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Abstract—A series of benzothiazolium compounds were identified as novel classes of inhibitors of nitric oxide production in a cell
culture system. They exhibited ~1600 folds potency with ICs, at ~50nM to several pM as compared to ICs, 88.4 uM of
L-NMMA, a known inhibitor of nitric oxide synthase. The mechanistic studies suggest that decreased iNOS protein synthesis
and mRNA transcription, at least in part, were related to the inhibitory activity of effective benzothiazolium compounds. The cor-
relation of in vivo and in vitro activities using mouse paw edema model was also demonstrated.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Three distinct isoforms of nitric oxide synthase (NOS),
neural (nNOS), endothelial (eNOS), and inducible
(INOS), utilize the L-arginine and oxygen as co-sub-
strates and convert them into vr-citrulline and nitric
oxide (NO).!3 Among them, iNOS is induced to express
and generate large quantities of nitric oxide upon the
stimuli of endotoxins or cytokines involved in patholog-
ical responses at the quantities of nM in contrast to pM
from nNOS and eNOS.* However, NO is a double-
edged molecule. The improper overproduced NO by
iNOS results in acute and chronic inflammation related
diseases. Overproduction of NO by iNOS has been
implicated in various pathological processes including
septic shock, tissue damage following inflammation,
and rheumatoid arthritis.> Selective inhibition of iNOS
may be beneficial in various forms of shock and
inflammation.
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A lot of work has been put into design of selective NOS
inhibitors since NG-methyl-L-arginine (L-NMMA) was
identified as the first inhibitor of NOS.!%!3 Recently,
much progress in terms of potency and selectivity has
been obtained since most of the effort has been focused
in finding selective non-amino-acid based analogue’s
NOS inhibitors which include L-arginine competitive
inhibitors, analogues of tetrahydrobiopterine, and
inhibitors that interfere with the access of the NOS ac-
tive sites etc.!!*'> Most of these works determined the
compound’s potency using recombinant NOS enzymes
with a few of them demonstrating in vivo activity.!%!2
Another approach using LPS-stimulated RAW264.7
macrophage cells has also been exploited to evaluate
inhibitory activity of compounds in iNOS.'4-17

2. Results and discussion

Herein, we have utilized the cell-based assay system of
LPS/IFNy stimulated RAW264.7 cells to identify a no-
vel class of iNOS inhibitors.!® This assay system has a
broad spectrum for finding agents for suppressing NO
production in acute or chronic inflammatory conditions.
The high throughput screening of a library of com-
pounds indicated that compounds with benzothiazolium
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moiety inhibit nitric oxide (NO) production generated
from RAW264.7 cells stimulated by LPS/IFNy.
Therefore, we collected about two hundreds of
benzothiazolium compounds to further study this class
of compounds. The inhibitors identified from herein
are not limited to specifically inhibit iNOS enzyme per
se. They may ultimately include those molecules directly
or indirectly affect the transcription or translational
events of iNOS expression or activity.

The compounds showed different degrees of potency in
inhibiting nitric oxide (NO) production generated from
RAW264.7 cells stimulated by LPS/IFNy. In this assay
system, L-NMMA, an archetypal competitive NOS
inhibitor to which other inhibitors are often com-
pared,'”2! exhibited an ICs, of 88.4+/— 15.4 uM.
Based on the potency and structure, the representative
benzothiazolium compounds shown herein were divided
into five classes.

The A and B classes possess a 2-vinylbenzothiazolium
and a 2-[(4-aminophenyl)vinyl]benzothiazolium core
structure respectively. They exhibited weak activity with
most potent compounds showing ICs, of 3.6 and
2.2 uM, respectively.

The introduction of a quinoline, giving C class with a
2-[(quinoline)vinyl]benzothiazolium core structure, re-
sulted in ~10-20 folds increase in activity as compared
to the most potent compounds of classes A and B. Com-
pounds C1-4, with alkyl groups at R1 and R2, exhibited
ICsps ranging from 200 to 300 nM, irrespective of the
length of the alkyl substitution. However, when both
R1 and R2 were replaced with (CH,);SOsH (C5), the
activity decreased by 225-300 folds (ICsy of 64.6 uM).

Further, replacement of the quinoline in C class with a
benzothiazolium moiety gave the D class with a 2-[(ben-
zothiazol)vinyl]benzothiazolium core structure. Com-
pound D2 with ethyl groups at R1 and R2 was ~12-
folds more potent than D1 which had methyl substitu-
tions instead. In addition when R2 ethyl group of D2
was replaced with (CH,),OH or (CH,),COOH, the
activity decreased significantly by 26-28 folds (D3 and
D4).

The E class having a 1-benzothiazol-3-benzothiazoli-
umpropenyl core structure exerted potent activity with
ICso ranging from 55 to 847 nM. Compounds with
either methyl or ethyl substitution at R1, R2, and R3
(E1-E3) were more potent than the compounds with
R2 as cyclobutane, methoxyl, thiolmethyl or amine
(E4-7) by factors ranging from 4 to 15. Furthermore,
the replacement at both R1 and R3 with (CH,);SO3H,
also significantly decreased the compound’s potency
with a factor of ~60 (E7 to E10) in a manner similar
to the above analysis for B6, C5, C18, D3, and D4. Sim-
ilar results were also obtained with E11 and E12, as
compared to E2 and E3 respectively.

In summary, classes C, D, and E are more potent than
classes A and B in suppressing NO production. It ap-
peared that the alkyl substitutions at the iminium or en-
amine positions of these classes of benzothiazolium
compounds favor high potency.

In consideration of the effects in growth inhibition or
cytotoxicity of these compounds would mislead the
interpretation of their potency, measurement for relative
viable cell numbers using MTS assay was performed.
Most of these compounds at the concentration of
10 uM did not show significant growth inhibition or
cytotoxicity while some of them showed slight to moder-
ate effects with C4, C6, C10, E1, E3, E4, E8, and E9
exhibiting Glsos ranging from 5.5 to 9.3 pM, respec-
tively (Tables 1-5).

To elucidate the possible mechanisms of active ben-
zothiazolium compounds for inhibition of the NO pro-
duction. Representative active compounds A7, B4, C1,
C7, E3, and E7 were examined in relation to iNOS pro-
tein expression along with L-NMMA in the LPS/IFNy
stimulated RAW264.7 cells.?? The iNOS protein expres-
sion was enormously induced upon stimulation of LPS/
IFNy in RAW264.7 cells (Fig. 1, lane 2 compared to
lane 1). The concurrent treatment of effective ben-
zothiazolium compounds with LPS/IFNy inhibited the
iNOS protein expression in correlation with their po-
tency. For example, C1 and E3 (ICsos 216 and 62 nM,
respectively) almost completely inhibited the iNOS pro-
tein expression while B4 (ICsq 2.3 uM) exhibited about

Table 1. Structure and activity of the class A compounds with a 2-vinyl-benzothiazolium core structure

R1

S»_)\ R2

RS’: N

R4
Compd R1 R2 R3 R4 NO suppression ICsy (nM) MTS Glso (uM)
Al CH,CH; SCH; OCHj; CH,CH; 3993 + 1624 >10
A2 SCH; CH,CH; OCHj3; CH,CH; 3636 867 >10
A3 SCH; CH; OCH; CH,CH; 18,449 + 2360 >10
A4 SCH; CH3; H CH,CH; 24,235 £ 793 >10
AS CH,CH; SCH; OCH; (CH,)3S0;3 66,113 + 9436 >10
A6 CH; SCH; OCHj3; (CH,);S0; 69,500 + 2345 >10
A7 CH; NHCH,C¢H5 H CH,CH; 7611 £ 995 >10
A8 CH; NHC¢H; H CH,CH; 44,762 + 4987 >10
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R3 S
N\ _-CH,
R2 N NQ
R1 R4 CH,
Compd R1 R2 R3 R4 NO suppression ICsy (nM) MTS GlIsp (LM)
Bl H H H CH; 4802 + 1786 >10
B2 H H H CH,CH; 4937 + 1813 >10
B3 H H CH; CH,CH; 2268 953 >10
B4 H CH; H CH,CH; 2331 +75 >10
BS R1R2 fused benzene H CHj; 2158 = 819 >10
B6 H COOCH; H CH,CH; 10,832 * 306 >10
B7 H H NHCOCH; CH,CH; 3307 £ 597 >10

Table 3. Structure and activity of the class C compounds with a 2-[(quinoline)-vinyl]-benzothiazolium core structure

R4
R3

Compd RI1 R2 R3 R4 R5 R6 R7 NO suppression MTS ICso (nM)  Glsq (uM)
Cl CHj; CH,CH; H H H H H 216 + 90 >10

C2 CH,CH; CH,CH; H H H H H 244 *+ 143 >10

C3 CH,CH; (CH,),CH3 H H H H H 288 + 74 >10

C4 (CH,);CH; CH,CH; H H H H H 215+ 51 55+22
C5 (CH,);SO3H  (CH,);SOsH H H H H H 64,557 + 4133 >10

C6 CH,CH; CH,CH; CH; CH; H H H 258 28 58+0.8
C7 CH,CH; CH,CH; CHj; H H H H 295 + 48 >10

C8 CH,CH; CH,CH; Br H H H H 241+ 19 >10

C9 CH,CH; CH,CH; I H H H H 259 + 50 >10

Cl10 CH,CH; CH,CH; OCH; H H H H 1065 * 418 93+12
Cl1 CH,CH; CH,CH; OCH; OCH; H H H 684 + 14 >10

Cl2 CH,CH; CH,CH; H H H CH; H 183 +£25 >10

Cl13 CH,CH; CH,CH; H H H H NHCOCH; 13,345+ 3139 >10

Cl4 CH,CH; CH; H H H CH; H 253+ 35 >10

Cl15 CH,CH; CHj; H H H H CHj; 178 £ 29 >10

Cl6 CH; CH,CH; H H CH; H H 318 £ 42 >10

C17 CHj; CH,CH; H H H CH; H 444 + 86 >10

CI18 CH,CH; (CH,);SO,0H H H H CH; H 27,177 £ 3163 >10

Table 4. Structure and activity of the class D compounds with a 2-[(benzothiazol)-vinyl]-benzothiazolium core structure

R1 R2
Compd R1 R2 NO suppression ICsy (nM) MTS Glsp (1M)
Dl CH; CH; 4690 *+ 1833 >10
D2 CH,CH; CH,CH; 403 £ 232 >10
D3 CH,CH; (CH,),OH 10,706 * 401 >10
D4 CH,CH; (CH,),COOH 11,453 + 1286 >10

20% inhibition. In addition, L-NMMA at the concentra-
tion of 10 uM did not inhibit iNOS protein expression as
expected (Fig. 1, lane 3).

In addition, the mRNA expression affected by the treat-
ment of these compounds was examined by RT-PCR??

(Fig. 2). The results also showed great correlation to
their potency in terms of NO suppression though not
completely corresponding to respective counter protein
expression levels as detected by Western analysis. Tak-
ing together results from Western and RT-PCR analy-
ses, the inhibitory effects of active benzothiazolium
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Table 5. Structure and activity of the class E compounds with a benzothiazol-propenyl-benzothiazolium core structure

R4QS

NS Ot
R1 ’\Il R5
R3

Compd R1 R2 R3 4 RS NO suppression ICsy (nM) MTS GlIsp (LM)

El CH; CH,CH; CH; H H 55+£22 55%39

E3 CH,CH; CH,CH; CH,CH; H H 62 £ 38 55%£39

E4 CH; Cyclobutane CH; H H 662 + 214 6.5+3.0

E5 CH,CH; OCH; CH,CH; H H 461 + 237 >10

E6 CH,CH; SCH; CH,CH; H H 637+ 171 >10

E7 CH,CH; NH, CH,CH; H H 847 £ 52 >10

E8 CHj; CH,CHj3; CHj; Cl Cl 402 £ 209 79%35

E9 CH,CH; CH,CH; CH,CH; Cl Cl 741 £ 241 9.0+23

E10 (CH,);SO3H NH, (CH,);SO3H H 51,873 £ 1797 >10

Ell CH,CH,OH CH; CH,CH,OH H 20,245 £ 2287 >10

El12 CH,CH; CH,CH3; (CH,);SO3H H 5781 + 360 >10
LPS/IFNy - + + + + + + + + LPS/IFNy - + + + + + + + +
compound - - L-NMMA B4 A7 C7 E3 E7 C1 compound - - L-NMMA B4 A7 C7 E3 E7 C1

o A~ —
B-actin --..*“
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Figure 1. Western Analysis of iNOS protein expressed in RAW264.7
cells stimulated with LPS/IFNy or plus compound treatments,
respectively, as indicated at the concentration of 10 uM. Western
analysis of B-actin was used for internal loading control and the
relative iNOS protein levels were normalized with the respective
amounts of B-actin. Results shown here are representative of three
independent experiments.

compounds in NO production of LPS/IFNy stimulated
RAW264.7 cells were related through decreased iNOS
protein synthesis or mRNA expression. Thus, the active
benzothiazolium compounds, at least in part, alleviate
the pathway(s) of stimulation by LPS/IFNy to iNOS
gene or protein expression, and thereby suppress the
production of NO.

Two potent compounds, C1 and E3, were subjected to
SD mouse paw edema assay for in vivo anti-inflamma-
tory efficacy measurement.?* The results (Fig. 3) showed
compounds C1 and E3, when compared to ibuprofen or
blank (vehicle) controls, exerted potent anti-inflamma-
tory effect at the dose of 10 mg/kg. The in vivo efficacy
of compound E3 was greater than that of C1, which
was correlated to their in vitro inhibitory activity of
NO production. In addition, C1 compound was also
examined for its effect in activation of iNOS promoter

120
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40
20
0

Relative level (%)
of iINOS mRNA

Figure 2. RT-PCR analysis for iNOS mRNA expression levels in
RAW264.7 cells stimulated with LPS/IFNy or plus compound
treatments, respectively, as indicated at the concentration of 10 pM.
RT-PCR products of B-actin were used for house keeping gene control
and the relative iINOS mRNA levels were normalized with the
respective amounts of B-actin. Results shown here are representative
of three independent experiments.

and NF-kB in RAW264.7 cells stimulated by LPS/
IFNYy. Neither inhibition effects were found significantly
exerted by compound C1 (data not shown), which sug-
gest the effective mechanism of the compound C1 was
distinct from dexamethasone,?> 27 another iNOS inhibi-
tor reportedly inhibiting the expression of iINOS mRNA
and protein through inhibiting the activation of iNOS
promoter and NF-«B.

In conclusion, we have identified a series of benzothiazo-
lium compounds as novel potent inhibitors of NO pro-
duction using a cell-based system and correlated the in
vitro and in vivo efficacy. The broad spectrum in struc-
ture and effective mechanisms of these active com-
pounds highly warrants further study for their
therapeutic potential. More studies for in vivo activity
and effective mechanisms of these compounds, for exam-
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Figure 3. In vivo anti-inflammatory activities of compounds C1 and

E3

using carrageenan-induced hind paw edema test in rats. Vehicle

(DMSO) and ibuprofen were used as blank and reference compound
controls. Compounds E3, C1, and ibuprofen were administrated at the
dose of 10 mg/kg.

ple, C and D classes, for suppressing NO production
and anti-inflammation/anti-arthritis are being carried
out in our laboratory.
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