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A

ntibiotic efflux is the energy-dependent extrusion of antimicrobial substances from a bacterial cell (1). It is one of the
most important and clinically relevant mechanisms for mediating
antibiotic resistance in Gram-negative bacteria such as Escherichia
coli (2, 3). Approximately 5 to 10% of the genes present in the
bacterial genome encode transport-related functions, and many
of them are part of the antibiotic efflux machinery (4). Importantly, antibiotic efflux is one of the major health concerns due to
the fact that a single antibiotic efflux pump can confer simultaneous resistance to a variety of antimicrobials (1, 2). Overall two
different groups of components, namely, efflux transporters and
outer membrane efflux proteins (OEPs), are part of the bacterial
antibiotic efflux machinery. In E. coli, five major families of efflux
transporters are reported (2, 5), viz., MFS (major facilitator superfamily), MATE (multidrug and toxic efflux), RND (resistancenodulation-division), SMR (small multidrug resistance), and
ABC (ATP binding cassette). These efflux transporters act in association with one of the four different OEPs in E. coli, namely
tolC, yjcP (mdtP), yohG (mdtQ), and ylcB (cusC) (5). Out of the
different OEPs mentioned above, TolC is the major channel for
antibiotic efflux across the outer membrane of E. coli (5). Notably,
TolC can function in conjunction with three different types of
transport systems, including RND (viz., AcrAB), MFS (viz., EmrAB), and ABC (viz., MacAB) transporters (6).
Fluoroquinolones such as ciprofloxacin are synthetic antibiotics, having immense therapeutic value against a variety of bacterial
pathogens due to their extended antibacterial spectrum and improved systemic distribution inside the host tissues (7). As per our
earlier findings (8) and emerging scientific paradigm, many of the
classical antibiotics, including ciprofloxacin, kill bacteria through
induction of oxidative stress (9–11). We have previously established that the presence of antioxidants, viz., glutathione (GSH),
gives protection against the antibacterial action of ciprofloxacin in
E. coli (8, 12), which was attributed to GSH-mediated neutralization of oxidative stress caused by ciprofloxacin in E. coli. According to a subsequent independent report (13), GSH-mediated protection against another fluoroquinolone, namely, norfloxacin, is
more efficient in strains having an intact efflux system encoded by
tolC-acrAB, suggesting that the antibiotic efflux machinery could
partially contribute to GSH-mediated protection against fluoroquinolones.
The aim of the present study was to analyze the contribution of
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efflux machinery components toward the GSH-mediated decrease in ciprofloxacin activity against E. coli using Keio collection
single-gene deletion mutants (14). This comprehensive analysis
involved 27 efflux transporters and 4 OEP mutants, including
members of all known transporter families and OEPs. The growth
kinetics of strains showing altered ciprofloxacin susceptibility in
the presence or absence of GSH was determined. The effect of
GSH on expression of efflux components that potentially have a
role in the above-mentioned phenotype was subsequently monitored. We further analyzed the effect of GSH on the total efflux
activity of wild-type E. coli and the corresponding efflux mutants
having a plausible role in GSH-mediated decreased ciprofloxacin
activity. In addition, the effect of GSH on ciprofloxacin accumulation in wild-type and mutant E. coli strains was investigated to
determine whether uptake of ciprofloxacin in a bacterial cell is
affected by the presence of GSH.
The impact of different drug transporters and OEPs on ciprofloxacin susceptibility and GSH-mediated decreased ciprofloxacin activity in E. coli was analyzed using Keio collection mutants.
The ciprofloxacin susceptibilities of the wild-type parent strain
BW25113 and 31 different efflux mutants were determined in
both the presence and absence of 10 mM GSH. The preparation
and handling of the glutathione solution, the microbial culture
growth conditions, and the antibiotic susceptibility testing methods were essentially the same as those previously described by
Goswami et al. (12). Mueller-Hinton (MH) agar was used for MIC
determination as described previously (12) for assessing the antibiotic susceptibility of a given strain. Out of the 31 Keio collection
mutants analyzed in the study, 10 strains carried a deletion in
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We have analyzed the contribution of different efflux components to glutathione-mediated abrogation of ciprofloxacin’s activity
in Escherichia coli and the underlying potential mechanism(s) behind this phenomenon. The results indicated that glutathione
increased the total active efflux, thereby partially contributing to glutathione-mediated neutralization of ciprofloxacin’s antibacterial action in E. coli. However, the role of glutathione-mediated increased efflux becomes evident in the absence of a functional
TolC-AcrAB efflux pump.

Goswami et al.

TABLE 1 Ciprofloxacin susceptibilities of wild-type E. coli BW25113
and efflux mutants in the presence and absence of GSHa
MIC of ciprofloxacin
(ng/ml)
Strain name

Without
GSH

With
GSH

GSH-mediated increase
in MIC (ratio of
without GSH/with
GSH) (fold change)

BW25113
JW5503
JW0452
JW0451

16
4
4
4

256
32
32
32

16
8
8
8

FIG 1 Growth kinetics of JW0452, JW0451, and JW5503 compared to those of the wild-type parent strain BW25113. The growth curves were generated by
incubating 1% overnight inocula of strains BW25113, JW0452, JW0451, and JW5503 in LB medium (control) (A), LB medium supplemented with 10 mM GSH
(B), LB medium with 4 ng/ml ciprofloxacin (subinhibitory ciprofloxacin concentration for BW25113) (C), LB medium with 10 mM GSH and 16 ng/ml
ciprofloxacin, and LB medium with 16 ng/ml ciprofloxacin (inhibitory concentration for BW25113). The growth kinetics experiment was performed for two
biological replicates. Generation times of the strains were calculated from the data of a single representative set.
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a
Only those strains where a change in MIC was observed in the presence or absence of
GSH compared with that for the wild-type parent strain BW25113 are shown. The
ciprofloxacin MICs for all remaining efflux pump mutants (mentioned in Table S1 in
the supplemental material) were unaltered compared with that for BW25113, both in
the presence and absence of 10 mM GSH.

RND, 12 in MFS, 2 each in SMR and ABC, 1 in MATE, and 4 in the
OEP components of the efflux machinery (for details, see Table S1
in the supplemental material). Out of the 31 efflux mutants tested,
only 2 drug transporter mutants, namely, JW0451 and JW0452
(carrying acrB and acrA mutations, respectively) and 1 OEP mutant, JW5503 (with tolC mutation), exhibited 4-fold increased
ciprofloxacin susceptibility in comparison to that for BW25113
(Table 1). The unaltered ciprofloxacin susceptibilities of the
remaining efflux pump mutants confirmed the auxiliary functions
of these efflux components toward ciprofloxacin resistance, substantiating several earlier reports (15, 16). The presence of GSH
decreased the antibacterial activity of ciprofloxacin to a lesser extent in JW0452, JW0451, and JW5503 than in BW25113, both in
terms of absolute values and fold changes. This signifies that antibiotic efflux not only determines the innate ciprofloxacin sus-

Role of Efﬂux in Anticiproﬂoxacin Activity of GSH

respectively) determined in presence and absence of GSH. (A) Representative flow cytometric histograms depicting the extent of intracellular fluorescence due
to Hoechst 33342 retention in different bacterial strains in the presence and absence of GSH (n ⫽ 3 per group). In each of the histograms, the x axis represents
the signal acquired from the FL4 channel, and the y axis represents the count. (B) Bar chart showing the amount of Hoechst 33342 retained inside the bacterial
cell (n ⫽ 3 per group). Data points show means ⫾ SEM. One-way Analysis of variance (ANOVA) followed by Tukey’s posttest was used to determine the
statistical significance. *, compared with control (P ⬍ 0.01); #, compared with the absence of GSH for a given bacterial strain (P ⬍ 0.05).

ceptibility of E. coli but also plays an important role in the GSHmediated phenotype. Our conclusions extend the earlier findings
of Dhamdhere et al. (17) that GSH-mediated protection against
fluoroquinolones is more efficient but not completely dependent
on efflux pumps. The addition of GSH had no effect on the antibacterial activity of ciprofloxacin for the remaining mutants (see
Table S1 in the supplemental material), signifying that these efflux
functions do not play a significant primary role in the phenotype
observed.
The growth curves of BW25113, JW0452, JW0451, and
JW5503 were generated by incubating 1% inocula (optical density
at 600 nm [OD600] of ⬃2.0) of these strains overnight under different growth conditions in Luria-Bertani (LB) medium. The bacterial growth was monitored by determining the OD600 in an
automated optical density monitoring system (Bioscreen C;
OY Growth Curves, Finland) at 37°C with a continuous medium shaking mode. The growth curve data revealed that
strains JW0452, JW0451, and JW5503 were relatively slow growing (generation times of 52, 55, and 58 min, respectively) compared to the parent strain BW25113 (⬃47 min) in LB medium
(Fig. 1A). The presence of GSH decreased the growth rate of all
four strains by increasing their generation times to 69, 71, 61, and
55 min, respectively (Fig. 1B). The growth profiles of BW25113,
JW0452, JW0451, and JW5503 in LB medium substantiated our
MIC data. They further indicated that irrespective of the growth
medium, the acrA, acrB, and tolC mutants exhibited similar responses to GSH and/or ciprofloxacin. The above-mentioned efflux mutants failed to grow in the presence of 4 ng/ml ciprofloxacin, corroborating our MIC data (Fig. 1C). The presence of GSH
allowed the parent strain BW25113 to grow successfully at 16
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ng/ml ciprofloxacin (Fig. 1D), whereas the same strain failed to
grow under analogous conditions in the absence of GSH (Fig. 1E).
Additionally, GSH could not rescue the growth of JW0452,
JW0451, and JW5503, unlike that of BW25113, when grown with
16 ng/ml ciprofloxacin (Fig. 1D).
Involvement of GSH in regulating the expression of acrA, acrB,
and tolC, thereby affecting the extent of GSH-mediated protection
against ciprofloxacin in mutant strains, was investigated next. The
expression levels of acrA, acrB, and tolC were compared in the
presence and absence of exogenously added GSH, using reverse
transcription-quantitative PCR (RT-qPCR) in logarithmically
growing BW25113 cells (OD600 of ⬃0.5). RNA was extracted using NucleoSpin RNA II (Macherey-Nagel, Germany), according
to the manufacturer’s instructions. All downstream steps were the
same as those described previously (18), and the resulting threshold cycle (CT) values were normalized using rpoD as a reference
gene. The acrA, acrB, tolC, and rpoD primer details are given in
Table S2 in the supplemental material. The results of the analysis
showed that expression of acrA, acrB, and tolC is not affected by
the exogenous GSH (see Fig. S1 in the supplemental material).
The expression of acrA, acrB, and tolC is reported to be regulated
essentially at the transcription level (5, 19) and not at the translational/posttranslational level to the best of our knowledge. It
therefore rules out the possibility of exogenous GSH regulating
the expression levels of acrA, acrB, and tolC in wild-type E. coli.
GSH might be playing a role in determining the total efflux
activity of the E. coli as JW0452, JW0451, and JW5503 showed
decreased extents of GSH-mediated protection against ciprofloxacin compared with that of BW25113. Accordingly, the total
efflux activities of BW25113, JW0452, JW0451, and JW5503 were
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FIG 2 Total efflux activities of wild-type E. coli BW25113 and efflux mutants JW0452, BW0451, and JW5503 (carrying acrA, acrB, and tolC deletions,

Goswami et al.

determined during mid-exponential growth phase (OD600 of
⬃0.5) in the presence and absence of 10 mM GSH, employing
flow cytometry as described previously (20). The assay was based
on the principle of increased retention of the fluorescent dye
Hoechst 33342 inside bacterial cells by virtue of its diminished
efflux activity. The individual representative histograms show the
extent of Hoechst 33342 dye retained in different bacterial strains
(Fig. 2A). The fluorescence of the dye (arbitrary units [AU]) retained in the bacteria is shown in the bar charts (Fig. 2B). The
functionality of the assay system was ascertained by significantly
increased fluorescence of BW25133 cells treated by 70% isopropanol in comparison to that in the live bacterial cells (data not
shown). Fluorescent dye retention levels within diverse E. coli
strains were quantified and compared. A negligible amount of
fluorescent dye was retained inside BW25113 (mean ⫾ standard
error of the mean [SEM] of 3.5 ⫾ 0.1), signifying a healthy level of
preexisting efflux activity in the wild-type parent E. coli strain. The
presence of GSH did not further decrease the dye retention in
BW25113 as it was nominal to start with. Therefore, it becomes
tricky to recognize the effect of GSH on the efflux activity of wildtype E. coli BW25113. On the other hand, notable increases in the
intracellular fluorescence levels of JW0452, JW0451, and JW5503
(between 52 and 61%) were seen in comparison to that in
BW25113 (P ⬍ 0.01) due to build up of the fluorescent dye within
these strains because of their compromised efflux activity. In par-
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ticular, the tolC mutant JW5503 exhibited the highest dye retention (61.1 ⫾ 0.8) compared to that in BW25113, corroborating
several earlier reports demonstrating the importance of tolC (2, 5).
JW0451 and JW0452 exhibited ⬃56 and 48% increases in fluorescence, respectively, in comparison to that in the parent strain.
Interestingly, the presence of GSH caused a significant decrease in
fluorescence in all of the efflux pump mutants (P ⬍ 0.05). The
presence of GSH diminished the fluorescence due to dye retention
in JW0451 and JW0452 by ⬃38 and 25%, respectively (P ⬍ 0.01).
Similarly, JW5503 exhibited a decrease in the fluorescence of the
dye by ⬃11% in the presence of GSH (P ⬍ 0.05). GSH-mediated
increases in the efflux activities of JW0452, JW0451, and JW5503
signify that GSH increases the total efflux to a significant extent in
E. coli lacking a functional TolC-AcrAB pump. Our proposition is
further supported by a previous report showing GSH-mediated
increase in the activities of potassium efflux channels, namely,
KefB and KefC, in E. coli (21). Moreover, partial restoration of the
severely compromised efflux activity of E. coli in the absence of a
functional TolC-AcrAB pump through activation of enduring
machinery indicates the auxiliary role of efflux in the GSH-mediated phenotype.
As antibiotic efflux ostensibly contributed to GSH-mediated
decreased ciprofloxacin activity, we further investigated the effect
of exogenous GSH on ciprofloxacin accumulation in wild-type E.
coli BW25113 and the corresponding TolC-AcrAB mutants (i.e.,
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FIG 3 Ciprofloxacin accumulation inside wild-type E. coli BW25113 (A) and efflux mutants JW0451 (B), BW452 (C), and JW5503 (D) in the presence and
absence of 10 mM GSH. Separate bars depict the extents of fluorescence due to ciprofloxacin accumulation in the presence and absence of GSH (n ⫽ 3 per group).
Error bars represent ⫾ SEM. *, significantly different compared to the corresponding absence of GSH treatment (P ⬍ 0.05).
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JW0452, JW0451, and JW5503). This analysis becomes relevant as
GSH-mediated increased efflux should simultaneously be epitomized by reduced accumulation of ciprofloxacin inside affected
bacteria. The effect of GSH supplementation on ciprofloxacin accumulation in BW25113, JW0452, JW0451, and JW5503 was evaluated by fluorimetry as described previously (22). The amount of
ciprofloxacin accumulated was calculated by comparison with a
standard curve for ciprofloxacin (20 to 2000 ng/ml) in 0.1 M glycine-hydrochloride (pH 3.0). The results are expressed as nanograms of ciprofloxacin incorporated per milligram dry weight of
bacteria. The results of the ciprofloxacin accumulation assay are
shown in Fig. 3. The presence of GSH decreased ciprofloxacin
accumulation in the wild-type E. coli strain as BW25113 cells accumulated lower levels of ciprofloxacin with GSH after 5, 10, or 15
min of antibiotic exposure (Fig. 3A) in comparison to its complete
absence at 0 min (data not shown). Similarly, the presence of GSH
resulted in significantly reduced (P ⬍ 0.05) accumulation of ciprofloxacin in JW0451, JW0452, and JW5503 at one or more time
points (Fig. 3B, C, and D, respectively). The GSH-mediated
decline in the ciprofloxacin accumulation within BW25113,
JW0452, JW0451, and JW5503 is another reflection of their increased efflux activity. Importantly, GSH cannot affect the ciprofloxacin uptake directly in E. coli as their routes of entry are separate. GSH enters through the yliABCD transporter (23), whereas
ciprofloxacin gains entry through both porin- and nonporin-mediated pathways in E. coli (24). The present study therefore clearly
establishes that the presence of GSH not only results in increased
bacterial efflux activity but also causes decreased ciprofloxacin
accumulation in E. coli. Nevertheless, it is important to remember
that GSH-mediated reversal of ciprofloxacin’s activity is not
merely due to increased efflux, as GSH has already been reported
to neutralize the antibiotic-induced oxidative stress to decrease
the antibacterial action of ciprofloxacin (8). Therefore, on the
basis of our previous (8) and present findings we propose that
exogenous GSH reverses the effect of ciprofloxacin both by (i)
neutralizing the oxidative stress involved in its antibacterial
action (8) and (ii) increasing the ciprofloxacin efflux out of E.
coli (present study). However, it is difficult to quantify their
absolute contributions toward this phenotype due to an ongoing cross talk between multiple stress response pathways in E.
coli (5, 25).
Taken together, the results of our present study reveal for the
first time that GSH supplementation could promote ciprofloxacin
resistance by increasing its efflux from E. coli. Since GSH can have
a direct or indirect effect on the proton motive force in E. coli (26),
it might also influence bacterial efflux activity; however, this proposition needs to be verified experimentally through a separate set
of studies. Nevertheless, GSH is a prominent cellular antioxidant
in both bacteria and animals, and its increased levels could have
multifaceted implications on the clearance of bacterial infection
by (i) differentially modulating the activity of antibiotic classes/
subclasses (27, 28), (ii) decreasing the antibiotic-induced oxidative stress (8), (iii) promoting antibiotic efflux (present study),
and (iv) delaying the natural clearance of bacterial pathogens (29).
Consequently, further studies are needed in this direction to understand how alterations in intracellular thiol(s) or the overall
cellular redox state can be used for better management of bacterial
infection and antibiotic therapy.
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