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Capsaicin, a novel inhibitor of the NorA efflux pump, reduces
the intracellular invasion of Staphylococcus aureus
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Objectives: To delineate the role of capsaicin (8-methyl-N-vanillyl-6-nonenamide) as an inhibitor of the NorA
efflux pump and its impact on invasion of macrophages by Staphylococcus aureus.
Methods: Capsaicin in combination with ciprofloxacin was tested for activity against S. aureus SA-1199B (NorA
overproducing), SA-1199 (wild-type) and SA-K1758 (norA knockout). The role of NorA in the intracellular invasion of S. aureus and the ability of capsaicin to inhibit this invasion was established in J774 macrophage cell
lines. The three-dimensional structure of NorA was predicted using an in silico approach and docking studies
of capsaicin were performed.
Results: Capsaicin significantly reduced the MIC of ciprofloxacin for S. aureus SA-1199 and SA-1199B. Furthermore, capsaicin also extended the post-antibiotic effect of ciprofloxacin by 1.1 h at MIC concentration. There
was a decrease in mutation prevention concentration of ciprofloxacin when combined with capsaicin. Inhibition
of ethidium bromide efflux by NorA-overproducing S. aureus SA-1199B confirmed the role of capsaicin as a
NorA efflux pump inhibitor (EPI). The most significant finding of this study was the ability of capsaicin to
reduce the intracellular invasion of S. aureus SA-1199B (NorA overproducing) in J774 macrophage cell lines
by 2 log10.
Conclusions: This study, for the first time, has shown that capsaicin, a novel EPI, not only inhibits the NorA
efflux pump of S. aureus but also reduces the invasiveness of S. aureus, thereby reducing its virulence.
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Introduction
Bacterial multidrug efflux pumps are the major contributors of
microbial resistance to several classes of antibiotics.1,2 Efflux
pumps may be specific for one substrate or may transport
various compounds with different structures.3 The physiological
role of efflux pumps appears to be far more complex than
merely that of an antibiotic export system, and data are emerging to suggest their importance in the pathogenicity of the
organism and/or survival in its ecological niche. Recent reports
even document the role of efflux pumps in bacterial survival
within professional phagocytes, such as human monocytederived macrophages, and some studies have examined
Staphylococcus aureus survival in neutrophils.4 Efflux of an antibiotic confers a selective environment for greater selection of resistant mutants having mutations in drug targets.5 – 7 The

problem of antibiotic efflux can be overcome by addressing any
of the following four strategies: (i) inhibiting drug binding to
the cytoplasmic membrane pumps; (ii) inhibiting the interaction
of different components of a multicomponent pump; (iii) targeting the energy sources of a pump; and (iv) targeting the regulatory
network that controls the expression of efflux pumps.8 As the
inhibition of an efflux pump can potentially improve the clinical
efficacy of an antibiotic and simultaneously decrease the selection
of resistant mutants, pharmaceutical companies and research
institutes are focusing on identifying novel efflux pump inhibitors
(EPIs), which may be clinically useful.7,9 To date, .10 efflux
pumps have been described for S. aureus.10 Most of these pumps
belong to the major facilitator superfamily (MFS), namely the
chromosomally encoded NorA, NorB, NorC, MdeA and SdrM as
well as the plasmid-encoded QacA/B pumps.11 – 16 S. aureus is
less susceptible to hydrophilic quinolones due to their active
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expulsion from the cells by the NorA multidrug-resistant (MDR)
efflux pump.17 Apart from NorA, the other recently discovered
efflux pumps, NorB and NorC, also contribute to quinolone resistance, particularly resistance to hydrophobic (moxifloxacin and
gatifloxacin) quinolones in S. aureus. Both of these pumps are
negatively regulated by MgrA, a global regulator that positively
regulates the NorA pump.13 There has been a continuous search
for EPIs that can restore the activity of hydrophilic quinolones
by inhibiting the NorA MDR efflux pump.18 – 25 We have previously
described the role of piperine, a major constituent of Piper
nigrum, as a putative bacterial EPI.21 Further, in our pursuit to
identify natural molecules as EPIs we identified capsaicin as a
novel EPI of the NorA efflux pump of S. aureus.
Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is the major
constituent of hot chilli, a member of the genus Capsicum.
Because of its interesting pharmacological and toxicological
profiles, capsaicin has generated much research interest in
the past decade.26,27 Capsaicin showed an inhibitory effect
on the function of P-glycoprotein, which suggests that it can
potentially give rise to P-glycoprotein-mediated drug interactions.28 It also has a wide range of other biological activities
in humans, affecting the nervous, cardiovascular and digestive
systems as well as finding use as an analgesic.29 Although
possibly detrimental to the human gastric mucosa, capsaicin
is also bactericidal to Helicobacter pylori.30 In this report, we
describe for the first time the potentiating effect of capsaicin
with ciprofloxacin in in vitro combination studies against S.
aureus and its putative role as an EPI. We further examined
the influence of capsaicin on the invasiveness of the
NorA-overproducing S. aureus strain SA-1199B and the norA
knockout S. aureus SA-K1758.

Materials and methods
Chemicals
Capsaicin, ciprofloxacin, ethidium bromide and reserpine were purchased
from Sigma Chemical Co. (St Louis, MO, USA).

Bacterial strains, cell lines and growth conditions
S. aureus ATCC 29213 was obtained from the ATCC (Manassas, VA, USA).
NorA-overproducing S. aureus strain SA-1199B, S. aureus SA-1199 (wildtype) and norA knockout S. aureus SA-K1758 were obtained as a kind
gift by Dr G. W. Kaatz (Wayne State University).17,31 – 33 Macrophage cell
line J774 was gifted by Dr J. N. Agrewala (Institute of Microbial Technology, Chandigarh, India). Cation-adjusted Mueller– Hinton broth (MHB;
Becton–Dickinson, Cockeysville, MD, USA) was used for combination
studies and kill kinetic experiments. For mutation studies, Mueller–
Hinton agar (MHA; Becton– Dickinson) was used. Trypticase soy agar
(TSA; Becton–Dickinson) was used for culturing the bacteria and colony
counts.

In vitro combination studies for determination of
minimum effective concentration (MEC) of capsaicin
The broth chequerboard microdilution method is the most frequently
used technique for in vitro combination studies.34 The ciprofloxacin and
capsaicin combination was tested in MHB (pH 7.0) against S. aureus
SA-1199B (NorA overproducing), S. aureus SA-1199 (wild-type) and
norA knockout S. aureus SA-K1758. The experiment was performed in
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96-well U-bottomed plates (Tarson, India). Ten 2-fold serial dilutions of
ciprofloxacin, ranging from 0.03 to 64 mg/L, were prepared in the presence of increasing concentrations of capsaicin (0.8– 50 mg/L), in such a
way that row B of the microtitre plate received the lowest concentration
of capsaicin and row H received the highest concentration. Bacteria
grown overnight on TSA plates were suspended in normal saline
(0.85%) and the turbidity was adjusted so that it was equivalent to
that of a 0.5 McFarland standard, corresponding to 1.5×108 cfu/mL.
Further dilution of the inoculum in MHB was done in such a manner
that each well contained 5×105 cfu/mL as a final bacterial inoculum
and the plates were then incubated at 378C for 18 h. Reserpine
(a known efflux pump blocker) was used as the control in this study.
The MEC of capsaicin that produced the maximal reduction in the MIC
of ciprofloxacin was determined.

Time – kill studies
Time– kill studies of ciprofloxacin in the presence of capsaicin were conducted in MHB and evaluated using a time–kill curve method, as
described previously by Eliopoulus and Moellering.35 S. aureus SA-1199B
was used as the test bacterium in this assay. Bacterial suspension in
its logarithmic phase (1×106 cfu/mL) was used as the inoculum. Ciprofloxacin at 2 mg/L (0.25× MIC) was tested alone and in combination
with capsaicin at the MEC concentration (25 mg/L), as determined
above. Ciprofloxacin was also tested alone at an MIC of 8 mg/L. The
cfu/mL was determined by a serial dilution method in triplicate on TSA
at 0 (untreated control), 2, 4, 8 and 24 h of incubation at 378C.
Because of the initial 1 :10 dilution of all samples, no antibiotic carryover
was observed.

Post-antibiotic effect (PAE)
The PAE was determined by the method described by Craig and Gudmundsson.36 A final inoculum of 1.5×106 cfu/mL of S. aureus
SA-1199B was achieved in each tube by adding 0.05 mL of an inoculum
with a turbidity equivalent to that of a 0.5 McFarland standard
(1.5×108 cfu/mL) into 5 mL of fresh broth containing ciprofloxacin at
concentrations equivalent to the MIC (8 mg/L), 0.5× MIC (4 mg/L) and
0.25× MIC (2 mg/L) alone and in combination with capsaicin at 25 mg/L.
After 2 h of incubation at 378C, with shaking, samples (0.005 mL) from
each tube were diluted 1: 1000 with fresh broth (5 mL) to effectively
remove the drug and capsaicin. Viability counts were determined on
TSA from each tube before exposure and immediately after dilution
(0 h), and then every 1 h until visual turbidity was observed in the
control tube. The PAE calculated by the viable count method was the difference in the time for growth in the exposed culture (T) and the corresponding unexposed control (C) to increase by 1 log10 cfu/mL
immediately after drug removal, and is represented by the formula
PAE¼T – C.

Selection of resistant mutants in vitro
The mutation prevention concentration (MPC) of ciprofloxacin against
S. aureus ATCC 29213 was determined as described previously.37 A bacterial suspension of 109 cfu (0.1 mL) was plated onto MHA containing ciprofloxacin concentrations equal to 2×, 4×, 8× and 16× MIC. The same
concentrations of ciprofloxacin were also tested in the presence of capsaicin at 25 and 12.5 mg/L, respectively. The mutation frequency was calculated by counting the total number of colonies appearing after 48 h of
incubation at 378C on the drug-containing plate and then dividing the
number by the total number of cfu plated.
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Ethidium bromide efflux studies

Results

The fluorometric determination of ethidium bromide efflux from S. aureus
SA-1199B loaded with ethidium bromide was performed as described
previously.38 Bacterial suspensions (optical density of 0.2 at 550 nm) of
overnight-grown S. aureus SA-1199B were prepared in uptake buffer
(110 mM NaCl, 7 mM KCl, 50 mM NH4Cl, 0.4 mM Na2HPO4, 52 mM Tris
base and 0.2% glucose, adjusted to pH 7.5 with HCl). The suspensions
were exposed to 2 mg/L ethidium bromide for 30 min at 378C in the presence of capsaicin at its MEC, i.e. 25 mg/L, and reserpine, a known efflux
inhibitor, at 25 mg/L served as an EPI control. The cells were pelleted
down by centrifugation and resuspended in fresh buffer. The loss of fluorescence was recorded for 30 min at 5 min intervals at an excitation
wavelength of 530 nm and an emission wavelength of 600 nm in a spectrophotometer (Perkin-Elmer model LS50).

In vitro combination studies
The MIC of ciprofloxacin was determined alone as well as in the
presence of capsaicin (Table 1). The MIC of ciprofloxacin was
reduced by 2- to 4-fold in the presence of capsaicin. This reduction in the MIC was more prominent for S. aureus SA-1199B
(NorA overproducing) as compared with S. aureus SA-1199 (wildtype) up to 25 mg/L capsaicin. However, no concentrationdependent effect was observed with capsaicin beyond 25 mg/L,
as evident in Table 1. S. aureus SA-K1758 (norA knockout), on
the other hand, did not show any reduction in the MIC of
ciprofloxacin.

Macrophage invasion assay

Effect of capsaicin on kill kinetics of ciprofloxacin

The macrophage invasion assay was performed in macrophage cell line
J774. The cell line was maintained using RPMI medium supplemented
with 10% (v/v) fetal calf serum. The S. aureus strains SA-1199,
SA-1199B and SA-K1758 were used to infect the cell monolayers. The
macrophage cell monolayers (105 cells/well) were prepared in 24-well
plates and kept at 378C with 5% CO2 for 24 h. Cell monolayers were
infected with bacteria by adding 106 cfu/well (multiplicity of infection
10) of freshly grown bacteria in the absence or presence of capsaicin
at its MEC (25 mg/L) and keeping at 378C with 5% CO2 for 1 h. The
infected monolayers were washed with PBS (pH 7.4) and the remaining
extracellular bacteria were killed by using 50 mg/L gentamicin for
30 min. Intracellular bacteria, which had been protected from this treatment, were quantified by host-cell lysis in mild detergent, such as 0.25%
(w/v) SDS, and plated on TSA for viable colony counting.39

The time –kill curve assay of S. aureus SA-1199B was performed
to assess the bactericidal effect of the combination of ciprofloxacin with capsaicin. Ciprofloxacin was used at its subinhibitory
concentration of 2 mg/L (0.25× MIC) alone as well as in combination with capsaicin. As expected, ciprofloxacin at 2 mg/L did not
show any inhibitory activity, while bactericidal activity (99.9%
kill) was achieved at 8 mg/L in 6 h; however, the subinhibitory
concentration of ciprofloxacin (2 mg/L) resulted in bactericidal
activity when tested in combination with capsaicin at its MEC
(25 mg/L). The bactericidal activity of the combination was
equivalent to the bactericidal activity of ciprofloxacin alone at
8 mg/L, as is evident in Figure 1. Regrowth of bacteria was
observed in all the groups after 24 h of incubation. However,
even after regrowth, the combination of ciprofloxacin with capsaicin retained bacteriostatic activity and maintained the log10
cfu below the initial log cfu at 0 h (Figure 1). Further, the surviving
cells from each experiment recovered after 24 h exhibited the
same ciprofloxacin MIC (8 mg/L) and similarly exhibited a
reduced ciprofloxacin MIC in the presence of capsaicin (data
not shown).

Structure prediction of NorA and docking studies with
capsaicin
All the computational studies were carried out in the Schrodinger suite
2010 molecular modelling software. The two-dimensional structure of
the ligands (capsaicin and reserpine) was built using Maestro.40 The
structures were then converted to their respective three-dimensional
structures, with various conformers, tautomers and ionization states
determined using the LigPrep and ConfGen modules.41 – 44 The threedimensional structure of NorA predicted by us using glycerol-3phosphate transporter from Escherichia coli (PDBID: 1PW4) as template
was used as the receptor for the docking studies.45 The receptor was prepared for docking using the Protein Preparation wizard. The probable
binding sites of the modelled structure were identified using the
SiteMap module of the Schrodinger software and a binding site grid
was generated.46 The various conformers thus generated were docked
onto the receptor through this grid using the Glide module and flexible
docking was carried out for all the conformers in order to determine
the binding mode of the ligand. The Extra Precision scoring function of
Glide was used for these studies.47 – 49 The amino acid sequence of
NorA was searched for conserved domains using the Conserved
Domain Database of National Center for Biotechnology Information.50

PAE
The PAE is the phenomenon of continued suppression of bacterial growth after a short exposure of bacteria to antimicrobial
agents. The PAE of ciprofloxacin alone and in combination with
capsaicin was determined against S. aureus SA-1199B. Ciprofloxacin alone exhibited a PAE of 0.3, 1.0 and 1.3 h at 2 mg/L

Table 1. In vitro ciprofloxacin/capsaicin combination studies
MIC (mg/L) of ciprofloxacin for
respective strain with/without test
molecule (fold reduction)

Statistical analysis

MIC of
Capsaicin (mg/L) capsaicin

All experiments were repeated two or three times with three replicates
for each condition tested and similar results were obtained on all occasions. The data are expressed as the means+SD. Differences between
two mean values were calculated by Student’s t-test. A one-way analysis
of variance was performed for comparison of multiple means. The
chosen level of significance for all statistical tests was P,0.05.

Capsaicin (50)
Capsaicin (25)
Capsaicin (12.5)
Reserpine (25)

.100
.100
.100
.100

SA-1199
0.12/0.25
0.12/0.25
0.25/0.25
0.12/0.25

(2)
(2)
(0)
(2)

SA-1199B

SA-K1758

2/8 (4)
2/8 (4)
4/8 (2)
2/8 (4)

0.125/0.125 (0)
0.125/0.125 (0)
0.125/0.125 (0)
0.125/0.125 (0)
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Table 3. Mutation frequency of S. aureus ATCC 29213

Log10 cfu/mL

10

Mutation frequency with ciprofloxacin

8
6
3 log reduction

4
2

Capsaicin
(mg/L)

2× MIC
(0.5 mg/L)

4× MIC
(1 mg/L)

8× MIC
(2 mg/L)

16× MIC
(4 mg/L)

0
12.5
25

1.47×1029
13.5×1029
3.4×1029

7.7×1029
3.9×1029
,1029

4.3×1029
,1029
,1029

,1029
,1029
,1029

cfu detection limit

0
0

4

8

12
Time (h)

16

20

24

25 mg/L capsaicin

8 mg/L ciprofloxacin

2 mg/L ciprofloxacin + 25 mg/L capsaicin

2 mg/L ciprofloxacin

Untreated control
Figure 1. Time–kill curves of S. aureus SA-1199B showing the bactericidal effect of ciprofloxacin at 0.25× MIC (2 mg/L) in combination with
capsaicin at 25 mg/L. Each timepoint represents the mean log10+SD of
three readings.

Table 2. PAE of ciprofloxacin alone and in combination with capsaicin
against S. aureus SA-1199B after exposure of 2 h

Effect of capsaicin on ethidium bromide efflux
The ability of capsaicin to directly inhibit the efflux of ethidium
bromide from S. aureus SA-1199B was evaluated by using a
fluorescence assay. The cells were loaded with ethidium bromide,
with and without capsaicin, and placed in a fluorimeter cuvette
containing fresh medium. Ethidium bromide fluoresces only
when it is bound to nucleic acids inside cells. There was a rapid
decrease in the fluorescence due to NorA-mediated ethidium
bromide efflux. As shown in Figure 2, only the control cells
without capsaicin extruded ethidium bromide, resulting in a significant decrease in fluorescence over the assay period. In the
presence of capsaicin, the loss of fluorescence was significantly
reduced, reflecting a strong interference with ethidium bromide
efflux by capsaicin.

Mean PAE (h)+SD

Ciprofloxacin
Ciprofloxacin+capsaicin
(25 mg/L)

0.25× MIC
(2 mg/L)

0.5× MIC
(4 mg/L)

MIC
(8 mg/L)

0.3+0.1
1.0+0.2

1.0+0.1
1.5+0.17

1.3+0.17
2.4+0.2

(0.25× MIC), 4 mg/L (0.5× MIC) and 8 mg/L (MIC), respectively.
The same concentrations of ciprofloxacin in combination with
capsaicin (25 mg/L) resulted in significantly lengthened PAEs of
1.0, 1.5 and 2.4 h, respectively (Table 2).

Frequency of emergence of ciprofloxacin resistance
in the presence of capsaicin
The minimum concentration of a drug at which no mutant is
selected is defined as its MPC. A mutant selection study was performed on S. aureus ATCC 29213, which is a wild-type strain with
no reported mutation in the regulatory domain of NorA and the
drug target domain (DNA gyrase and topoisomerase IV). Ciprofloxacin at 4 mg/L (16× MIC), at which no mutant was selected,
has been defined as the MPC. When tested in combination with
capsaicin at 12.5 and 25 mg/L, the MPC of ciprofloxacin was
reduced to 2 and 1 mg/L, respectively (Table 3). The MPC of
the combination was found to be lower than the Cmax of ciprofloxacin (3 –4 mg/L), indicating the clinical relevance of these
combinations in restricting the selection of resistant mutants.
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Macrophage invasion assay
The invasiveness of S. aureus was examined in the presence
of capsaicin at its MEC (25 mg/L). The intracellular invasion of
S. aureus was nearly 2 log10 higher in NorA-overproducing
S. aureus SA-1199B compared with the wild-type SA-1199
(Figure 3). S. aureus SA-K1758, with the norA gene deleted,
failed to penetrate macrophage cells. In the presence of

0.8
Fluorescence (arbitrary units)

Regimen

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

5

10

15

20

25

30

Time (min)
Control

Reserpine (25 mg/L)

Capsaicin (25 mg/L)

Figure 2. Fluorescence-based determination of ethidium bromide efflux
by S. aureus SA-1199B cells in the presence and absence (control) of
capsaicin at 25 mg/L. Reserpine at 25 mg/L was used as a known EPI
control. Each timepoint represents the mean log10+SD of three readings.
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Discussion

6
**

Log10 cfu/mL

5
4
*
3

**

2
1
**

**

0
SA-1199
(wild-type)

SA-1199B
SA-K1758
(NorA overexpressing) (norA knockout)

Without capsaicin

With capsaicin

Figure 3. Influence of capsaicin (25 mg/L) on the invasive capacities of
S. aureus wild-type (SA-1199), NorA-overproducing S. aureus SA-1199B
and the norA knockout S. aureus SA-K1758. The invasiveness of
SA-1199 and SA-1199B was significantly reduced in the presence of
25 mg/L capsaicin. The assay was performed in triplicate and results
are expressed as the means+SD. *P,0.05 and **P,0.01 when
compared in the absence of capsaicin.

capsaicin the invasiveness of S. aureus was reduced. The invasiveness of NorA-overproducing S. aureus SA-1199B was
reduced to a greater extent (2 log10) compared with the wildtype S. aureus SA-1199.

Docking of capsaicin to the active site of NorA
From the docking studies of reserpine (known inhibitor) and capsaicin in the binding site of NorA, it was observed that Arg98 and
Ile23 are involved in key interactions and hence play an important role in ligand binding (Figure 4a and b).23 Also, a hydrophobic
cleft formed by Leu26, Val44 and Phe47 at one end, and by
Pro24, Phe140, Ile244, Gly248 and Phe303 at the other (particularly for capsaicin) provides some extra stability to the complex.
An H-bond formation between reserpine and Gln51 is further
supposed to provide strength to the reserpine/NorA complex. A
strong H-bond interaction at a distance of 1.89 Å with Ile23 of
the protein NorA is observed in case of capsaicin. The orientation
of capsaicin within the binding site (as shown in Figure 4b) allows
its aliphatic chain to extend into the hydrophobic cleft involving
residues Pro24, Phe140, Ile244, Gly248 and Phe303, which
enables strong hydrophobic interactions due to the close proximity of the ligand with these residues (distance range: 1.7 –3.2 Å).
A weak H-bond between Arg98 and the hydroxyl group of the
aryl moiety of capsaicin may be attributing extra stability to
the capsaicin/NorA complex. The location of key interactive residues in the case of capsaicin with respect to the orientation of
the helices is shown in Figure 4c. Multiple sequence alignment
of NorA with protein sequences belonging to the MFS transporters revealed that Val44, Phe47, Gln51, Phe140, Ile244, Gly248
and Phe303 form the residues of the conserved domain of the
MFS transporter family (see Figure S1 and Table S1, available as
Supplementary data at JAC Online).

Bacteria have evolved sophisticated mechanisms of resistance,
including efficient drug efflux pumps that accommodate a
wide range of substrates, both antibacterial and nonantibacterial.51 The wide specificities of multicomponent, multidrug efflux systems suggest that their runaway overexpression
might result in the efflux of intracellular concentrations of
many such agents, causing an impact on their clinical efficacy.
This therapeutic failure stimulates the search for the development of EPIs as adjuvant therapies.7 Efflux mechanisms
should now be taken fully into account in the evaluation of
new antibiotics as well as for the future of chemotherapy in
the long term.
Although there is a limited structural homology between
bacterial and mammalian efflux pumps, there is a significant
substrate overlap observed.52 Because of this overlap, it is
not surprising that many mammalian MDR inhibitors, such as reserpine, verapamil, GG918 and piperine, also affect bacterial
efflux pumps.52 – 54 A well-tolerated dually active bacterial and
mammalian EPI may have some favourable pharmacological
effects, such as: (i) promoting the gastrointestinal absorption
of an antibiotic (altering the pharmacokinetic profile); (ii) improving permeation through the blood –brain barrier for the CNS; (iii)
increasing mammalian intracellular antibiotic concentrations for
the eradication of invasive pathogens; and (iv) enabling the use
of lower concentrations of antibiotics to minimize their undesirable side effects. Such effects could significantly improve antibiotic efficacy by raising the physiological levels of an antibiotic
and act synergistically by reducing bacterial efflux.22 In our
earlier study, we reported that piperine, a mammalian
P-glycoprotein inhibitor, also inhibits bacterial efflux pumps.21
In the present study, capsaicin, yet another mammalian
P-glycoprotein inhibitor, is evaluated as an inhibitor of the NorA
efflux pump of S. aureus.28 Capsaicin was evaluated in
S. aureus SA-1199B overproducing the target NorA efflux
pump, which is the initial contributor to the wild-type fluoroquinolone resistance resulting in the emergence of first-step
mutants. These mutants decrease the intracellular drug concentrations and bacterial cells subsequently accumulate additional
target mutations under treatment, leading to commonly encountered high-level fluoroquinolone-resistant clinical strains.55
Moreover, NorA is the prototype of other MFS pumps with 12
transmembrane segments, such as PmrA in Streptococcus
pneumoniae, and has generally served as the model for studying
EPIs of MDR pumps in Gram-positive organisms.56,57
Capsaicin not only increased the intrinsic susceptibility of
S. aureus to ciprofloxacin, but also significantly reduced the
emergence of ciprofloxacin-resistant mutants of S. aureus. Combination of ciprofloxacin (2 mg/L) and capsaicin (25 mg/L) exhibited a bactericidal effect and a .3 log10 reduction in cfu was
observed in 8 h, whereas ciprofloxacin alone exhibited the
same effect at the higher concentration of 8 mg/L. Furthermore,
capsaicin enhanced the PAE of ciprofloxacin in a concentrationdependent manner. In terms of the percentage increase in PAE
of ciprofloxacin, a 233% increase in PAE was observed at 2 mg/L
(0.25× MIC) ciprofloxacin in combination with capsaicin. However,
the most extended PAE of 2.4 h was observed with ciprofloxacin
at 8 mg/L when tested in combination with capsaicin at 25 mg/L
(Table 2).
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(a)

(b)

(c)

Figure 4. (a) Interaction of reserpine in the binding site of NorA. H-bond formation between reserpine and Gln51 provides stability to the protein/ligand
complex. (b) The orientation of capsaicin within the binding site allows its aliphatic chain to extend into the hydrophobic cleft involving residues Pro24,
Phe140, Ile244, Gly248 and Phe303, which enables strong hydrophobic interactions due to the close proximity of the ligand with these residues. (c) The
relative orientation of the binding site residues with respect to the transmembrane helices of the predicted three-dimensional structure of NorA. All 12
transmembrane helices of the protein are coloured differently and labelled. Capsaicin is also shown bound to the central cavity of the protein. This figure
appears in colour in the online version of JAC and in black and white in the print version of JAC.

The accumulation and efflux of ethidium bromide are good
indicators of the involvement of efflux pumps in the resistance
mechanism, particularly in Gram-positive bacteria such as
S. aureus.21 The fluorescence-based efflux studies of ethidium
bromide-preloaded NorA-overproducing S. aureus cells in the
presence and absence of capsaicin showed reduced efflux
in the presence of capsaicin, thus indicating inhibition of
the efflux mechanism and confirming capsaicin as another
P-glycoprotein inhibitor that inhibits ciprofloxacin efflux from
bacterial cells.
The docking results of capsaicin and the in silico-predicted
three-dimensional structure of NorA revealed the orientation of
capsaicin within the binding site (as shown in Figure 4b), which
allows its aliphatic chain to extend into the hydrophobic cleft.
Also, a weak H-bond between Arg98 and the hydroxyl group of
the aryl moiety of capsaicin contribute extra stability to the capsaicin/NorA complex. Apart from the other key interactive residues, it was found that Val44, Phe47, Gln51, Phe140, Ile244,
Gly248 and Phe303 form the residues of the conserved domain
of the MFS transporter family (see Figure S1 and Table S1, available as Supplementary data at JAC Online). Since MFS transporters facilitate the transport of many different substrates, the
residues involved in substrate binding may not be strictly conserved among superfamily members.
Though S. aureus is not classically considered an intracellular
pathogen, gaining an intracellular niche, even briefly, might
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afford it a window of opportunity to survive and promote
disease. In this regard our studies confirmed the role of NorA
overproduction in the intracellular invasion of S. aureus in macrophage J774 cell lines and, further, the involvement of capsaicin
as an EPI in reducing the invasion of NorA-overproducing
S. aureus. Similar observations have been made by Hirakata
et al. 58 with diamine compounds in MexAB-OprM-overproducing
Pseudomonas aeruginosa. They suggested that probably
P. aeruginosa exports invasion determinants using the MexABOprM system and diamine compounds reduce the invasion of
MexAB-OprM-overproducing P. aeruginosa through the inhibition
of this pump.58
In conclusion, we have, for the first time, shown that capsaicin, a novel EPI, not only inhibits the NorA efflux pump of
S. aureus but also reduces the invasiveness of S. aureus,
thereby reducing its virulence.
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