penicillin/streptomycin
(Biofluids, Rockville, MD). Recombinant human-TNF-a was pur-
chased from R&D Systems (Minneapolis, MN). Cell viability was
determined by the trypan blue exclusion method. Cell viability was
unchanged in each experimental condition. For transient transfec-
tion of NF-kB-dependent luciferase plasmid, cells were plated in
12-well plates to be 50 to 60% confluent on the day of transfection
with NF-«B-dependent luciferase plasmid (0.4 pg; a gift from Dr. M.
Birrer, National Cancer Institute, Bethesda, MD) and CMV Renilla
reniformis luciferase plasmid (4 ng; Promega, Madison, WI). Fu-
GENE (Roche, South San Francisco, CA) or Lipofectamine 2000
(Invitrogen) was used as a transfection reagent. Sixteen hours after
transfection, cells were treated with TNF-« in the presence of each
reagent at the indicated concentrations in the figure legends. Cells
were lysed 6 h later, and luciferase activities were measured and
normalized to CMV R. reniformis luciferase activities using a Pro-
mega dual-luciferase assay kit (Promega).

Western Blot. Cells were lysed and nuclear and cytosolic extracts
were prepared as described previously (Andrews and Faller, 1991).
Cell lysates were electrophoretically separated using 4 to 20% gels
(Bio-Rad, Hercules, CA). Proteins were transferred to nitrocellulose
membranes (Protran; Whatman Schleicher & Schuell, Keene, NH),
and COX-2 and IkBa proteins were detected in cytosolic extracts
using a monoclonal anti-COX-2 antibody (BD Transduction Labora-
tories, Lexington, KY) or polyclonal anti-IkBa antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), and p65 was detected in nu-
clear extracts using polyclonal anti-p65 antibody (Santa Cruz Bio-
technology, Inc.). Peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibody (GE Healthcare, Little Chalfont, Buckingham-
shire, UK) was used at a dilution of 1:1000. Signals were visualized
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using the SuperSignal chemiluminescence substrate (Pierce Chem-
ical, Rockford, IL). Membranes were reprobed with a-tubulin (Santa
Cruz Biotechnology, Inc.) or stained with ponceau S solution to verify
equivalent loading.

DNA Binding Assay. Cell extracts were obtained using radioim-
munoprecipitation assay lysis buffer (1% Nonidet P-40, 0.25% so-
dium deoxycholate, and 50 mM Tris-HCI, pH 7.4), 150 mM NacCl, 1
mM EDTA, and protease inhibitor cocktail (Roche) or by nuclear
extraction as described under Western Blot. Reagents were added to
the cell extracts as described in the figure legends. DNA binding
activity of p65 or HIF-1la was measured with 5 ug of cell lysates
using TransAM NF-«B kit or TransAM HIF-1« kit (Active Motif Inc.,
Carlsbad, CA).

Results

Taurine Chloramine but Not Taurine Inhibits NF-«B
Activation by the Proinflammatory Cytokine TNF-« in
a Dose-Dependent Manner in Human Colon Epithelial
Cells. Our previous data suggest that the colon-specific car-
rier taurine itself elicits an anti-inflammatory activity and
enhances the anti-inflammatory effect of 5-ASA. Thus, we
investigated at a molecular level how taurine augmented the
ability of 5-ASA to alleviate the colonic inflammation. Be-
cause the proinflammatory cytokine TNF-« is up-regulated
in gut inflammation (Hibi et al., 2003) and TNF-induced
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NF-«B activity plays a central role in the production of proin-
flammatory mediators involved in progression of gut inflam-
mation (Neurath et al., 1998), we examined whether taurine
affected NF-«B activation by TNF-«a. We transfected human
colon epithelial cells HCT116, SW620, and HT-29 with an
NF-«B-dependent luciferase (NFDL) reporter gene in combi-
nation with an internal standard CMV R. reniformis lucif-
erase plasmid. Cells were then treated with TNF-« in the
presence of taurine (10—30 mM). TNF-« markedly increased
NFDL expression, which represents TNF-mediated-NF-«B
activation, in the cell lines as shown in Fig. 1A. Taurine did
not at all affect NFDL expression by TNF (data not shown).
Because it is known that TauCl is produced at sites of in-
flammation by the reaction of taurine with HOCI generated
from MPO (Stapleton et al., 1998) and plays a role as a
negative regulator of inflammation (Marcinkiewicz et al.,
1998), it was thought that the taurine effect may be through
formation of TauCl in the inflamed colonic tissue. Although
MPO activity of inflamed colonic tissue is much greater than
that of normal colonic tissue, it is not clear whether TauCl
could be formed from exogenous taurine in the inflamed
colon. To clarify this, 30 mM taurine was administered rec-
tally to the normal or colitic rats induced by TNBS and
formation of TauCl was measured in the normal or inflamed
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Fig. 1. Taurine chloramine inhibits TNF-dependent NF-«B activation. A, cells were cotransfected with NF-«B-dependent luciferase plasmid (0.4 ug)
and CMV R. reniformis luciferase plasmid (4 ng) and subsequently treated with TNF-«a (10 ng/ml) for 6 h. Reporter activities were measured and
normalized to CMV R. reniformis luciferase activity. The data are mean = S.E. (n = 3). B, 300 ul of 30 mM taurine was administered rectally to colitic
or normal rats. The colonic tissues were homogenized 5 or 25 min after rectal administration. TauCl in the colonic tissues was analyzed by HPLC as
described under Materials and Methods. C, same experiment as in A was done in the presence or absence of various concentrations of TauCl. The data
are mean = S.E. (n = 3). D, HT-29 cells were treated with TNF-a (10 ng/ml) in the presence or absence of various concentrations of TauCl. COX-2

protein was detected in 40 pg of whole-cell lysates.
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colonic tissue 5 and 25 min after rectal administration. As
shown in Fig. 1B, although TauCl was not formed from
taurine administered rectally in the normal colonic tissue,
TauCl was formed in the inflamed colonic tissue and its
concentration reached approximately 10 mM, 25 min after
rectal administration of taurine. Based on this result, we
examined effect of TauCl on NF-«B activation by TNF-a. The
same experiment was done as with taurine. As shown in Fig.
1, A and C, although stimulation of cells with TNF-a mark-
edly induced NFDL expression, TauCl inhibited NFDL ex-
pression by the cytokine in a dose-dependent manner. The
concentration at which TauCl showed 50% inhibitory effect
was 150 to 200 uM. To confirm that TauCl inhibited the
NF-«kB pathway, we examined whether TauCl interfered
with expression of a proinflammatory mediator COX-2 in
HT-29 cells. TNF-«a up-regulates COX-2 through NF-«B in
these cells (Jobin et al., 1998). We treated HT-29 cells with

A

TNF-a in the presence or absence of TauCl at various con-
centrations. As shown in Fig. 1D, in parallel with the above-
mentioned result, up-regulation of COX-2 protein by TNF-«a
was inhibited by TauCl in a dose-dependent manner.
Taurine Chloramine Inhibits TNF-Dependent-NF-«xB
Activation by Interfering with DNA Binding of the
NF-«kB p65 (RelA). Because degradation of IkBa in the
cytosol and accumulation of p65 in the nucleus is critical for
TNF-mediated NF-«B activation (Baeuerle and Baltimore,
1988), we investigated whether TauCl inhibited TNF-medi-
ated NF-«kB activation by intervening in these processes.
HCT116 cells were incubated with TNF-« in the presence of
varying concentrations of TauCl and lysed to obtain cytosolic
and nuclear extracts. Western blotting was performed to
analyze IkBa levels in the cytosol and p65 levels in the
nucleus. As shown in Fig. 2A, stimulation of cells with the
cytokine resulted in degradation of IkBa in the cytosol and
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Fig. 2. Taurine chloramine interferes with DNA binding of the NF-«B subunit p65 by modifying thiols in the protein. A, cells were treated with TNF-«
(10 ng/ml) in the presence or absence of various concentrations of TauCl, and IkBa or p65 protein levels were monitored in cytosolic or nuclear extracts,
respectively. B, HCT116 cells were left untreated or treated with TNF-a for 20 min and lysed to obtain nuclear extracts. TauCl at various
concentrations was added to the nuclear extracts obtained from TNF-treated cells and incubated for 30 min at room temperature. DNA binding of p65
was measured using 5 ug of the nuclear extracts. C, colon epithelial cells were treated as in B, and nuclear extracts were obtained. TauCl (500 uM)
was added to the nuclear extracts with or without the thiol-reducing reagent DTT (1 mM) and incubated for 30 min at room temperature. DNA binding
of p65 was measured using 5 ug of the nuclear extracts. Results are expressed as a percentage of DNA binding of p65 in the TauCl-untreated nuclear
extract. The gray bar in the figure represents mean + S.E calculated from means (n = 3) of percentages of bound p65 (100 X p65 DNA binding of
TauCl-treated nuclear extract/p65 DNA binding of TauCl-untreated nuclear extract) for three colon epithelial cells. D, HCT116 cells were treated with
either TNF-« for 20 min or an iron chelator phenanthroline (Phe; 100 uM) for 4 h and lysed to obtain nuclear extracts. TauCl (250 uM) was added
to the nuclear extracts and incubated for 30 min. DNA binding of p65 and HIF-1a was measured using 5 ug of each nuclear extract. The data in B,

C, and D are mean = S.E. (n = 3).
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accumulation of p65 in the nucleus. We were interested to
observe that TauCl prevented nuclear accumulation of p65
without inhibiting degradation of IkBa up to 500 uM in
HCT116 cells. However, consistent with a previous study
(Kanayama et al., 2002), it significantly inhibited degrada-
tion of IkBa at 1000 uM. Similar results were observed in the
other human colon epithelial cell lines, HT-29 and SW620
(Fig. 2A), suggesting that TauCl inhibits TNF-mediated
NF-«B activation via a previously unrecognized mechanism.

Because DNA binding activity of transcription factors is
important for their transcriptional activity (Kunsch et al.,
1992) and is probably to affect their ability to remain in the
nucleus during cytosolic extraction (Chilov et al., 1999), we
hypothesized that TauCl might inhibit DNA binding of p65.
To test this hypothesis, various concentrations of TauCl were
added to nuclear extracts derived from TNF-treated HCT116
cells, and the DNA binding activity of p65 was measured
using TransAM p65 transcription assay kit. As shown in Fig.
2B, although stimulation with TNF-« increased the DNA
binding activity of p65 up to approximately 9-fold, consistent
with our hypothesis, TauCl interfered with binding of p65 to
the NF-«kB consensus DNA motif in a dose-dependent man-
ner. The concentration of TauCl to show 50% inhibition of
p65 DNA binding was 200 to 250 uM for the colon epithelial
cells HCT116, HT-29, and SW620 cells (data not shown).
Because thiol(s) in p65 plays an important role in its DNA
binding activity (Garcia-Pineres et al., 2001) and TauCl
readily reacts with and modifies thiols (Peskin and Winter-
bourn, 2001), we examined possible involvement of thiol mod-
ification in TauCl-mediated inhibition of p65 DNA binding.
TauCl (500 uM) was added to nuclear extracts from TNF-
treated colon epithelial cells with or without 1 mM DTT, and
DNA binding activity of p65 was measured. As shown in Fig.
2C, DTT treatment completely neutralized the inhibitory
effect of TauCl on DNA binding of p65. To examine whether
the effect of TauCl is specific for NF-«B, TauCl (250 uM) was
added to the nuclear extract from iron chelator-treated
HCT116 cells, and DNA binding activity of HIF-1« in the
nuclear extracts was measured using TransAM HIF-1 tran-
scription assay kit. As shown in Fig. 2D, in contrast to p65,
DNA binding activity of HIF-1 was not affected significantly
by TauCl.

Combined 5-ASA/Taurine Chloramine Treatment In-
hibited TNF-Dependent NF-«B Activation in an Addi-
tive Manner. Because 5-ASA is also able to inhibit NF-«xB
activity (Kaiser et al., 1999; Yan and Polk, 1999) and 5-ASA
and TauCl should coexist in inflamed gut after oral admin-
istration of 5-ASA-Tau, we thought that the better clinical
effect of combined 5-ASA/taurine treatment on the colitis
than that of single 5-ASA treatment was because of taurine
potentiating inhibitory effect of 5-ASA on NF-«B activity.
Therefore, we examined the effect of cotreatment with the
two compounds on TNF-dependent-NF-«B activity. We stim-
ulated NFDL-transfected HCT116 cells with TNF-« in the
presence of 5-ASA (5-20 mM) and/or TauCl (50-150 uM), and
NFDL activities were measured. As shown in Fig. 3A, addi-
tive inhibitory effects on NFDL expression by TNF-a were
observed by cotreatment at the various concentration ranges.
To further test this, we examined whether additive inhibitory
effect of the cotreatment on TNF-mediated NFDL expression
reflected additive down-regulation of a NF-«kB target gene.
We stimulated NFDL-transfected HT-29 cells with TNF-« in

NF-«B Inhibition by 5-Aminosalicyltaurine 1409

the presence of varying concentrations of TauCl and/or 15
mM 5-ASA. NFDL activities were measured and normalized
to the internal control. As shown in Fig. 3B, consistent with
the result in HCT116 cells, combined TauCl/5-ASA treat-
ment resulted in an additive inhibitory effect on TNF-depen-
dent NF-kB activation. To see whether additive down-regu-
lation of an NF-kB gene occurred by the cotreatment, we
stimulated HT-29 cells with TNF-« in the presence of TauCl
and/or 5-ASA and examined TNF-induced-COX-2 protein ex-
pression. Consistent with the results obtained using an
NFDL reporter gene, combined TauCl/5-ASA treatment
interfered with COX-2 expression in an additive manner
(Fig. 30).

5-Aminosalicylic Acid inhibited TNF-Stimulated
NF-kB Activation by Preventing Phosphorylation of
p65 at Serine 536 in Human Colon Epithelial Cell
Lines. To explore how the cotreatment inhibits TNF-depen-
dent NF-kB activation in an additive manner, we investi-
gated the mechanism by which 5-ASA inhibited TNF-depen-
dent NF-«kB activation in the colon epithelial cells. Cells
transfected with NFDL plasmid were treated with TNF-a in
the presence of varying concentrations of 5-ASA. Consistent
with a previous study (Kaiser et al., 1999), 5-ASA inhibited
TNF-dependent NF-«B activation in a dose-dependent man-
ner (Fig. 4A). Then, we stimulated cells with TNF-« in the
presence of various concentrations of 5-ASA and monitored
cytosolic IkBa level and nuclear p65 level by Western blot-
ting. 5-ASA (10-30 mM) treatment prevented neither degra-
dation of cytosolic IkBa nor accumulation of nuclear p65 (Fig.
4B). Because phosphorylation of p65 has been shown to reg-
ulate its transcriptional activity (Vermeulen et al., 2002), we
examined whether 5-ASA affected the post-translational
modification of p65. Cells were treated with TNF-« in the
presence of 5-ASA, and phosphorylation of p65 at serine 536
was detected in nuclear extraction using a 536 phospho-
serine-specific p65 antibody. As shown in Fig. 4C, 5-ASA
inhibited phosphorylation of p65 at serine 536 in a dose-
dependent manner without altering p65 protein levels. To
examine whether 5-ASA and TauCl shared molecular mech-
anisms for inhibition of TNF-mediated NF-«B activation,
DNA binding activity of p65 obtained from the nuclear ex-
tract of TNF-treated HCT116 and HT-29 cells was measured
in the presence of 5-ASA, and phosphorylation of p65 at
serine 536 in TNF-treated cells was monitored in the pres-
ence of TauCl. 5-ASA (30 mM) did not interfere with DNA
binding of p65 (data not shown) and as shown in Fig. 4D,
TauCl (250-500 uM) did not seem to prevent TNF-mediated
phosphorylation of p65 at serine 536. These results strongly
suggest that 5-ASA and TauCl use distinct mechanisms to
inhibit TNF-dependent NF-«B activation.

Discussion

In this study, we show that TauCl inhibits TNF-dependent
NF-kB activation and potentiates the ability of 5-ASA to
inhibit NF-«B activation in human colon epithelial cell lines.
Furthermore, we demonstrate molecular mechanisms by
which either 5-ASA or TauCl inhibits TNF-dependent NF-«B
activation.

In agreement with another study (Barua et al., 2001), we
found that TauCl but not taurine inhibits NF-«B activity. We
showed this using NF-«B-dependent luciferase reporter gene
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and expression of COX-2, a target gene of NF-«kB. We ob-
served similar effect of TauCl on NF-«B activity in other
colon epithelial cell lines, suggesting that TauCl is generally
effective at inhibiting NF-«B in the colon. Although we did
not determine how much TauCl was formed from taurine
liberated from the prodrug 5-ASA-Tau administered orally, it
is very likely that TauCl is generated at a sufficient level to
reach a therapeutic concentration in inflamed colon. This is
based on our observations that 1) rectal administration of
30 mM taurine (300 pl) to the colitic rats generated millimo-
lar level of TauCl in the inflamed colonic tissue; 2) concen-
tration of taurine in the feces collected for 24 h was between
20 to 30 mM after oral administration of the prodrug 5-ASA-
Tau (Y. Jung, H.-H. Kim, H. Kim, H. Kong, B. Choi, Y. Yang,
and Y. Kim, unpublished data); and 3) IC;, of TauCl for
NF-«B inhibition was 150 to 250 uM, which is much lower
than the fecal concentration of taurine.

TauCl has been shown to attenuate production of proin-
flammatory mediators through inhibition of NF-«B (Barua et
al., 2001). It has been reported that TauCl makes IkBa re-
sistant to IKK-mediated degradation by oxidizing methio-
nine, resulting in inhibition of NF-kB activation (Kanayama

A

et al.,, 2002). Although our data show that 1 mM TauCl
significantly prevents IkBa degradation in cytosol, which is
consistent with the previous observation, we suggest that
inhibition of DNA binding of p65 is the predominant mech-
anism by which TauCl inhibits TNF-mediated NF-«B activa-
tion. This is based on our findings that TauCl interferes with
DNA binding of p65 in a dose-dependent manner and 0.5 mM
TauCl inhibits NF-«B activity up to 60 to 80% without evi-
dent prevention of IkBa degradation. Our results also sug-
gest that p65 is a more sensitive target than IkBa in regu-
lation of NF-kB activity by the mild oxidant TauCl. This is
not surprising considering that reduction-oxidation of thiols
modulates DNA binding activity of NF-«kB and subsequent
NF-«B transcriptional activity (Cargnoni et al., 2002; Nishi
et al., 2002). We provide evidence of involvement of thiol
modification (most likely oxidation) in TauCl-mediated
NF-«B inhibition. Pretreatment with the thiol reducing
agent DTT completely blocks the ability of TauCl to inhibit
DNA binding of p65.

Because, as demonstrated, TauCl inhibits NF-«B activity
by interfering with DNA binding activity of p65, which is the
last step of the signal transduction pathway for NF-«B acti-
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Fig. 3. Taurine chloramine additively inhibits TNF-dependent NF-kB activation upon cotreatment with 5-ASA. A, HCT116 cells were cotransfected
with NF-«B-dependent luciferase plasmid (0.4 pg) and CMV R. reniformis luciferase plasmid (4 ng) and subsequently treated with TNF-« (10 ng/ml)
in the presence of either 5-ASA (5-20 mM) alone or combination of 5-ASA (5-20 mM) and TauCl (50-150 uM) for 6 h. Reporter activities were
measured and normalized to CMV R. reniformis luciferase activity. Results are expressed as a percentage of NF-«B activity in TauCl-untreated cells.
The data are mean = S.E. (n = 5). B, HT-29 cells were cotransfected with NF-«B-dependent luciferase plasmid (0.4 pg) and CMV R. reniformis
luciferase plasmid (4 ng) and subsequently treated with TNF-« (10 ng/ml) in the presence of either TauCl (100—400 n.M) alone or in combination with
5-ASA (15 mM) for 6 h. Reporter activities were measured and normalized to CMV R. reniformis luciferase activity. Results are expressed as a
percentage of NF-kB activity in cells treated with only TNF-«. The data are mean = S.E. (n = 5) C, HT-29 cells were treated for 4 h with TNF-« (10
ng/ml) in the presence of 5-ASA (15 mM) and/or TauCl (100-400 uM). COX-2 protein levels were monitored in the whole-cell lysates.
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vation, TauCl is able to prevent NF-«B activation regardless
of signaling pathways, culminating in increased NF-«B ac-
tivity. Considering that under inflammatory condition,
NF-«B can be activated by a number of stimulants, including
cytokines through several mechanisms (Mercurio and Man-
ning, 1999), and TauCl is an endogenous molecule whose
production is induced by inflammation, our data suggest that
TauCl is an efficient physiological negative regulator for
NF-«B activity, possibly leading to resolution of inflamma-
tory processes.

Our data show that combined 5-ASA/TauCl treatment
down-regulates the crucial inflammatory mediators NF-«B
activity and COX-2 in an additive manner. This suggests that
taurine contributes to the anti-inflammatory effect of the
prodrug not only through the effect of TauCl itself but also
through potentiation of anti-inflammatory effect of 5-ASA. In
addition, taurine delivered to large intestine should exert a
beneficial effect in IBD through scavenging reactive oxygen
species that damage tissue and aggravate inflammation as
reported by Son et al. (1998).

Our data further demonstrate that 5-ASA attenuates TNF-
dependent NF-«B activation by inhibiting phosphorylation of
serine 536 in p65. Phosphorylation of this residue is critical
for transcriptional activity of NF-«B (Vermeulen et al., 2002).
This indicates that NF-«kB inhibition by either 5-ASA or
TauCl occurs by distinct mechanisms, thus partly explaining
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how combined 5-ASA/TauCl treatment is able to interfere
with NF-«B activation in an additive manner. Serine 536 in
p65 is reported to be phosphorylated by an IKK complex
composed of IKKea, IKKB, and IKKy (Sakurai et al., 1999).
This result is in line with a previous report demonstrating
that 5-ASA inhibits IKK«a and IKK activity (Yan and Polk,
1999). However, in that report, the authors observed preven-
tion of IkBa degradation resulting from 5-ASA-mediated in-
hibition of IKK activity, which is in contrast to our data. This
discrepancy seems to exist because of cell type specificity
because the study was done using mouse intestinal cells,
where IKKa plays a major role in TNF-mediated phosphor-
ylation and degradation, unlike in other cell lines where
IKK«/TKK has a role for p65 phosphorylation and IKK but
not IKKa is largely responsible for phosphorylation and deg-
radation (Hu et al., 1999; Sizemore et al., 2002). Therefore,
our data suggest that IKKa may be a preferable target of
5-ASA in the colon epithelial cell lines. It should be noted
that although interleukin-13 activated NF-«B through IKK-
mediated-IkBa degradation, 5-ASA interferes with interleu-
kin-1 mediated NF-«B activation through inhibition of p65
phosphorylation without prevention of IkBa degradation in a
colon epithelial cell line (Egan et al., 1999).

Together, our data suggest that a molecular mechanism by
which taurine enhanced the clinical effect of 5-ASA in ame-
liorating TNBS-colitis in rats is that TauCl, formed from
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S5-ASA(mM) - - 10 20 30
- *+TkBa
HCT 116
e w— p65
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Fig. 4. 5-ASA attenuates TNF-dependent NF-«B activation by inhibiting phosphorylation of serine 536 in p65. A, HCT116 and HT-29 cells were
cotransfected with NF-«B-dependent luciferase plasmid (0.4 pg) and CMV R. reniformis luciferase plasmid (4 ng) and subsequently treated with
TNF-a (10 ng/ml) in the presence or absence of 5-ASA for 6 h. Reporter activities were measured and normalized to CMV R. reniformis luciferase
activity. Results are expressed as a percentage of NF-«B activity in cells treated with only TNF-a. The data are mean *+ S.E. (n = 3). B, cells were
treated with TNF-« (10 ng/ml) in the presence or absence of various concentrations of 5-ASA for 20 min. IkBa was detected in cytosolic extracts and
p65 was detected in nuclear extracts. C, cells were treated with TNF-« in the presence or absence of various concentrations of 5-ASA for 20 min and
serine 536-phosphorylated p65 was detected in nuclear extracts. Top, membranes were reprobed with p65 antibody to detect total p65 protein levels.
The signal intensities of phospho-p65 were normalized to those of corresponding total p65. SI, normalized signal intensities of phospho-p65. D, same
experiment as in C was done with TauCl (250 and 500 uM). The signal intensities of phospho-p65 were normalized to those of corresponding total p65.

SI, normalized signal intensities of phospho-p65.
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taurine in the inflamed colonic tissue, not only inhibits TNF-
dependent NF-«B activation but also potentiates the ability
of 5-ASA (active ingredient of 5-ASA-Tau) to interfere with
the NF-«B activation.
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