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Ab8tract: Taurine (Tau) is an exceptionally abun- tory and toxic substances such as free radicals, cytokines,
dant free amino acid in the cytosol of inflammatory and eicosanoids [1]. Some of them are produced in both
ceDs and especially in neutrophils. Taurine protects types of cells. Macrophages and PMNs share some killing
ceDs from seIf-de8truction du.rins proce88e8 that gen- molecules (products of the respiratory burst, nitric oxide,
erate oxidants. The major function of Tau in leuko- tumor necrosis factor a). However, the generation of nitric
cytes is to trap chlorinated oxidants (BOCl). Taurine oxide seems to be crucial for macrophage cytotoxic and
reacts with BOCI to produce the loog-Iived compound inflammatory function [2, 3]. Chlorination, on the other
taurine chloramine (Tauel). Previ01l8ly, we have hand, seems to be the most important "killing system" in
shown that other products of the neutrophil chlorin- PMNs [4,5].
The chlorination takes place in the phagosomal vacuoles
atiug 8Y8tem are able to modify functiOD8 of macrophage8. In this 8tudy, we inve8tipted in vitro the of PMNs as well as extracellularly. This process is catainfluence ofTauCl on the generation of inflammatory lyzed by myeloperoxidase, the enzyme specific for neutromediaton by activated macrophage8. We have found phils, eosinophils, and monocytes but not for macrophages
that TauCl inhibited the generation of nitric oxide, [6]. The chlorination results from oxidation of chloride ions
pr08taglandin £2, tumor necrosis factor a, and inter- by H202 to hypochlorous acid (HOCI). This very toxic and
leukin-6, but TauCl slighdy enhanced the release of reactive compound chlorinates many species including proIL-la. The formation of nitrite8 by interferon-y-acti- teins and free amino acids [5]. The precise mechanisms of
vated macrophage8 W88 inhibited by TauCl in a dose- chlorination of proteins are still unknown. However, it was
dependent manner. Taurine chloramine also reduced previously shown that they lead to the oxidation of amino
the level of inducible nitric oxide 8ynthase (iNOS) groups to the carbonyl and carboxyl moieties via chloramimRNA in macrophage8, in a similar concentration- nes [4].
dependent manner. Although our experiments do not
Taurine,2-aminoethanesulfonate (Tau), was reported to
exclude a direct eft'ect of Tauel on enzymatic activity be the most abundant intracellular free amino acid. Taurine
of iNOS, the inhibition of iNOS expreuion seems to is present at unusually high concentrations (10-30 mM) in
be the major mechanism re8poDBibIe for 8uppreuion leukocytes, especially in neutrophil8 [7-9]. Taurine seems
of NO formation. FmaBy, we discU88 the biological to have a dual biological role. It has been proposed that Tau
role of TauCl in vivo. We 8ugest that at the site of is a scavenger for chlorinated oxidants. The reaction of Tau
inflammation TauCl works 88 a 8pecific 8ipa1iog with HOCI leads to the formation of long-lived taurine
molecule of activated neutrophils that coordinate8 the chloramine (TauCI). This process protects cells from the
generation of inflammatory mediaton in macro- cytotoxic and cytolytic action of hypochlorous acid. Taurine
phage8.}. Leulwc. Bioi. 58: 667-674; 1995.
chloramine itself, however, may exert prolonged oxidative
and chlorinating effects long after the initiation of the resKey Wordl: kJunne· nitric oxide· neutrophils . macrophages .
tumor necrosis factor a . iT&terleukin-la • iT&terleukin-6 • pro&laglandin E2

INTRODUCTION
Neutrophils (polymorphonuclear cells, PMNs) and macrophages (M.s) are two types of professional phagocytes responsible for killing and/or destroying the antigen. PMNs
are responsible for acute inflammation, whereas macrophages participate in both acute and chronic inflammation.
Activated phagocytes generate a number of proinflamma-

Abbreviations: EIA, enzyme immul1Ollll88)'; FCS, fetal calf eenam; IFN-y,
interferon-y; IL-4, interleukin-4; iNOS, inducible nitric oxide synthase;
L-NMMA, ~-monomethyl-L-arginine; LPS, lipopolYlIIICCharide; MME,
murine brain microvucular endothelial cell; M., macrophap; MIT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetruolium bromide; PGEz,
pl'08tag1andin Ez; PMN, polymorphonuclear cell;
staDdard saline
citrate; Tau, taurine; TNF-ex, tumor necro&is factor ex.
Reprint requests: J. Marcinkiewicz, Department oflmmunolOS)', JapelIonian University Medical CoO." Czysta 18,31-121 Cracow, Poland.
Received May 8,1995; revised August 14,1995; accepted September
18,1995.

J01ll'lllll or Leakoeyte Bio.

sse,

Volume 58,

December 1995 667

piratory burst and at some distance from the cell of origin

[4,7].
Neutrophils are followed and scavenged by macrophages
at local inflammatory sites, and macrophages seem to be the
major target cells for granulocyte-derived biologically active agents including chloramines. We previously reported
that chlorinated proteins are more immunogenic than native
ones and chlorination enhances the ability of macrophages
to process/present the antigens [10, 11]. We also found that
after chlorination, gram-positive bacteria lost their ability to
induce the production of NO and TNF-u by macrophages
during phagocytosis [12]. These results suggest that PMNs
may play a role in down-regulating the inflammatory and
cytotoxic functions of macrophages.
Nitric oxide is one of the strongest defense molecules of
macrophages and is responsible for the destruction of microorganisms and tumor cells (protective functions) [2, 3].
Nitric oxide, on the other hand, contributes to the suppression of lymphocyte proliferation, hypotension in sepsis, and
destruction of cells in autoimmune diseases (pathological
functions) [13]. Moreover, NO can react with superoxide
anion (02-) to form peroxynitrite (ONOO-), an extremely
powerful oxidant, which is a tissue-damaging agent [2, 14].
Thus, the ·potential toxicity of NO makes it important to
understand the regulation of its production. Various agents
such as transforming growth factor-p (fGF-P), llA, 11.-10,
and platelet-derived growth factor (PDGF) have all been
reported to suppress the induction of NO release from
macrophages [14-16].
The aim of this study was to test the hypothesis that
taurine chloramine, a product of activated neutrophils, is
able to regulate the generation of nitric oxide and other
inflammatory mediators released by macrophages.

MATERIALS AND METHODS
Mice

no.,

Inbred CBA/J male mice from the breeding unil, Departmenl of ImmuCracow, Poland, were used between 6 and 8 weeks of age.

Cell culture. Activation of the cells
Peritoneal mouse macrophages (Mt-Tio) and J774.2 macrophages were
cullured in flat-bottom 24-well plales (Falcon, New Haven, CT) al a
concentralion of 1 x lo'/rnlIwell in RPMI 1640 supplemented with 5%
FCS, glutamine (2 mM) (Sigma), and gentamicin (SO mWl) (Irvine Scientific, Santa Ana, CA) at 3rC in an almo8phere of 5% COz. The following
stimulaton were used: murine recombinanl interferon-y (rlFN-y; Sigma)
in a dose of 20 U/rnl, human rTNF-a (Genzyme, Cambridge, MA) in a
dose of 25 nglrnl, and lipopolysaccharide (LPS; E. coli, 0.111:84 Sigma)
in a dose of 1 J1gIrnl. Aclivated cells were incubated with either taurine
or taurine chloramine (0.1-0.6 mM) if nOl otherwise slated. Mter 24 h
supernslan18 were collected and frozen for me88uremenl of nitrite, TNFa, IL-Ia, 1L-6, and PGEz.
MME ceOs were cultured in 96-well Rat-bottom plates (Nunc, ROIIkilde,
Denmark) in 100 J.Ll of culture medium. Al 2-3 da)'B after ceUs reached
confluence (1.6 X I~ cells/well), the medium W88 replaced with 100 J.Ll
of RPMI 1640 with 2% FCS. CeOs were slimulated with human rTNF-a
(100 U/rnl) and murine rIFN-y (100 U/rnl). We have previoualy demonstraled thal MME ceOs, in response to inflanunalory cylokines, undergo
aclivation characterized, in part, by expre88ion of inducible nitric oxide
synlhase (iNOS). However, IFN-y alone W88 nol able to induce iNOS
expre88ion in MME ceUs. The expression of iNOS in MME ceOs requires
a dual signal, which can be provided by a combination ofTNF and IFN-y
[18]. Taurine and taurine chloramine were used 88 described above.
Nitrile concentration W88 determined in supernslan18 after 24 h of incubalion (3rC, 5% COz).

Synthesis of chloramines
Taurine, ethanolamine, serine, and ph08phoelhanolamine were obtained
from Sigma. N-Monochlorotaurine, N-monochloroelhanolamine; and Nmonochloroaerine were prepared by dropwise additions of 5 rnl of 2 mM
NaOCI (Sigma) 8Olulion in 0.06 M ph08phate buffer (PH 7.4-7.5) with
vigorous slirring to 5 rnl of 29 mM amine solution in the same buffer. The
concenlralion of N-monochloro derivalives W88 delermined lpeclopholometrically 888uming £UZ _ = 415 M- I cm- I •
N-Dichloroph08phoelhanolamine w88the main prodUCl of NaOCltrealmenl of ph08rhoethanolamine and il W88 delermined 888uming £300 _ =
300 M·I cm' [19,20]. Chloramines were used immedialely after preparation. Stock 8Olulion of taurine chloramine W88 kepl at 4°C (or a maximum period of 2 weeks before use.

Measurement of cell viability

Cells
Iaolalion of macrophapa: Peritoneal mouse macrophages were induced
by intraperiloneal injection of 2 rnl of lhioglycoUale medium (Difco,
Deboil, Mn. CeOs were collected 5 days later by washing oUl the periloneal cavity with 5 rnl ofDPBScontaining 5 U heparin/rnl (PolCa, Warsaw,
Poland). CeUs were centrifupd and red blood ceUs were lysed by 08molic ahock using distilled water; OIIDOlarity W88 restored by adding 2X
CCIIIceIIlraled PBS. CeOs were purified by adherence to ti88ue cullure
plastic plalea for 2 h (3rc, 5% COz). After removal of nonadherenl cells,
the resullanl monolayer contained >95% macrophages [17].

Murine J774.2 macrophages were a generous gifl from Prol. Sir John
Vane (William Harvey Research Inslilute, London). The ceUs were routinely propapted in RPMI1640 medium with 5% fetal calf serum (FCS)
(both Gibco, Grand Ialand, NY) in a 5% COz almo8phere by serial
biweeldy
For experimen18 ceOs were centrifuged and resuspended in RPMI 1640 at a concentralion of 1 x lo'/rnl. Murine brain
microvascular endothelial ceUs (MMEa) were a gift from Dr. Roberl
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CeOs were cullured in 96-well plales for 24 h wilh or withoul taurine
chloramine. Cell respiration, an indicator of cell viability, w8811811e111ed
by the milochondria-dependenl reduction of 3-(4,S-dimelhylthiazol-2yl)-2,5-diphenyllelrazolium bromide (MTT) (Sigma) to formuan [21].
CeOs were incubated with MTT (500 J.l.g/rnl) for 3 h at 3rC. Culture
medium W88 removed by upiralion and the ceUs were 80lubilized in a
10% sodium dodecylsulfate (SDS) solution (Sigma). The extent of reduction of MTT to fonnazan within ceOs W88 quantilated by measuremenl of
optical deMity at 550 om (ODsso).

Cell adhesion assay

Maintenance of cells
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Auerbach (Univenity of Wisconsin, MadilOD). They were grown in a
medium consisted of Dulbecco's modified Eqle's medium (DMEM; Life
Technologies Ltd., Paisley, UK), 20% FCS, endothelial cell growth IUpplemenl (30 J.l.g/rnl; Sigma, Sl. Louis, MO), 2 mM glutamine, and antibiotics.
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CeOs were labeled with PKH2 Green cell linker (Sigma) acconIing to the
recommended protocol and resuspended in RPMI + 5% FCS. The ceUs
(3 x l~/well) were placed in aliquol8 in Ral-bottom microliter plates
(Falcon) eilher unlrealed or previously coaled by overnighl incubation
wilh human serum fmronectin (Sigma) at 10 J.l.g/rnl in PBS and washed
twice with PBS before use. CeOs were incubated with or withoul taurine
chloramine for 24 h at 3rC in 5% COz. CeOs were counted in each well,
after washing in prewarmed RPMI medium lo remove nonadherenl ceOs,
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CCD video camera (COHU-4910) and iJ1188t'8 were imported into the
NIH-Imaae program (Wayne Rasband, public domain) using a digital
tranalation card (LG-3, Scion). Nine images were taken in a 3 X 3 grid
&om each well covering 34% of the surface area of the well. 1'wo-dimenaional rolling ball backpound subtraction and a 5 X 5 smoothing convolution were perfonned on each imqe. A cell-counting algorithm W81 used
to enumerate the number of cella per image and per well. Data are
preaented 81 the olean and standard deviation of adherent cell number
per well (Dr. Mike Binqb from the Department of Immunology UCL
London, peraonal communication).

Nitric oxide (NO), quantified by the accumulation of nitrite (81 a stable
end product), W81 determined by a microplate 8888y (22). Briefly, l00-Jll
aamplea were removed from the supematanta and incubated with an
equal volume ofCrieu reagent (1% sulfanilamide, 0.1% N-l-naphthylenediamine dihydrochloride, 2.5% H31J(),,) at room temperature for 10
min. The absorbance at 540 nm W81 determined with a microplate
reader. Nitrite concentration W81 calculated from a mum nitrite standard curve. The lower limit of detection of the 8888y W81 2 IlM nitrite. The
ltandard curve W8I obtained in the preaence of 0.6 mM TauCI. Taurine
chloramine did not interfere with the 8888y.

RNA preparation and Northem blot analysis
Cella were cultured in 94-mm tissue culture platel (3 x 107 cells/plate).
Mer 16 h of incubation of cella with the indicated facton, total RNA W8I
prepared uling the phenol extraction method (23). RNA samples (51lg)
were aeparated electrophoreticaUy in 1% aproae gel under denaturating
conditiona (24). RNA W8I then capillary tranafened to Hybond-N membranes (Amenham. UK) according to the manufacturer's inatruction. The
biota were baked at 8O"C for 2 h, prehybridized overnight, and hybridized to eDNA probes lpecific for the murine macrophage iNOS (a gift
&om Dn. Q.W. Xie and C. Nathan) and for las RNA. The probes were
labeled by the Random Primen DNA Labeling System (Amenham. UK).
Hybridizationa were performed at 68"C for 24 h. NonapecificaUy bound
radioactivity W8I removed by wuhing the biota in 2x standard aaline
citrate (SSC) at room temperature, followed by two lubaequent wuhes in
2x SSC, 0.1% sodium dodecylsulfate (SDS) at 68"C for 30 min each.
The biota were then subjected to autoradiography using intenaifying
acreeRl.

Cytokine assaYS. Bioassays
Levels of TNF-a and lL-6 in the supematanta were meuured using the
lpecific indicator cell linea and telting cell viability with the mitochondrial indicator dye MTT, 81 published previously (21). Mean optical
density value for triplicate cultures were converted to U/ml by fitting
experimental titratiODl to the ltandard curves. Mouse recombinant TNFex (Cenzyme) and mouse rIL6 (Sigma) were used 81 ltandarda, respectively. lL-6 bioactivity W81 analyzed by meuuring growth of the 89
hybridoma cell line, which islL-6 dependent (25). The 5 X loa 89 cella
Influence of Taurine Chloramine on Adhesion
of the Cellaa

Macrophapa (Mf-Tio)
incubated with

- (control)
Taurine, 0.6 mM
Taurine chloramine, 0.6 mM

Influence of Taurine Chloramine on iNOS-Dependent
Generation of Nitric Oxide

Taurine
chloramine"

N~-

(J.&M) releaaed by

M+-Tiob

J774.2 cellsb

MME cells"

B2 ± 19"
°2 ± 1.2

79 ± 8.6

72 ± 5.8

0.4

·5 ± 3.4

°7 ± 1.2

·3 ± 0.8

0.3

°26 ± 10

°13 ± 3.6

·5 ± 1.2

0.2

**38 ± 8
63 ± 13

"31 ± 5.2

·15 ± 2

7l±1l

68 ± 4

[mM]
-

(control)

0.6

°2 ± 0.7
·2 ± 1

0.5

Nitrite (N02-) determination

TABLE 1.

TABLE 2.

0.1

'Taurine monochloramine waa added to cell culture at different doeea simultaneously with activator.
'1:e1la were stimulated with IFN-y (20 Vlml). NOi level waa detennined in
8upematants collected after 24 h. The level of NOI " in nonatimulated cella waa
below 4 J1M.
'Cells stimulated with IFN-y (100 Vlml) and TNF-a (100 U1ml).
dEach value i. the mean : SEM oC 12 (M+-Tio). 7 (J774.2 cells). and 3 (MME
cella) independent experiments (p < .05."P < .01).

were cultured with tested supematanta for 72 h in a total volume of 200
Jll. Viability W81 determined by MTT staining. The TNF-a level W81
meuured using the L-929 fibroblut cytotoxicity 8888y (25). BrieRy,
L-929 cella were placed in Oat-bottom 96-well microliter plates at a
denaity of 2 X 1(f/well into 100 Jll of RPMI 1640 supplemented with 2%
res. Mter 24 h, 100 Jll of tested aamples, lupplemented with actinomycin D (1 ~ml), W81 added to L-929 cultures and incubated for 16 h at
3rC in 5% CO:!. The cella were stained subaeque~tly for 3.5 h with

MTT.

Immunoassays
TNF-a W81 meuured using an ELISA kit for mouse tumor necrosis
factor-a (Genzyme). Interleukin-lex W8I meuured using a mouse interleukin-lex ELISA kit (Cenzyme). Prostaglandin Ez W8I determined by
using a prostaglandin Ez enzyme immuD08ll8Y (EIA) system (Amenham.
UK).

Specific inhibition of NO synthesis
The specific inhibitor of NO synthase ~-monomethyl-L-arginine (LNMMA) (Calbiochem, La Jou.. CA) W8I used at a concentration of 100
IlM for inhibition of NO production.

Statistical analysis
Resulta are expreaaed 81 mean ± SEal. Slatisticalsignificance W8I determined by Student'st-test and the differences were reganled 81 significant
CorP < .05.

Adherent cell number per well
A

8

platea p_ted
with fibronectin
8522 ± 1449
9549 ± 474
8962 ± 1432

untreated
platea
3647 ± 54
3189 ± 656
3083 ± 123

·Labeled IIIICI'Ophaaes at a concentration of 3 ' 104 cells/well were incubated with 01' without taurine chloramine either on platea precoated with Iibronectin (A) 01' on untrealed pIatea (8). After 24 h cella were waahed out and the
number ol adherent cella waa counted uailll a diptal O.-cent videomiClUllCOpy
ayatem (COl' detaila _ Materials and Methoda). Data are preaented aa the mean
: SEll ol adherent cell number per well

RESULTS
Influence of taurine chloramine on viability and
adhesion of the cells
In preliminary experiments, we tested the cytotoxic effect of
TauCl on peritoneal macrophages (M+-Tio) and J774.2 and
MME cells. TauCl at a concentration of 1 mM and higher
was cytotoxic. The viability of all cell types cultured with
TauCI in the range 0.03-0.6 mM was not significantly different from that of untreated cells (data not shown). In
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TABLE 3.

Effect of Chloramines on Nitric Oxide Production
by Macrophages
Nilralell ('If> of conbollb

M"TIO + IFN-f
iDcubaaed with

0.1 mM

100
98 ± 3
Taurine
Taurine monochloramine
83 ± 15
Taurine dichloramine
92 + 16
79 ± 10
Monochloroethanolamine
Dichloropboephoetbanolamine 91 ± 13
104 ± 14
Serioe monochloraminec
Serine monochloramined
73 + 19
Sodium hypochlorite (NaOCl) 0°68 + 11

-

(coatrol)

O.3mM

0.6mM

100
95 ± 2
°33 ± 4
°23 ± 18
°19 + 8
0°43 + 10
78 + 16
°15 + 11
°22 + 7

100
97 + 7
°2 + 2
°1 + 0.8
°3 + 2
°7 + 6
°12 + 4
°2 + 1.8
°3 + 1.6

~ (M"TIO) activated with IFN-y (20 Y/mI) (control) and incuINded with taurine CII' cliffenma cbIonmi... Alter 24 h IlUpematanlB were collected
and IeIted for NO.- cor-wlltion. N-aimulated celie reIeaed aboul2 J1M N0z".
~IB are ebown .. perceatap of NO.- (JAM) level in conbol group (M"
TIO atimulated with IFN-l). Data are the _ _ :t SEll of three aeparate experiIIIIIIIIB (*P <
**p < .01).
"Serine choInmine kepi at 4"C COCII' 24 h.
4Serine cbIonmine uaecI inunediatley after preparation.

.os.

further experiments, we used only noncytotoxic concentrations of TauCI (0_03-0.6 mM).
Because the production of cell-derived mediators may
require adherence [1], we tested the influence of taurine
chloramine on adhesion of the cells. As shown in Table 1,
treatment of peritoneal macrophages (Mcp-Tio) with taurine
chloramine (0.6 mM) did not cause cells to detach.

Taurine chloramine inhibits iNOS-dependent
generation of nitric oxide

as taurine monochloramine, taurine dichloramine, N-monochloroethanolamine, and N-dichloroph08phoethanolamine,
as well as NaOC1, all inhibited nitric oxide release in a
similar, dose-dependent manner (Table 3). However, serine
chloramine (SerCl) was active only when used immediately
after preparation (0.3 mM SerCl, inhibition of NO generation by 85%). Serine chloramine lost its inhibitory properties after staying in a solution for 24 h (inhibition of NO
generation by 22%). This effect correlated with decomposition of SerCl as monitored by spectrophotometric analysis
(data not shown). Taurine monochloramine and taurine dichloramine similarly affected NO release. Because in vivo
chlorination of taurine results mainly in monochloramine
formation [8], we tested taurine monochloramine, further
referred to as chloramine (TauCI), as the representative of
taurine chloramines in our study.

Taurine chloramine inhibits the generation of NO
by macrophages stimulated with different agents
Peritoneal macrophages were activated in vitro by either
LPS, IFN-y, TNF-a, or a combination of IFN-y and TNF-a.
Activated macrophages where cultured either alone or in
the presence of different concentrations of TauCI. As shown

120 HOi aM
.........

100

~ IPN-y

+
+

................. ~......

As shown in previous reports [2, 12], exposure to IFN-y

TNJI-o/
LPS

··0· TNJI-o/ +IJlN- Y

resulted in generation of N02- (as a stable end product of
NO oxidation) by peritoneal macrophages (82 ± 191J.M) and
the J774.2 macrophage cell line (79 ± 9 IJ.M) (Table 2).
Stimulation of MME cells with IFN-yand TNF-a also leads
to high nitrite accumulation (72 ± 6 IJ.M). The release of
N~- from nonactivated cells was negligible (0-2 IJ.M). The
generation of NO was dependent on an inducible form of
nitric oxide synthase (iNOS) in all cell types tested. As
shown in Table 2, taurine chloramine inhibited the release
of N~- in a dose-dependent manner. The activity of TauCI
was similar in all cell types tested. The highest concentration ofTauCl (0.6 mM) completely abrogated the generation
of NO (the inhibition by 98%). Taurine chloramine (0.1
mM) only slightly inhibited NO release (inhibition by
8-22%, depending on the cell type). Further experiments
were performed using peritoneal macrophages (Mcp-Tio).

80

60

40

20

0.1

0.3

0.6

TauCI [mMJ

Influence of different chloramines on NO generation
To determine whether the inhibition of NO release by TauCl
is specific for taurine derivatives, we have tested chloramines of different amino acids. Native taurine (Table 3), as
well as other native amino acids (data not shown), had no
influence on NO generation. In contrast, chloramines such
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v•. 1. Taurine chloramine inhibits the generation of NO by macrophages
stimulated with different agents. Macrophages (Mf-Tio) were activated
with IFN-y (20 Ulml), TNF-a (25 nglml), LPS (I IJ.g/ml), or IFN-y (20
U/ml) + TNF-a (25 nglml). Taurine chloramine was added to the culture
at a concentration of 0.1, 0.3, or 0.6 mM. N02" concentration was estimated
in supernatants after 24 h. The level of NOt" in nonstimulated ceUs was
0-4 p.M. Each value is the mean ± SEM of four separate experiments.
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in Fipre 1, taurine chloramine inhibited the generation of
NO following all types of stimulation.

Time course of inhibition of NO generation by TauCI
To detennine whether the inhibition of N02- accumulation
by TauCI results from inhibition of iNOS expression or from
inhibition of its enzymatic activity, we compared the time
dependence of the TauCI effect with that of L-NMMA, a
specific inhibitor of NOS enzymatic activity [26]. Taurine
chloramine or L-NMMA was added to macrophages at different times after activation with IFN-y. As shown in Figure 2, L-NMMA inhibited almost completely N02accumulation in the culture medium when added simultaneously with IFN-yor within 6 h after stimulation (time
required for induction of iNOS expression and synthesis of
a significant amount of the enzyme). In contrast, TauCI
revealed its full inhibitory effect only when added to the
cells simultaneously with IFN-y or within 2 h after the
stimulation with IFN-y (inhibition by 94%). Taurine
chloramine added 8 h after the activation inhibited N02accumulation by 42%, and when added after 22 h (2 h

80

NO-,....
2

70
60

before supernatant collection) it did not affect the level of
nitrites.
In addition, we have shown that taurine chloramine did
not change significantly the production of NO by IFN"t-pretreated macrophages when incubated for a further 24
h after washing out the stimulator (Fig. 3). In contrast to
taurine chloramine, L-NMMA, an inhibitor of iNOS, almost
completely blocked NO generation. These data indicate
that TauCI is active early in the IFN-"f-dependent pathway
of iNOS generation. The results did not confinn the data
that suggest a direct effect of taurine chloramine on NO
synthase activity [27]. We also investigated how long the
macrophages had to be preincubated with TauCI to reveal
its suppressive activity. Taurine chloramine was washed out
from the cells before stimulation with IFN-y. Incubation of
cells with TauCI (0.6 mM) for 5 min did not affect the
generation of NO, whereas incubation for 20-40 min inhibited the generation of NO by 65% (N02- 26 J1M versus 74
J1M in the control) (data not shown).

Inhibition of mRNA of iNOS by taurine chloramine
Northern blot analysis demonstrated that the inhibition of
nitrite accumulation in culture medium of IFN-"f-Stimulated macrophages by taurine chloramine is accompanied
by a reduced level of iNOS mRNA. Incubation of murine
macrophages with IFN-y significantly increased the iNOS
mRNA level. However, when the cells were incubated with
IFN-y in the presence of taurine chloramine, the IFN-"f-mediated increase was strongly diminished. The effect of
TauCI was dose dependent (Fig. 4 top). Taurine did not
inhibit the iNOS mRNA level. The inhibitory effect of
TauCI on cytokine-induced iNOS mRNA expression was
also observed in MME cells (Fig. 4 bottom).

50
_

Tau-CI

o

cODtrol

40

Influence of TauCI on the production of cytokines
and PGE2 by macrophages

L-NMMA

30
20

10
0

2

..

«5
8
Time of lahlblton latrodactloa (hn)
0

22

FII. 2. Time course of inhibition of NO production by taurine chloramine

and L-NMMA. Macrophages (Mf-Tio) were activated with IFN-y (20 U/ml)
(control). TauCI (0.6 mM) or L-NMMA (100 JIM) was added to the cell
culture at different times after addition of IFN-y. At 24 h after IFN-y
addition, supernatants were collected from aU cultures and tested for NO£
concenbation. The level of N~· in macrophages exposed only to medium
was approximately 4 JIM. The figure shows the results (mean ± SEM) of one
of three separate experiments.

Thioglycollate-induced peritoneal macrophages (M+-Tio),
when activated with IFN-y, release a variety of mediators
involved in inflammation, such as nitric oxide, PGE2, ILIa, IL-6, and TNF-a [1]. Nonactivated M+-Tio do not generate NO, but they release substantial amounts of cytokines
and PGE2 (Table 4).
Taurine did not influence the production of these mediators. As shown in Table 4, the release ofTNF-a, IL-6, and
PGE2 was inhibited by TauCI in a dose-dependent manner.
The highest nontoxic concentration of TauCI (0.6 mM) inhibited release ofTNF-a by 50%, IL-6 by 80%, and PGE2
by 82%. The release of IL-Ia was not inhibited by TauCI.
In some experiments we even observed an enhancement of
IL-Ia production in the presence of taurine chloramine
(Table 4). Taurine chloramine alone, in the absence of the
stimulating agent IFN-y, did not change the release of NO,
TNF-a, IL-6, and IL-Ia. On the contrary, the release of
PGE2 from nonstimulated macrophages was inhibited by
TauCI in a dose-dependent manner (data not shown).

Marcinkiewicz et al.

Tauriae ehloramiae iDhibite NO produedoa

671

macrophages. Previously, we showed that the products of
the neutrophil chlorinating system were able to modify
macrophage functions [10-12]. The present results indicated that one of them, taurine chloramine, strongly inhibited NO generation in activated peritoneal macrophages
(MejI-Tio), J774.2 cells, and MME cells. In all tested cells
the generation of NO depends on the inducible form of NO
synthase (iNOS) [2, 18,26]. Generation of NO by macrophages, engaged in both protective and destructive reactions, is regulated by a variety of endogenous factors such
as TGF-Ji, IlA, and LPS [14, 15]. Mechanisms by which
iNOS is negatively regulated have so far been analyzed only
in macrophages treated with TGF-Ji. TGF-Ji destabilizes
iNOS mRNA, decreases its translation, and increases the
degradation of iNOS protein [16]. TGF-Ji regulates NO generation in an autocrine manner.
We have shown that TauCI reduces the level of iNOS
mRNA in a dose-dependent manner closely correlated with
the inhibition of nitrite accumulation. These data, together
with the finding that the strongest inhibitory effect of TauCI
was observed when TauCI was added simultaneously with
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Taurine is exceptionally abundant in the cytosol of inflammatory cells and especially in neutrophils, where it represents over 70% of the free amino acid pool [8, 9]. It is
commonly accepted that Tau functions in biological systems as a general detoxifier. The major function of Tau in
leukocytes is to trap chlorinated oxidants (HOCI). Thereby,
taurine may specifically protect cells from self-destruction
during processes that generate oxidants [7, 8]. Taurine may
protect not only neutrophils that produce oxidants but also
bystander cells such as platelets, lymphocytes, and macrophages [8]. In contrast to the role of Tau, the biological role
ofTauCI is not well defined. It is reasonable to ask whether
taurine chloramine acts on macrophages, the major partner
cells of neutrophils, at the site of inflammation. Park et al.
[27] have shown that TauCI inhibited the production of
nitric oxide and TNF-ex by RAW 264.7 cells.
In this study we investigated the influence of TauCI on
the generation of inflammatory mediators by activated
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..... 3. Influence of Tauel on NO release by macrophages after washing
out ofIFN-y. Macrophagea (M+-Tio) were stimulated with IFN-y (20 U/ml)
(groupe l~). L-NMMA (group 3), and Tauel (0.6 mM) (group 5) were
added at the time of activation. After 24 h supernatants were removed and
tested for N~' accumulation (0-24 h). Macrophagea from groupe 2, 4, and
6 were washed out and cultured with either the medium alone (2) or
L-NMMA (4) or Tauel (6) for a further 24 h. The accumulation of nitrites
throusf1out this additional period of incubation (24-48 h) was measured.
Results are expressed as percentage of N~· release (66 J.lM) by macrophages stimulated with IFN-y (group 1). The level of nitrites in nonstimulated macrophages was < 4 J.lM. Group 6 versus group 2. P > .1.
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0

iNOS

+- i8S rRNA
..... 4. Northern blot analysis of iNOS mRNA in murine peritoneal
macrophages and in MME cells. (Top) Peritoneal macrophages were
incubated for 16 h with medium alone (lane A), with IFN-y (lane B), with
IFN-y in the presence of taurine (0.6 mM) (lane e), or with IFN-y in the
presence of taurine chloramine at a concentration of 0.6 mM (lane D), 0.3
mM (lane E), or 0.1 mM (lane F). Equal loading of wells with RNA samples
was verified by hybridization with ISS rRNA-specific cDNA probe. (Bottom) MME cells were incubated for 16 h with medium alone (lane A), with
IFN-yand TNF-a (lane B), or with IFN-yand TNF-a in the presence of
taurine chloramine at a concentration of 0.2 mM (lane C) or 0.4 mM (lane
D).
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TABLE 4.
Group

Control·

Influence of Taurine Chloramine on Release of PGE2 and Cytokines
PG~(pWml)

IL-la (pglml

IL-6 (pgIml)

TNF(U/ml

TNF(nw'ml)

97 ± 1()b

7l±28

8 ± 6"
88 ± 12

3.4 ± 0.5d

410 ± 14

6±2
87 ±9
95 ±6
·17 ± 2

91 ± 16
··45 ± 9

6.7 ± 1.1
6.1 ± 0.9
··3.2 ± 0.3

IFN-y
IFN-y + Tau (0.6 mM)
IFN-y + TauCi (0.6 mM)

380 ± 12

·77 ± 15

137 ± 60
141 ± 16
220 ± 86

IFN-y + TauCI (0.3 mM)

··132 ± 19

196 ± 75

··54 ± 17

··58 ± 19

5.1 ± 2.0

IFN-y + TauCI (0.1 mM)

396 ± 16

160 ± 24

96 ± 7

105 ± 24

6.9 ± 1.6

"Nonstimulated macrophages (M+-Tio) were used as a control group. Macrophages were activated with IFN-y (20 U/ml) and incubated with taurine or taurine
chlonunine (or 24 h. The levels o( cytokines and PGEa were measured in supernatants.
~Mean ± sa of one of (our separate experiments.
"TNF-a. measured using the 1,.929 cell line.
~-a. measured by immUl1088llllY.

IFN-y, suggested that the transcription of the iNOS gene
was inhibited. These data are in agreement with a previous
study of the influence of TauCI on iNOS induced in RAW
264.7 cells [27]. We cannot exclude the possibility that
TauCI also decreases the stability of iNOS mRNA or also
affects the process of translation.
Inhibition of message induction could result from inhibition of the interaction of stimulators with their receptors on
macrophages, blocking the signal transduction pathway(s),
or inhibiting the process of transcription. Taurine
chloramine does not seem to interact directly with any particular stimulator of macrophages, as it inhibited NO generation by macrophages activated with a variety of different
stimuli such as IFN-y, LPS, and TNF-a. Furthermore, taurine chloramine had the same effect on NO generation
whether it was added to macrophages simultaneously with
IFN-yor 2 h later. Finally, in RAW 264.7 cells, preincubation of activators (LPS, IFN-y) with TauCI alone only
slightly diminished the activity of the activator [27]. TauCI
is transported into macrophages and other cells via its own
specific receptor [27]. Thus, it is unlikely that the inhibition of macrophage function by TauCI is exerted at the level
of the receptors for macrophage activators.
According to previous reports [27], taurine chloramine
might also inhibit the enzymatic activity of NOS. However,
our time course experiments comparing the action of taurine chloramine with that of NOS inhibitor showed significant differences in the effects of the two agents. Moreover,
because TauCI did not affect the release of nitrites from
IFN-l-Pretreated macrophages (in which the stimulator was
washed out), it is unlikely that it might directly inhibit NO
synthase activity. These findings, together with iNOS
mRNA analysis, suggested that the major mechanism responsible for inhibition of NO production by TauCI was the
decrease in iNOS synthesis rather than inhibition of the
enzymatic activity of iNOS.
To determine whether the regulation of NO generation
may be achieved in vitro by other chloramines, we have
tested two forms of TauCl: taurine monochloramine and
taurine dichloramine. In addition, we used chloramines of
amino acids that are components of mammalian plasma
membranes: serine, ethanolamine, and phosphoethano-

lamine. All chloramines inhibited the generation of NO in
vitro in a dose-dependent manner. These results are at
variance with the experiments of Park et al. on RAW 264.7
cells [27]. These authors concluded that the effect was
specific for taurine chloramine because serine chloramine
did not have such an effect. In our hands, serine
chloramine, when used immediately after preparation, suppressed M.-Tio activity as effectively as TauCI did, and we
believed that, in vitro, any active chloramines can influence
NO generation, because of their oxidizing and chlorinating
properties. They are able to react with purine and pyrimidine nucleotides as well as with proteins, leading to the
inactivation of target species [4, 28]. However, despite the
strong activity of different chloramines in vitro, only taurine
monoc;hloramine may be significant in vivo. In contrast to
the majority of the chlorinated alpha amino acids, taurine
chloramine has a half-life that is exceptionally long [8].
Thus, both the high concentration of taurine and the stability of TauCI strengthen the potential impact of this chlorinated ::fne in vivo [7, 8].
Along with the strong inhibitory activity of TauCI on NO
generation, we have shown the inhibition of PGE2, TNF-a,
and IL-6, all inflammatory mediators elicited by distinct
signaling mechanisms. Endogenous TNF-a is considered to
be an obligatory factor for iNOS induction [29]. However,
addition of exogenous TNF-a did not restore NO generation
in the presence of TauCI, indicating that the suppressor
activity of TauCI is not merely an indirect effect of inhibiting TNF-a production. The effects of TauCI were not simply
indiscriminate inhibition of macrophage function, because
the production of IL-1a was not changed and in some experiments an enhancement was observed. The mechanism
of TauCI-dependent inhibition of PGE2 and cytokine generation remains unclear. Tauel either interferes directly
wittt each particular pathway or, in addition, breaks the
positive feedback loop in which NO, PGE2, and cytokines
are involved. It has been reported that under some conditions nitric oxide may enhance the activity of cyclooxygenase [30] and may increase the production of
inflammatory cytokines by macrophages [31].
The results presented in this paper are in keeping with
our hypothesis that the chlorinating system of neutrophils
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plays a dual biological role [32]. During phagocytosis,
chlorination of antigens in neutrophils is responsible for
their degradation (killing system). It also serves as the regulatory system that modulates proinflammatory (cytotoxic)
mechanisms in macrophages [12]. Several mechanisms, beside chlorination, contribute to the modulation of macrophage functions by PMNs [33,34].
We suggest that NO and TNF-Q are induced in macrophages when live and/or toxic antigen has to be destroyed.
But when antigen is already inactivated by neutrophils, the
additional macrophage killing system (NO, TNF-a) does
not need to be triggered. Under these conditions TauCI
therefore acts as a neutrophil-derived signaling molecule
that is responsible for the down-regulation of production of
inflammatory mediators by macrophages and neutrophils.

This work was supported by grants 6P-207-063-06, and
6P-203-033-OS from the Committee of Scientific Research
(Warsaw, Poland).
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