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ABSTRACT: The increasing resistance to antibacterials commonly employed in the clinic and the growth of multidrug resistant
strains suggest that the development of new therapeutic approaches should be of primary concern. In this context, EPIs may
restore life to old drugs. In the present work, the EPI activity of the COX-2 inhibitor celecoxib was confirmed and a new class of
pyrazolo[4,3-c][1,2]benzothiazine 5,5-dioxide analogues acting as inhibitors of the Staphylococcus aureus NorA multidrug efflux
pump was identified.

■ INTRODUCTION
Bacterial resistance to clinically important antibacterial agents
represents a crucial and worldwide health care problem.1 New
strategies are needed to combat resistant pathogens and to avoid
the increasing prevalence of multidrug resistance (MDR) bacteria.
The main mechanisms whereby the bacteria develop

resistance to antimicrobial agents include enzymatic inactiva-
tion,2 modification of the drug target(s),3 and reduction of intra-
cellular drug concentration by changes in membrane perme-
ability4 or by the overexpression of efflux pumps.5 With respect
to efflux pumps, these membrane-based proteins provide a self-
defense mechanism by which antibiotics, made by other microbes
or antibacterial drugs, are actively removed from the cell. For
antibacterials, this results in sublethal drug concentrations at the
active site that in turn may predispose the organism to the
development of high-level target-based resistance.6 Therefore,
efflux pumps are viable antibacterial targets and identification and
development of potent efflux pump inhibitors (EPIs) is a
promising and valid strategy7 which can restore the susceptibility
of resistant strains to antibacterial agents that are substrates of
efflux pumps.8

Among the multidrug resistant bacteria, methicillin-resistant
Staphylococcus aureus (MRSA) is a major cause of healthcare-
associated infections (HAIs) in the EU. In 2008, MRSA
accounted for 44% (n = 171200) of HAIs and 22% (n = 5400)
of attributable extra deaths.9 In the U.S., infections caused by
MRSA occur in approximately 94000 persons each year and are
associated with about 19000 deaths.10 This high death rate is
due to the ability of MRSA to acquire resistance to many
antibacterials such as tetracyclines, aminoglycosides, and
fluoroquinolones. Moreover, since 2002, vancomycin resistant
strains have also been identified.11 These are just as deadly as
MRSA but more challenging to treat. In a recent work, the
increased expression of one or more MDR efflux pump genes

was identified in 151/309 S. aureus clinical strains (49%) by
quantitative reverse transcription-PCR. Among those over-
expressing a single gene, norA was most common (43%),
followed by norB (23.2%) and mepA (9.9%).12

The most studied efflux pump of S. aureus is NorA, a
transporter belonging to the major facilitator superfamily
(MFS).13 MFS pumps such as NorA are capable of extruding
multiple, structurally dissimilar substrates such as hydrophilic
fluoroquinolones, various biocides, and dyes.14 To date, the
structural biology of NorA has not been determined. Never-
theless, the sequence homology and the sharing of different
substrates with other MDR pumps have led to the hypothesis
that NorA may have a large hydrophobic binding site. This
structural peculiarity could explain the broad substrate speci-
ficity of MDR pumps.15

In recent years, many EPIs capable of potentiating the
activity of antimicrobial substrates have been identified.16 To
date, there are only a few examples of rationally designed
inhibitors and very little is known with respect to the
structure−activity relationship (SAR) of NorA inhibitors.16−18

Although the therapeutic utility of EPIs has yet to be validated
in the clinical setting, this approach holds promise for
improving the efficacy and/or extending the clinical utility of
existing antibacterials with secure economic benefit.19

■ DESIGN RATIONALE
It has been recently reported that celecoxib, a cyclooxygenase-2
(COX-2) specific inhibitor, not only helps the reversal of drug
resistance in cancers by inhibiting the multidrug resistance
protein 1 (MDR1 or P-gp1) efflux pump but also increases
the sensitivity of S. aureus strains to different antibacterials
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(ampicillin, kanamycin, chloramphenicol, and ciprofloxacin).20

Taking this evidence into account, we decided to bring to light
as possible EPIs a focused in-house library of more than 150
compounds, previously designed and synthesized as celecoxib
analogues. All these molecules, endowed with low, if any, anti-
inflammatory effect, bear the 1,4-dihydropyrazolo[4,3-c]-
benzothiazine 5,5-dioxide nucleus, variably functionalized in
different positions. We then used our previously reported NorA
in silico model for ethidium bromide (EtBr) efflux inhibition,17

which employs a virtual screening procedure based on the
program Fingerprints for Ligands And Proteins (FLAP),21

to select a focused subset of our library (see Supporting
Information (SI) for the criteria). Given the peculiar chemical
space covered by the model,17 the greater part of the library
molecules were lying out of the domain of the in silico model
and were not considered further. However, 17 molecules (3a−i,
4a−g, and 4i) (Scheme 1) were considered to be within the
chemical space of the model. An activity prediction for these
molecules was obtained from the FLAP pharmacophoric
model: three compounds (3b, 3c, and 3g (Figure 1)) were

predicted to be active NorA inhibitors, whereas 12 (3d−f, 3h,
3i, 4b−g, and 4i) were predicted as uncertain and the
remaining two molecules (3a, and 4a) were predicted to be
not inhibitors (Scheme 1 and SI)

■ CHEMISTRY

The synthesis of the 3-(4-chlorophenyl)pyrazolbenzothiazines
3a−i and their corresponding N-4 methyl derivatives 4a−g and
4i was performed by following the synthetic strategy depicted
in Scheme 1. Starting from saccharin sodium salt and 2-bromo-
1-(4-chlorophenyl)ethanone, using dry DMSO as solvent and
heating at 70 °C, the 2-[2-(4-chlorophenyl)-2-oxoethyl]-1,2-
benzisothiazol-3(2H)-one 1,1-dioxide 1 was obtained in good
yield (84%). A subsequent ring expansion with a mixture of
EtONa/EtOH at 60 °C gave the (4-chlorophenyl)(4-hydroxy-
1,1-dioxido-2H-1,2-benzothiazin-3-yl)methanone 2 in a 80%
yield. Condensation of the key intermediate 2 with the sub-
stituted phenylhydrazines hydrochloride in refluxing EtOH,
adding H2SO4 conc as dehydrating agent, provided the target
compounds 3a−g in 51−68% yield.
Finally, alkylation of compounds 3a−e and 3g was per-

formed in dry DMF using NaH and MeI to give the corre-
sponding N-4 methyl derivatives 4a−e and 4g. A mild alkylation
of compound 3f using K2CO3 as a base instead of NaH to avoid
the alkylation of the exocyclic sulphonamide group gave the N-4
monoalkylated derivative 4f.
Catalytic reduction of the nitro derivative 3g using Raney-Ni/

hydrazine monohydrate in absolute EtOH gave the correspond-
ing amino compound 3h in 68% yield. Compound 3h, reacting
with MeSO2Cl, in a mixture of dry CH2Cl2 and dry pyridine,
gave the mesylated derivative 3i which was then methylated with
MeI and K2CO3 in dry DMF to obtain the corresponding N-4
monoalkylated derivative 4i.

■ RESULTS AND DISCUSSION

By analyzing the predictions obtained with our previously
reported pharmacophoric model developed for NorA inhibitory
activity,17 a preference emerged for structures containing the
NH versus the NMe in the benzothiazine scaffold. In fact, all
the library structures containing the N-4 methyl group were
predicted by the model to have either uncertain (4b−g and 4i)
or no (4a) EPI activity. Furthermore, all the compounds
predicted to be inhibitors have a para-nitro group (3g) or a
meta- or para-fluorine (3b and 3c, respectively). To increase
the diversity of the set of compounds to test, three additional
compounds from among those predicted to have uncertain EPI
activity were evaluated (4d, 3f, and 3i). Derivative 4d was
selected for in vitro screening among the four compounds
carrying the meta- (3d and 4d) or para-CF3 (3e and 4e)
electron-withdrawing group. Because the effect of a para-bulky
group was not clearly assigned in the model, the two compounds
with an SO2NH2 (3f) or a NHSO2Me groups (3i) were also
selected from among those having the unalkylated benzothiazine
nitrogen. Moreover, compound 3f bears, like celecoxib, a
4-phenylsuphonamide group linked to the pyrazole ring.
Thus, six compounds (3b, 3c, 3f, 3g, 3i, and 4d) were

screened for their ability to block the NorA efflux pump. This
was performed by employing a 50 μM concentration of each
putative EPI in a fluorescent EtBr efflux assay in which SA-
1199B, a well-characterized norA-overexpressing strain, was used
as the test strain.22 Celecoxib was included to confirm its
inhibitory activity against the NorA efflux pump. The well-known
EPIs reserpine and paroxetine were also included for comparative
purposes (Table 1).
Data reported in Table 1 highlight that the derivative 3g,

belonging to the set of predicted active compounds, is the most
active compound exhibiting 76.9% of EtBr efflux inhibition

Figure 1. From celecoxib to the 3-(4-chlorophenyl)-1-(4-nitro-
phenyl)-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine 5,5-dioxide
(3g).

Scheme 1. Synthesis of the 1,4-Dihydropyrazolo[4,3-
c]benzothiazine 5,5-Dioxide Derivativesa

aReagents and conditions: (i) dry DMSO, 70 °C; (ii) EtONa, EtOH,
60 °C; (iii) phenylhydrazine hydrochloride, H2SO4, EtOH, reflux; (iv)
MeI, NaH, dry DMF, rt; (v) Raney-Ni/hydrazine monohydrate,
EtOH, 0 °C to rt; (vi) MeSO2Cl, dry CH2Cl2, dry pyridine, 0 °C; (vii)
MeI, K2CO3, dry DMF, rt.
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while celecoxib appears to be slightly less active (64.5%).
Although both compound 3g and celecoxib were less active
than the reference compounds reserpine and paroxetine, a
dose−response curve was built to assess their activity at lower
concentrations and to establish the respective IC50 values in the
same test (Figure 2). Interestingly, Figure 2 shows that while

both compound 3g and celecoxib display similar EtBr efflux
inhibition at 50 μM concentration, the trend of their dose−
response curves appears to be very different. Compound 3g was
more active than celecoxib at every tested concentration less than
50 μM. Moreover, when comparing IC50 values, compound 3g
seems to be as active as the reference compounds (IC50 ≈ 10 μM)
and better than celecoxib, which has displayed an IC50 value higher
than 40 μM.
To establish whether the NorA efflux inhibitory activity of

compound 3g and celecoxib results in a synergistic interaction
with CPX, a fluoroquinolone antibacterial substrate of the NorA
efflux pump, it was necessary to evaluate the intrinsic antibacterial
activity of the new EPIs against the S. aureus strains included in
the test (SA-1199, SA-1199B, SA-K1902, and SA-K2378) to avoid
a misleading interpretation in assessing NorA inhibitory activity.
Reserpine, paroxetine, and CPX were included for comparative
purposes (Table 2).

Data presented in Table 2 reveal that compound 3g shows
weak (MICs 50−25 μg/mL) antibacterial activity in comparison

with the marketed antibacterial quinolone CPX. The effect of
combining 3g, celecoxib, reserpine, and paroxetine on CPX
MICs was assessed by checkerboard assays,23 which were
performed using two pairs of S. aureus strains including SA-
1199 (norA wild-type)/SA-1199B (norA++ and A116E GrlA)
and SA-K1902 (norA−)/SA-K2378 (norA++) to confirm the
efficacy of their NorA inhibitory activity (Figures 3 and 4,
respectively).
Isobolograms reveal no appreciable synergistic activity

between any of the tested compounds and CPX against the
NorA wild-type strain SA-1199 (Figure 3a). These data are in
agreement with a low level of expression of the NorA efflux
pump in this strain. For SA-1199B (CPX MIC 10 μg/mL),
which overexpresses norA and also has a A116E GrlA mutation,
all tested compounds displayed a different level of synergism
with CPX with the only exception of celecoxib. Compound 3g
displays good synergism with CPX, resulting in an 8-fold MIC
reduction at concentrations above 6.25 μg/mL and an 16-fold
MIC reduction (MIC of CPX from 10 to 0.63 μg/mL) at
concentrations ≥12.5 μg/mL (Figure 3b).
These results were superior to that observed by the reference

compounds reserpine and paroxetine. Compound 3g com-
pletely restored the antibacterial activity of CPX against SA-
1199B at concentrations less than 1/4 of the MIC of the EPIs
for this strain.
The high IC50 value displayed by celecoxib in the EtBr efflux

inhibition assay does not permit appreciable synergistic activity
with CPX against SA-1199B. Therefore we decided to test its
synergistic activity with EtBr, a better substrate of NorA efflux
pump, against the same strain (Figure 3c). Synergistic activity
with EtBr was observed at celecoxib concentrations higher than
6.25 μg/mL (≥4-fold MIC of CPX reduction).
Further confirmation of the synergistic activity with CPX of

3g was obtained when testing the compound, as well as the
reference compounds, against strains SA-K1902 (norA−)/SA-
K2378 (norA++) that differ only by the absence/presence of
the NorA efflux pump (Figure 4).
Compound 3g demonstrated an interesting synergic activity

with CPX in this assay, being similar to that of the reference
compound reserpine and better than that displayed by paroxetine.
Finally, compound 3g was assayed for its cytotoxic activity

with a lactate dehydrogenase (LDH) leakage assay against
HepG2 cells and showed a CC50 > 100 μg/mL that was the same
as that reported for the antibacterial quinolone CPX on that cell
line.24

Table 1. EtBr Efflux Inhibition (%) at 50 μM Concentration
and MIC Values against SA-1199B of Selected Compounds

MICa

compd R R′ EtBr efflux inhib (%) (μM) (μg/mL)

3b 3-F H 33.9
3c 4-F H 15.5
3f 4-SO2NH2 H 29.8
3g 4-NO2 H 76.9 110 50
3i 4-NHSO2Me H 19.2
4d 3-CF3 Me 0.0
celecoxib 64.5 >262 >100
reserpine 84.8 >164 >100
paroxetine 89.7 >303 >100

aNot determined for those compounds that have shown an EtBr
inhibition efflux less than 60%.

Figure 2. Effects of compound 3g, celecoxib, reserpine, and paroxetine
on EtBr efflux of SA-1199B.

Table 2. Evaluation of Intrinsic Antibacterial Activity
(MICs μg/mL) of Compounds 3g, Celecoxib, Reserpine,
Paroxetine, and CPX against the Four S. aureus Strains
Included in the Test of Synergism with CPX

MIC (μg/mL)

compd
SA-1199

(norA WT)
SA-1199B (norA++
+/ A116E GrlA)

SA-K1902
(norA−)

SA-K2378
(norA++)

3g 50 50 25 25
celecoxib >100 >100 nd nd
reserpine >100 >100 >100 >100
paroxetine >100 >100 >100 100
CPX 0.63 10 0.31 2.50
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■ CONCLUSION

In conclusion, in this work we have identified the 3-(4-
chlorophenyl)-1-(4-nitrophenyl)-1,4-dihydropyrazolo[4,3-c]-
[1,2]benzothiazine 5,5-dioxide 3g, which shows modest
intrinsic antistaphylococcal activity and is able to completely
restore, in a concentration-dependent manner, the antibacterial
activity of CPX against norA-overexpressing S. aureus strains.
Compound 3g was identified by means of a focused in vitro
screen of only six compounds selected with the help of our
recently presented model.17 EtBr inhibition efflux experiments
confirm the predictions obtained from the in silico screening by
the NorA inhibitory activity model.17 From the six compounds
tested, it appears that the presence of an N-4 unalkylated in the
benzothiazine ring is preferred to the NMe, whereas in the
phenyl ring linked at the pyrazole a potent electron-withdrawing
group (such as the nitro group) is preferred to bulkier groups
and to the meta- or para-fluorine. However, these simple
observations need to be substantiated with a proper SAR analysis
before being taken as guidelines for EPI synthesis.
Although the EPI activity of derivative 3g in the EtBr efflux

inhibition assay was lower than that of reserpine, its synergistic
activity with CPX was similar or slightly better than that shown

by the reference compound against the norA-overexpressing
strain SA-1199B. Moreover, EPI activity of celecoxib was
confirmed against the NorA efflux pump even though synergistic
activity with CPX against resistant strains was not demonstrable
due to its high IC50 value. Finally, a new chemotype with potent
NorA EPI activity, a limited intrinsic antibacterial activity, and a
reduced cytotoxicity was identified. Compound 3g could serve as
a lead compound for the development of a second generation of
NorA pyrazolo[4,3-c][1,2]benzothiazine inhibitors having an
even higher potency.

■ EXPERIMENTAL SECTION
Synthesis. All reactions were routinely checked by thin-layer

chromatography (TLC) on silica gel 60F254 (Merck) and visualized
using UV illumination. Flash column chromatography was performed
on Merck silica gel 60 (mesh 230−400) using the indicated solvents.
Yields were of purified product and were not optimized. Melting
points were determined in capillary tubes (Mettler PF62 apparatus)
and are uncorrected. Elemental analyses were performed by a Fisons
elemental analyzer (model EA1108CHN), and the data for C, H, and
N are within 0.4% of the theoretical values (≥95% purity). 1H NMR
spectra were recorded at 400 MHz with a Bruker Advance-DRX 400
instrument and with Me4Si as the internal standard. The chemical shift
(δ) values are reported in ppm, and the coupling constants (J) are

Figure 3. Effect of compound 3g, celecoxib, reserpine, and paroxetine on the MIC of ciprofloxacin (a,b) and EtBr (c) against SA-1199 (a) and
SA-1199B (b,c) strains.

Figure 4. Effect of compounds 3g, reserpine, and paroxetine on the MIC of ciprofloxacin against SA-K1902 and SA-K2378 strains.
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given in Hz. Reagents and solvents were purchased from common
commercial suppliers and were used as received. All starting materials
were commercially available unless otherwise indicated.
3-(4-Chlorophenyl)-1-(4-nitrophenyl)-1,4-dihydropyrazolo-

[4,3-c][1,2]benzothiazine 5,5-Dioxide (3g). To a suspension of 2
(4.00 g, 11.92 mmol) in 35 mL of absolute EtOH, a solution of (4-
nitrophenyl)hydrazine hydrochloride (4.52 g, 23.84 mmol) in 35 mL
of absolute EtOH was added dropwise. Then 5 mL of concentrated
H2SO4 was added to the mixture and refluxed for 48 h. The solvent was
evaporated and the solid crushed with 30 mL of a solution of EtOH:H2O
(50:50). After column chromatography eluting with CH2Cl2:MeOH
(99:1), compound 3g (3.20 g) was obtained as an orange solid (yield
59%, mp 283.7−284.9 °C). 1H NMR (DMSO-d6): δ 7.25 (d, J = 6.68
Hz, 1H), 7.64−7.73 (m, 4H), 7.92−7.97 (m, 2H), 8.04−8.11 (m, 3H),
8.48 (d, J = 9.07 Hz, 2H). Anal. (C21H13ClN4O4S) C, H, N.
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