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Background: Multidrug-resistant (MDR) strains of Acinetobacter baumannii have been increasingly reported as a major cause of
nosocomial infections, and have created major therapeutic problems worldwide.

Objectives: The aim of the present study was to evaluate the role of proton motive force (PMF)-dependent efflux mechanism in the
multiple resistance phenotype of A. baumannii clinical strains.

Materials and Methods: A total of 65 A. baumannii clinical strains were collected from hospitals in Tehran. These were tested for
antimicrobial susceptibility using disc agar diffusion and broth microdilution methods. Active efflux was assessed by ethidium
bromide accumulation assays. Further evaluations were performed by the determination of the minimum inhibitory concentrations
and the accumulation of ciprofloxacin against selected MDR A. baumannii in the presence and absence of carbonyl cyanide
m-chlorophenylhydrazone (CCCP), an inhibitor of PME

Results: Ninety five percent of strains were MDR, with high rate of resistance to ciprofloxacin (92.3%), gentamicin (89.2%), and ceftazidime
(93.8%). Colistin and imipenem were the most effective antibiotics with resistance rates of 1.5% and 44.6%, respectively. MDR strains showed
a four-fold reduction in the MIC of ciprofloxacin when tested in the presence of the efflux pump inhibitor. The addition of CCCP led to a
significant increase in the accumulation of ethidium bromide and ciprofloxacin.

Conclusions: PMF-dependent efflux mechanism appears to play an important role in the MDR phenotype of A. baumannii clinical strains.
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1. Background efflux pumps (8).

Efflux pump systems in bacteria, which can extrude
the drugs and toxic compounds by transporting them
across the inner and outer membranes into the external
environment, have an important role in the develop-
ment of multidrug resistance (1). ATP-binding cassette
(ABC) transporters use ATP as a source of energy, whereas
the secondary multidrug transporters are often referred
to as H+-drug antiporters, which are sensitive to agents
that dispel the proton motive force. To date, nine efflux
systems belonging to secondary multidrug transporters
have been described in A. baumannii: AdeABC, AdelJK and
AdeFGH, belonging to the resistance-nodulation cell divi-
sion (RND) and conferring resistance to a wide spectrum
of antimicrobial agents (1, 8, 9); AbeM, included within
the multidrug and toxic compound extrusion (MATE),
providing moderate resistance to several compounds
(10); Tet (A), Tet (B), CraA and AmvA from the major facili-

Acinetobacter baumannii is a significant opportunistic
nosocomial pathogen responsible for variety of infec-
tions, including pneumonia, bloodstream infections, en-
docarditis, meningitis and infections of the urinary tract,
skin and soft tissue (1, 2). Reports of the numerous out-
breaks caused by multidrug-resistant (MDR) A. bauman-
nii from different regions of the world are appearing at a
startling rate, posing an increased threat to hospitalized
patients (3-6). Multi-resistance to antibiotics in A. bau-
mannii is greatly exhibited by its intrinsic mechanisms.
However, this species shows a remarkable propensity to
rapidly acquire and accumulate resistance determinants
(7). The resistance mechanisms in A. baumannii are due
to the association of diverse mechanisms, including en-
zymatic modification of antibiotics, low membrane per-
meability, target gene mutation, and expression of active

Implication for health policy/practice/research/medical education

This study indicates that antimicrobial resistance among Acinetobacter baumannii in Iran has emerged as an important challenge for the Iranian medical
community. The ability of this organism to rapidly acquire resistance to antimicrobial agents is a cause for great concern. One of the important factors in
the multiple resistance phenotype of this problematic organism is active extrusion by efflux pumps. Therefore, there is a need for detailed understanding
of the multi-resistance phenotypes of this organism, with attempts to combat these mechanisms by developing inhibitors.
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tator superfamily (MFS), involved in tetracycline, mino-
cycline, chloramphenicol and erythromycin resistance,
respectively (7, 11, 12); and AbeS, which is included within
the small multidrug resistance (SMR) family (6).

A. baumannii was identified among the top seven prob-
lematic hospital-associated pathogens by the Infectious
Diseases Society of America (IDSA) and as a critical exam-
ple of unmet medical need (13). Much more is recognized
about efflux systems in Escherichia coli or Pseudomonas ae-
ruginosa than about those in Acinetobacter spp. In spite of
the increased frequency of MDR A. baumannii isolates in
Iran, there exists a few data regarding the antimicrobial
resistance in these Gram negative bacteria. Furthermore,
the role of efflux pump mechanism was never examined
inIran.

2. Objectives

This study aimed to investigate the role of proton mo-
tive force (PMF)-dependent efflux in the primary resis-
tance among clinical isolates of A. baumannii, using car-
bonyl cyanide m-chlorophenylhydrazone (CCCP) as an
efflux pump inhibitor.

3. Materials and Methods

3.1. Bacterial Isolates

A total of 65 consecutive, non-duplicated A. baumannii
clinical isolates were collected from different clinical
sources including urine, blood and burn wounds from
hospitals in Tehran, Iran. The majority of strains were
isolated from burn wounds of hospitalized patients. De-
finitive identification of A. baumannii was performed by
standard biochemical reactions following the criteria
of Bouvet and Grimont (14). P. aeruginosa ATCC 27853,
Staphylococcus aureus ATCC 25923 and E. coli ATCC 25922
were used as quality control strains for antibiotic suscep-
tibility testing. A. baumannii AB50 was a non-MDR strain
from our collection, which displayed susceptibility to
fluoroquinolones, B-lactams and aminoglycosides and
was used as a reference strain for comparative analyses.

3.2. Antimicrobial Susceptibility Testing

A. baumannii strains were examined for antibiotic re-
sistance by disc diffusion on Mueller-Hinton agar as
recommended by the Clinical and Laboratory Standards
Institute (15). In brief, an inoculum equivalent to 0.5
McFarland was used to inoculate Mueller-Hinton agar
plates, and subsequently discs containing the following
antibiotics were added: amikacin (30 pg), ampicillin-
sulbactam (1010 pg), ceftazidime (30 pg), cefepime (30
ug), ciprofloxacin (5 pg), ofloxacin (5 pg), colistin (10 pug),
cotrimoxazole (1.25/23.75 pg), gentamicin (10 pg), imipe-
nem (10 ug), kanamycin (30 pg), piperacillin (100 pg) and
tobramycin (10 pg). Plates were incubated at 37°C for 24 h.

Multidrug resistance was defined as resistance to three

or more representatives of the following classes of an-
tibiotics (16): quinolones (ciprofloxacin and ofloxacin),
extended-spectrum cephalosporins (ceftazidime and ce-
fepime), aminoglycosides (amikacin, tobramycin, genta-
micin, kanamycin), sulfonamides (cotrimoxazole), peni-
cillins (ampicillin-sulbactam, piperacillin), polymyxin
E (colistin) and carbapenems (imipenem). The mini-
mum inhibitory concentrations (MICs) of ciprofloxacin
(Temad, Iran), ofloxacin (Zhejiang Youngning, China),
ceftazidime (Hanmi, Korea), cefepime (Orchid, India),
amikacin (Dobfar, Italy), and gentamicin (Jiangxi, China)
were determined by broth microdilution method in trip-
licate in cation-adjusted Mueller-Hinton broth following
the Clinical and Laboratory Standards Institute method
(17).

To assess the presumed role of the drug efflux mecha-
nism involved in multidrug-resistance of clinical isolates
of A. baumannii, ciprofloxacin MICs were repeated in the
presence and absence of the protonophore, carbonyl cya-
nide m-chlorophenylhydrazone (CCCP; Sigma-Aldrich,
Dorset, UK) at a final concentration of 30 uM. To show that
this concentration of CCCP had no intrinsic antibacterial
activity against A. baumannii, the interference of CCCP
was examined by the growth of A. baumannii clinical
strains in antibiotic free broth.

3.3. Accumulation of Ethidium Bromide

The accumulation of ethidium bromide (EtBr) was de-
termined for MDR clinical strains and a pan-susceptible
strain (AB50) as a wild type strain, following the previous-
ly described method (2). Briefly, cells were grown over-
night, harvested, and resuspended to an A600 of 0.2 in
sodium phosphate buffer (pH 7.0) and returned to 37°C.
EtBr was added at a final concentration of 2 pg/ml, and
after 420 s of incubation, CCCP was added at a final con-
centration of 100 uM and incubated for a further 180 s.
Fluorescence of the samples was measured at excitation
and emission wave length of 530 nm and 600 nm respec-
tively, using a Shimadzu RF 5000 spectrofluorometer
(Shimadzu scientific instruments, Inc, Columbia, Md.).
Cells equilibrated with sodium phosphate buffer with-
out EtBr were used as blanks. The results were expressed
as percent increased in level of EtBr accumulation after
CCCP exposure.

3.4. Fluoroquinolone Accumulation Studies

The accumulation of ciprofloxacin was measured for
MDRclinical strains showingan MICof >4 jg/mLagainst
ciprofloxacin as described previously (18). Ciprofloxacin
was added to a final concentration of 10 ng/mlL, and the
fluorescence intensity of the supernatant was measured
using a spectrofluorimeter (Shimadzu scientific instru-
ments, Inc, Columbia, Md.) at excitation and emission
wavelengths of 279 and 447 nm, respectively. Carbonyl
cyanide m- chlorophenylhydrazone (CCCP) was added to
a final concentration of 100 uM in this experiment.
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4.Results

4.1. Antimicrobial Resistance Patterns of the Iso-
lates

Biochemical and regular methods enabled the identifi-
cation of all isolates as A. baumannii . The resistance rates
of the 65 strains of A. baumannii against piperacillin,
kanamycin, cotrimoxazole, tobramycin, ampicillin-sul-
bactam, colistin and imipenem were 96.9%, 93.8%, 95.4%,
73.8%, 47.6%, 1.5% and 44.6%, respectively. The MDR A. bau-

mannii detected by agar disc diffusion testing, displayed
high levels of resistance to tested antibiotics by broth
microdilution method. The antimicrobial susceptibility
profiles of the 65 strains for six antibiotics are shown in
Table 1. When CCCP (30 pM) was added in ciprofloxacin,
the MIC50 decreased four-fold. The results of MICs in the
presence and absence of CCCP for four representative
MDR strains, namely, AB07, AB62, AB10, AB28, and one sen-
sitive strain AB50 are shown in Table 2. The reduction in
the level of MICs in the presence of CCCP suggests the in-
volvement of proton gradient dependent efflux system(s)
in these MDR strains.

Table 1. Antimicrobial Susceptibility Profiles of 65 A.baumannii

Antimicrobial cip? OFx? GEN? AMK? CAZ? FEP?
MIC range (ug/mL) <1512 <2128 <4-2048 <16-1024 <8-2048 <8-1024
MIC50%(pg/mL) 32 8 1024 256 1024 128
MIC90%(ng/mL) 64 16 2048 512 2048 512
Susceptible, % 7.7 9.2 10.8 7.7 6.2 7.7
Intermediate, % 123 123 31 9.2 1.5 1.5
Resistant, % 80 78.5 86.1 83.1 92.3 90.8

2 Abbreviations: AMK, amikacin; CAZ, ceftazidime; CIP, ciprofloxacin; FEP, cefepime; GEN, gentamicin OFX, ofloxacin; MIC, minimum inhibitory

concentration; MIC

Table 2. Ciprofloxacin MIC Results in the Presence and Absence of CCCP (30 pM) Against Four Representative MDR A.baumanni,
Namely, ABO7, AB62, AB10 and AB28 and a Susceptible Laboratory Strain (AB50)

MIC%(ng/mL)
Drug AB10 AB28 ABO7 AB62 AB50
crp? 32 64 32 64 0.25
CIP+CCCP? 8 16 16 16 0.25

a Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; CIP, ciprofloxacin; MIC, minimum inhibitory concentration

4.2. In vitro Studies to llluminate the Occurrence of
Active Efflux

Multidrug-resistant strains were tested for their ability
to EtBr and ciprofloxacin accumulation. The antibiotic-
susceptible control strain (AB50) showed low increase in
EtBr accumulation after the addition of CCCP (38%). How-
ever, the level of accumulation of EtBr in MDR clinical
strains increased significantly and ranged from 151% to
248% (Figure 1). The representative MDR strains, namely
AB10, AB28, ABO7 and AB62, showed 173%, 248%, 151% and
164% increase in EtBr accumulation after the addition of
CCCP, respectively (data for other MDR strains are not
shown). Ranges of results obtained for the three indepen-
dent experiments are shown by error bars.
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Figure 1. Percent Increases in Ethidium Bromide (EtBr) Accumulation Af-
ter Exposure to Carbonyl Cyanide m-Chlorophenylhydrazone (100 uM) in
Four Representative MDR A. baumannii (AB07, AB62, AB10 and AB28) and a
Susceptible Laboratory Strain (AB50).
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To elucidate the role of active efflux ciprofloxacin accu-
mulation studies were performed, and analysis revealed
that accumulation of ciprofloxacin in sensitive strain
(AB50) at steady state was 2.0-3.0 times higher than the
amount in MDR strains. The results (Figure 2) showed an
increase (2.5-3.0 fold) in the fluorescence intensity in the
presence of CCCP (100uM).

Figure 2. Ciprofloxacin Accumulation Assays
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The fluorescence intensity of the supernatant was measured with spec-
troflourimeter in the presence and absence of efflux pump inhibitor
carbonyl cyanide m-chlorophenylhydrazone (CCCP). The results for four
representative MDR A. baumannii (ABO7, AB62, AB10 and AB28) and one
sensitive strain AB50. All experiments were carried out at least three times

5. Discussion

Hospital-acquired infections caused by multidrug-resis-
tant A. baumannii strains have increased considerably to
become a significant health problem (19). Recently, the
spread of antimicrobial resistance among A. baumannii in
Iran has emerged as an important challenge to the medi-
cal community. Unfortunately, few data exist regarding
to antimicrobial susceptibility of Iranian isolates of A.
baumannii or on the mechanisms of drug resistance in
Iran and most of the Middle Eastern countries. Present
findings showed that the resistance in the population of
A. baumannii to different antimicrobial drugs in Iran is
higher than that of other countries (20-22).

Colistin with susceptibility rate of 98.5% proved to be
the most active antibiotic against these strains, similar to
those recently reported (20). In comparison, imipenem, a
broad spectrum antibiotic with a better toxicity profile,
showed a 55.4% susceptibility rate. Lower resistance rates
to imipenem were reported from Saudi Arabia, Japan
and Turkey (about 3-10%) (23-25). Carbapenem-resistance
among clinical A. baumannii strains is alarmingly in-
creasing (26), and several studies have shown that MDRA.
baumannii are resistant to the most available antibiotics
except colisitin. However, colistin is associated with dose-
related nephrotoxicity and neurotoxicity (27-29).

To decipher whether the high resistance to tested an-

tibacterial agents are due to active efflux mechanism,
screening for a potential efflux phenotype was carried
out by the determination of the MICs of ciprofloxacin for
strains showing an MIC of >4 pg/mLin the presence and
absence of efflux pump inhibitor, CCCP (an uncoupler
of oxidative phosphorylation which disrupts the proton
gradient on the membrane). CCCP decreased the MICs
2-4 fold, which is consistent with previous report (6).
Reduction in the level of MICs in the presence of CCCP
demonstrated the presence of proton gradient depen-
dent efflux pump (s) in our isolates. To further assess the
role of an efflux-based mechanism in the export of toxic
compounds, we performed a functional experiment of
efflux pump activity using EtBr and ciprofloxacin accu-
mulation assay in the absence and presence of the efflux
pump inhibitor CCCP.

EtBr, as an efficient and common substrate for multi-
drug transporters, shows high fluorescence intensity un-
der UV light when bound to DNA. While being extruded
from the cell through an efflux pump, the fluorescence
declines, and this variation can be determined with a
spectrofluorometer. In the presence of CCCP, accumula-
tion of EtBr increased 2.5-3.5 fold. Indeed, CCCP disrupts
the proton gradient and therefore inhibits efflux pump
activity, resulting in an increased EtBr accumulation. This
result is consistent with previous reports (1, 2). Accumu-
lation assays of ciprofloxacin in the presence of CCCP
increased 2.5 to 3.0 fold, suggesting that efflux pump(s),
responsible for the reduction of the fluoroquinolone,
energized by PMF were functional for drug resistance. A
similar response has been reported previously (30). Al-
though efflux pumps play an important role in antibiotic
resistance, other resistance mechanisms such as mem-
brane impermeability or enzymatic inactivation may be
involved to cause high-level resistance to fluoroquino-
lones in these MDR A. baumannii strains.

In conclusion, MDR strains of A. baumannii have
emerged as an important nosocomial pathogen in hos-
pitalized patients. The ability of A. baumannii to rapidly
acquire resistance to many commonly prescribed antibi-
otics is a cause for great concern to clinicians. Practically,
now we are closer to the end of the antibiotic era with
MDR A. baumannii strains than with methicillin-resistant
Staphylococcus aureus (31, 32); therefore, there is a clinical
need for antibiotic adjuvants with an efflux pump inhibi-
tor activity. The characterization of resistance mecha-
nisms among A. baumannii strains favours the potential
development of inhibitors to be used in combination
with antimicrobial agents in order to combat this prob-
lematic organism. The findings of the present study pro-
vide data in favour of active efflux as a significant mecha-
nism in the multiple resistance phenotype of clinical
isolates of A. baumannii for the first time in Iran.
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