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Abstract

In the present investigation, twenty three clinical isolates of Escherichia coli were analyzed for the presence of
AcrAB-TolC efflux pump using the respective primer. In order to explore the possibility of EDTA as efflux inhibitor,
the effect of EDTA on 4,6-diamidino-2-phenylindole (DAPI) efflux activity was measured. Thereafter, the minimum
inhibitory concentration (MIC) of each antibacterial agent (drug) included in the study was determined with ethylene
diamine tetraacetic acid (EDTA) and without EDTA according to Clinical and Laboratory Standards Institute, 2009.
Next, the effect of EDTA and drugs with half of MIC on mRNA expressions of AcrAB-Tolc efflux pump was measured
through semi quantitative reverse transcription-polymerase chain reaction (RT-PCR). Our results revealed that 10
mM EDTA when combined with ceftriaxone plus sulbactam (CSE1034; ceftriaxone plus sulbactam plus 10 mM EDTA)
and meropenem, the MIC values reduced 32 and 8 fold, respectively, whereas other comparative drugs demonstrated
only two fold reduction in MIC values. When, DAPI efflux activity was assessed with different concentration of EDTA,
a concentration-dependent inhibition of DAPI efflux was observed with a significant inhibition at 10 mM. Further,
increasing the concentration of EDTA, failed to produce any more inhibition. Similarly, 10 mM EDTA decreased the
expression of AcrA, AcrB and TolC mRNA by 2.3, 2.2 and 2.4 folds, respectively. A significant (p<0.0001) reduction of
mRNA levels of AcrAB-TolC in CSE1034 treated groups was observed compared to meropenem (p<0.01). However,
ceftriaxone, amoxycillin plus clavulanate, piperacillin plus tazobactam, and cefoperazone plus sulbactam treated
group exhibited a non-significant changes (p>0.05) in the expression of AcrAB-TolC mRNA compared with control.
From the above results, it can be concluded that CSE1034 strongly decreased the expression of efflux pump. Hence,
it can be one of the best treat infections caused by the microorganisms over expressing AcrAB-TolC efflux pump.
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Introduction

Escherichia coli is one of the leading pathogen responsible for
severe ICU infections and have evolved a variety of strategies to resist
antibiotics. A single resistance mechanism may diminish susceptibility
to several therapeutic drugs allowing the survival of bacteria in their
niches [1,2]. Among the various resistance mechanisms [3,4], antibiotic
removal from the bacterial cells by efflux pumps are most common [5-
7]. There are anumber of reports indicating antibiotic resistance because
of efflux pump in bacteria is increasing significantly [8,9]. Therefore,
antibiotic efflux pumps are thought of as attractive therapeutic targets,
where their inhibition can restore antibiotic activity.

To date, four multidrug efflux pumps have been characterized in
E. coli, AcrAB-TolC, AcrEF-TolC, EmrB and EmrD [10]. The AcrAB-
TolC system is the most prevalent and constitutively expressed in
E. coli and found to be responsible for the antibiotic resistance [11],
and is a tripartite complex containing AcrA, a fusion protein; AcrB,
a cytoplasmic membrane transporter protein; and TolC, an outer
membrane channel. Over expression of this pump is often associated
with extrusion of most of the 3-lactams antibiotics, leading to decreased
susceptibility of antibiotics [12]. In recent years, in order to improve
the susceptibility of antibiotics against the infections caused by clinical
isolates with over expressing efflux pump, the use of efflux pump
inhibitors have been investigated [13-15]. However, all these inhibitors
have not yet met the requirements for application in clinical practice
due to toxicity, immunosuppression, stability and solubility concerns
[16]. Therefore, there is an urgent need of an efflux pump inhibitor
which is to be safe and can be used in clinical practice. Very recently,
effect of different concentrations of EDTA on MexA-MexB-OprM

in susceptibility and expression has been studied [17]. Senad and
Musaddiq [18] also observed the synergistics effects of combinations
of EDTA and ciprofloxacin, gentamycin and ampicillin on various
isolates of species of Pseudomonas, Proteus, E. coli and Klebsiella.

EDTA has been established by our lab to be safe upto 40 mg/
kg/body weight administered intravenously to Swiss albino mice
(communicated for publication). Additionally, EDTA has been used
intravenously in combination with vitamins and minerals in the
treatment of various diseases including atherosclerotic vascular disease
and renal ischemia [19-22]. Chaudhary et al. [23] investigated the sub
acute intravenous toxicity of ceftriaxone plus sulbactam plus EDTA in
Swiss albino mice and Sprague dawely rats (both male and female) and
found to be safe upto 150 mg/kg/body weight. Very recently, the use of
EDTA in ceftriaxone plus sulbactam combination has been reported in
clinical case report [24,25].

In view of the above data, the current study was planned to evaluate
the role of EDTA alone and in combination with various drugs on
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AcrAB-Tol C efflux pump. As far as authors know, this is the first
report on E. coli where effect of different drugs has been compared on
AcrAB-Tol C efflux pump with and without EDTA. For this purpose,
E. coli clinical isolates were characterized based on the over expressing
AcrAB-TolC efflux pump. In order to explore the possibility of EDTA
as efflux inhibitor, the effect of EDTA on 4,6-diamidino-2-phenylindole
(DAPI) efflux activity was measured. Thereafter, MIC of antibacterial
agents was determined with ethylene diamine tetraacetic acid (EDTA)
and without EDTA. Next, the effect of EDTA and drugs with half of
MIC on mRNA expressions of AcrAB-Tolc efflux pump was measured.

Materials and Methods
Antimicrobial agents

A novel antibiotic adjuvant entity (AAE), with ceftriaxone sodium
plus 10mM EDTA disodium plus sulbactam sodium herein after referred
to as CSE1034 (Elores of Venus Remedies Limited, Chandigarh, India),
Ceftriaxone (Rocephin, Hoffmann-Laoche Pharmaceutical Limited,
Basel Switzerland), amoxicillin plus clavulanate (Augmentin, Glaxo
Smith Kline, Pharmaceuticals Limited, Mumbai, India), piperacillin
plus tazobactam (Zosyn; Wyeth Pharmaceuticals, India, Mumbai),
meropenem (Meronem, Astrazeneca Pharma India Ltd., Banglore,
India), cefoperazone plus sulbactam (Magnex, Pfizer Limited, Mumbai,
India) were used in the study. EDTA disodium was procured from
Akzo Nobel Functional Chemicals B.V. Stationsstraat 77 3811 MH,
P.O. Box 247, 3800 AE Amerfoort, Netherlands. All the drugs were
reconstituted according to instructions of manufacturers. Working
solutions were prepared using MH broth (Mueller Hinton, Himedjia,
Mumbai, India) and serial two fold dilutions were made using CAMH
(Cation-Adjusted Mueller-Hinton, Himedia, Bombay, India) broth in
wells of 96-well plate.

Studied organisms

A total of twenty three clinical isolates of E. coli collected from
patients with urinary tract infection (UTI), bacteremia and pneumonia
were used in this study. All of the isolates were obtained from four
different medical colleges of North India including Postgraduate
Institute of Medical Science, Lucknow (U.P), India, Vijayanagara
Institute of Medical Sciences, Bareilly (U.P), India, Aligarh Muslim
University, Aligarh (U.P), India, and Government Medical College and
Hospital, Chandigarh, India. These isolates were then examined for the
presence of the AcrAB-TolC efflux pump using the respective primers.
Calcium-free buffer was used in the expression studies.

Efflux pump activity assay

AcrAB-TolC efflux activity was measured according to the method
described elsewhere [26]. After preparation of cell suspension, the
cell suspensions were pre-incubated for 5 min at 37°C with different
concentrations of EDTA (0 to 11 mM) prior to the addition of glucose
(20 mM). The fluorescence of DAPI was measured at excitation and
emission wavelengths of 355 and 457 nm respectively, with a Hitachi
2000 fluorescence spectrophotometer. The efflux of DAPI is monitored
by the detection of a decrease in the level of fluorescence with time.

MICs concentration

MIC was determined according to CLSI, 2009 [27]. E. coli MTCC
739 was used as a control. The MIC value represents the lowest dilution
at which bacteria fail to grow.

DNA isolation

Five ml of each bacterial culture was centrifuged at 5000 rpm for 5
min at 4°C and pellet was washed once in Tris-EDTA (TE) buffer (Tris-
HCI 1.0 M, pH 8.0; EDTA 0.5 M, pH 8.0). After addition of 300 pl of TE
buffer, 40 ul of 10% SDS (sodium dodecyl sulfate), 3 pl of 0.5 M EDTA
(pH 8.0) and incubated for 5 min at 65°C. After incubation, 750 ul of
isopropanol was added. This was followed by centrifugation at 14,000
rpm for 5 min at 15°C. The resulting pellet was resuspended in 500 pl
of TE and 2 pl of mRNAse A (10 mg/ml) and incubated at 65°C for 30
min, then added 2 pl of proteinase K (20 mg/ml) and incubated at 37°C
for 15 min. Following incubation, 1 ml of phenol:chloroform (1:1) was
added. The upper phase was transferred to another tube and added
equal amount of chloroform, shaken well and centrifuged at 14,000
rpm for 5 min at 15°C. The supernatant was provided with 40 ul of 5 M
Na-Acetate (pH 5.2) and 1 ml of ethanol and left at room temperature
for 1 h, centrifuged at 7000 rpm for 5 min at 4°C. The DNA pellet
was washed with 70% ethanol and suspended in 50 pl of TE buffer.
DNA purity and concentration were assayed in a spectrophotometer
(260/280).

Screening for efflux gene

All the clinical isolates of E. coli were examined for the presence
of the AcrAB-TolC genes using the respective primers. All the prim-
ers were obtained from Sigma Aldrich Chemicals Pvt. Ltd., Banga-
lore, India. Primers used for acrA forward-5-CTCTCAGGCAGCT-
TAGCCCTAA-3’ and reverse-5-TGCAGAGGTTCAGTTTTGACT-
GTT; for acrB forward-5- GGTCGATTCCGTTCTCCGTTA-3 and
reverse-5 CTACCTGGAAGTAAACGTCATTGGT-3’; for tolC for-
ward-5-AAGCCGAAAAACGCAACCT and reverse-5 CAGAGTCG-
GTAAGTGACCATC-3’. For PCR (polymerase chain reaction) ampli-
fications, about 200 pg of DNA was added to 20 ul mixture containing
0.5 mM of dNTPs, 1.25 uM of each primer and 3.0 ul of Taq polymerase
(Banglore Genei) in 1x PCR buffer. Amplification was performed in a
Eppendorf thermocycler (Germany) with cycling parameters, consist-
ing of 40 cycles with 95°C for 10 min initial denaturation, 94°C dena-
turation (1 min), 53°C annealing (1 min), 72°C extension (2 min) and
final extension 72°C for 7 min. E. coli MTCC 739 was used as a control
with lacking of AcrAB-TolC efflux pump. The PCR products were ana-
lyzed on a 1.5% agarose gel containing ethidium bromide (EtBr).

Total mRNA extraction

Total mRNA was isolated with Trizol (Invitrogen, USA) and
processed for DNAse I treatment to remove traces of genomic
DNA. The amount of extracted mRNA was quantified by measuring
the absorbance at 260 nm. The purity of the mRNA was checked by
measuring the ratio of the absorbance at 260 and 280 nm, where a ratio
ranging from 1.8-2.0 was taken to be pure. The absence of degradation
of the mRNA was confirmed by mRNA electrophoresis on a 1.5%
agarose gel containing ethidium bromide (EtBr).

Reverse transcription-PCR analysis

First strand cDNA was generated from 2 ug of mRNA using
the reverse transcriptase kit (Invitrogen, USA) according to the
manufacturer’s protocol. RT-PCR was performed as described in the
RT-PCR kit (Invitrogen, USA) in a total volume of 20 ul containing 5
ul of cDNA and per-designed gene-specific primers of acrA, acrB and
tolC. The 23S rRNA was used as an internal control. Primer for the
23S rRNA gene was forward (5-GTGTCAGGTGGGCAGTTTG-3’)
and reverse (5-CATTCTGAGGGAACCTTTGG-3"). The cycling
parameters for the PCR was as mentioned above. The RT-PCR products
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were analyzed by 1.5% agarose gel containing ethidium bromide.
Effect of EDTA on efflux pump

To investigate the effect of EDTA disodium on mRNA of AcrA,
AcrB and TolC expression, three clinical isolates of E. coli positive for
AcrAB-Tolc efflux pump was treated with various concentrations of
EDTA. The same isolates without EDTA serve as a control.

Effect of different drugs on efflux pump

To assess the effect of drugs on mRNA expression of AcrA, AcrB
and TolC, three clinical isolates of E. coli positive for AcrAB-Tolc
efflux pump, were treated with drugs at half of MIC for 24 hours. The
concentration of drugs used in this study is shown in Table 1. Following
treatment, total mRNA was isolated with Trizol (Invitrogen, USA).
First strand of cDNA was then synthesized from 2 pg total mRNA
using reverse transcriptase kit (Invitrogen, USA). The isolates without
treatment with drug and EDTA serve as a control.

Statistical analysis

All data represent the mean + SD of three independent experiments.
Data were analyzed using Graph pad prism 5.01 expressed as mean +

Table 1: Concentration of drugs used for the expression study.

Concentration (ug/ml)
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Figure 1: The levels of accumulation of 4,6-diamidino-2-phenylindole in three
planktonic cultures of AcrAB-tolC positive clinical isolates of E. coli in the
absence (0 mM) and presence of various concentration of EDTA (2,4,6,8,
9,10 and 11 mM). Results are presented in mean * SD of three independent
experiments.

standard deviation (SD). The continuous variables were tested with
one-way analysis of variance (ANOVA) and dun-net test. Values of
P>0.05 were considered not to be significant.

Results
Strain characterization for efflux pump

Among the clinical isolates, only fifteen clinical isolates were found
to be positive for AcrAB-TolC efflux pump and were included in the
study.

Effect of EDTA on efflux pump activity

The activity of AcrAB-TolC efflux pump was monitored
fluorometrically. Results of this study showed that in the absence of
EDTA, the addition of glucose after 5 min resulted in a significant
decrease of fluorescence as shown in Figure 1. When the reaction
system was provided with different concentration of EDTA varying
from 2 to 11 mM, a concentration-dependent inhibition of DAPI efflux
was observed with a significant inhibition at 10 mM. Further increasing
the concentration of EDTA, failed to produce any more inhibition.

MIC

MICs recorded for all of the antibacterial agents with and without
EDTA against efflux pump positive clinical isolates and control
(efflux negative) are summarized in Table 2. All the antibacterial
agents without EDTA exhibited high MICs. For drugs, ceftriaxone,
amoxycillin plus clavulanic acid, piperacillin plus tazobactam and
cefeperazone plus sulbactam, there was only 2 fold reduction in MIC
after addition of 10 mM EDTA. Interestingly, when 10 mM EDTA
was added with ceftriaxone plus sulbactam (CSE1034; ceftriaxone plus
sulbactam plus 10 mM EDTA), 32 fold reduction in MIC was noted,
whereas meropenem with 10 mM EDTA demonstrated only 8 fold in
MIC values of efflux positive clinical isolates. However, addition of
10 mM EDTA in control group (efflux negative) did not demonstrate
alteration in MIC.

Effect of EDTA on expression of efflux pump

Our results revealed that transporters (AcrA and AcrB) as
well as outer membrane protein (Tol C) had higher expression in
control groups, efflux positive which were not treated with EDTA/
drugs. However, EDTA was found to decrease the expression of the
transporters mRNA (AcrA and AcrB) as well as outer membrane
protein mRNA (Tol C) in comparison to control group. The down-
regulation of the expression of the AcrAB-TolC mRNA following
treatment with EDTA occurred in a dose dependent manner with 2.3,
2.2 and 2.4 fold reduction, respectively, at 10 mM. Further, increasing
the concentration of EDTA, no significant changes were noted (Table
3).

Table 2: Minimum inhibitory concentrations (MICs) of drugs on planktonic cultures of AcrAB-tolC positive clinical isolates and E. coli MTCC 739.

MIC (pg/ml)
10 mM EDTA C C+S A+C P+Z M Cef+S
Without EDTA >512 256-512 >512 256-512 256-512 256-512
Efflux positive* (n=15)
With EDTA 256 8-16 256 128-256 32-64 128-256
(efflux negative) With EDTA 2 0.5 4 2 05 4

C: Ceftriaxone; C+8S: Ceftriaxone+sulbactam; P+Z: Piperacillin+tazobactam; A+C: Amoxicillin+clavulanic acid; cef+S: Cefoparazone+Sulbactam; M: Meropenem.

*Efflux positive represents the presence of AcrAB-TolC overexpressing clinical isolates.
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Effect of drugs on expression of efflux pump

We also determined whether the expression of these genes was
modified by following treatment with drugs. We observed that
there was no significant change in mRNA levels of AcrAB-TolC
in ceftriaxone, piperacillin+tazobactam,
and cefoperazone+sulbactam treated group compared with control
(p>0.05), whereas a significant (p<0.0001) decrease in mRNA levels
of AcrAB-TolC in CSE1034 treated groups compared to meropenem
treated groups (p<0.01) were noted (Figures 2A, 2B and 2C).

amoxycillin+clavulanate

Table 3: Effect of EDTA on expression of transporters and outer membrane
protein in efflux pump of E.coli.
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Figure 2c: TolC expression was determined by semi-quantitative RT-PCR,

Expression was determined by semi-quantitative RT-PCR, normalized to 23s
rRNA. Results are presented in mean + SD; 0=without EDTA.
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Figure 2a: AcrA expression was determined by semi-quantitative RT-PCR,
normalized to 23s rRNA. n=3. meanzSD. 2p>0.05 vs control; °p<0.01 vs control;
¢p<0.0001 vs control.

1. Control (without drug treatment); 2. Ceftriaxone; 3. Ceftriaxone+sulbactam;

4. Amoxicillin+clavulanic acid 5. Piperacillin+tazobactam; 6. Meropenem; 7.
CSE1034.
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Figure 2b: AcrB expression was determined by semi-quantitative RT-PCR,

normalized to 23s rRNA. n=3. meantSD. 2p>0.05 vs control; ®p<0.01 vs control;

°p<0.0001 vs control.

1. Control (without drug treatment); 2. Ceftriaxone; 3. Ceftriaxone+sulbactam;
4. Amoxicillin+clavulanic acid 5. Piperacillinttazobactam; 6. Meropenem; 7.

CSE1034.

Concentration of EDTA normalized to 23s rRNA. n=3. Mean + SD. 2p>0.05 vs control; °p<0.01 vs control;
(mM) AcrA mRNA AcrB mRNA TolC mRNA ¢p<0.0001 vs control.
0 88.54+7.4 86.34 + 8.2 87.52+86 1. Control (without drug treatment); 2. Ceftriaxone; 3. Ceftriaxone+sulbactam;
2 82.34 + 8.1 8172+79 82.78 + 8.2 4. Amoxicillin+clavulanic acid 5. Piperacillin+tazobactam; 6. Meropenem; 7.
= S — . CSE1034.
4 70.32+6.5 7223+71 69.32+6.8
8 55.53 £4.9 56.32+£5.3 5494 +5.1
10 38.34+238 37.73+3.1 36.23+2.4 Discussion
12 3521+3.5 3584 +3.4 34.86 £ 3.8

The efflux pumps encoded by bacteria confer clinically relevant
resistance to antibiotics amongst other resistance mechanisms adopted
by bacteria. Efflux pumps have a physiological role(s) and majority
of gram-negative clinical isolates exhibits a multi drug-resistant
phenotype because of over expressed efflux pumps [1].

Results of the present study indicated that when 10 mM EDTA was
added into control group (efflux negative), there was no pronounced
effect on MIC. However, when 10 mM EDTA was combined with
drugs, it reduced the MICs of efflux pump over expressing strains
suggesting that it inhibits efflux pump. The maximum reduction in
MIC (approximately 32 fold) was noted with CSE1034, probably,
it caused strong inhibition of the efflux pump as a result increased
accumulation of drug within the bacterial cells. Another probable
reason of decreased MIC with CSE1034 could be synergistic effect of
ceftriaxone plus sulbactam plus 10 mM EDTA. It is worthy to mention
here that our results of sub-acute intravenous toxicity of EDTA in mice
when co-related with human dose revealed that EDTA upto 3.33 mg/
kg body weight is safe to human when administered intravenously.
Interestingly, the 10 mM concentration used in this study is within this
range. On the other hand, the synergistic effect could not be found with
other drugs hence there was less reduction in MIC, which might be
because of failure of other drugs to respond AcrAB-TolC efflux pump
synergistically. It has earlier been reported that decreased antibiotic
accumulation via enhanced expression of drug efflux pumps is the
major reason for resistance in gram-negative bacteria [7].

Our data revealed that the addition of EDTA into reaction system
induced the inhibition of efflux pump activity with maximum inhibition
at 10 mM concentration. This is in accordance with the study reported
for E. faecalis [28]. When various concentrations of EDTA was tested
on efflux pump expression, it was found that 10 mM EDTA decreased
43.33, 43.69 and 41.39% mRNA expression of AcrA, AcrB and TolC.
The down-regulation of AcrA, AcrB and TolC following treatment
with EDTA is probably due to chelation of calcium ions which results
in disturbance in ATP production. It has earlier been reported that
ATPases that hydrolyse ATP and provide protons for the activation
of ABC-type transporters [29] are calcium dependent. Calcium is
important for signaling and activating genetic systems [28], as well as
for a wide variety of metabolic and energy-deriving pathways within the
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cell. It has been reported that the ATP concentration in E. coli directly
controls the rate of mRNA transcription initiation [30], and therefore
growth rate. Moreover, when drugs at half of MIC were studied, nRNA
expression of AcrAB-Tolc were found to be decreased significantly with
CSE1034, suggesting that increased antibiotic accumulation within
the bacteria was associated with reduced expression of AcrAB-TolC
mRNA. Similarly, it has also been suggested that artesunate enhance
antibiotic susceptibility of p-lactams which is associated with reduced
expression of AcrAB-TolC mRNA [31].

In conclusion, the over expression of the AcrAB-TolC pump in
E. coli is responsible for decreased susceptibility of antibiotics. Our
results implied that EDTA disodium enhances the susceptibility of E.
coli efflux over expressed strains by inhibiting efflux pump which in
turn increased accumulation of drugs inside the bacteria. The CSE1034
comprising ceftriaxone plus EDTA plus sulbactam showed significant
reduction in efflux pump expression and hence can be considered as a
choice of drug in E. coli infections with efflux over expressed strains.
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