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Effect of carbonyl cyanide 3-chlorophenylhydrazone (CCCP) on 
killing Acinetobacter baumannii by colistin

We investigated the effect of cyanide 3-chlorophenylhydra-
zone (CCCP) and other efflux pump inhibitors (EPIs) on the 
colistin susceptibility in Acinetobacter baumannii. While mi-
nimum inhibitory concentrations (MICs) of colistin in all 
colistin-resistant strains decreased significantly with 25 μM 
of CCCP and 2,4-dinitrophenol (DNP), phenyl-arginine-β- 
naphthylamide (PAβN), and reserpine did not decrease the 
colistin MICs. However, CCCP and DNP as well as PAβN 
and reserpine did not have a significant effect on the MICs of 
the other agents. Efflux pump gene expressions in colistin- 
resistant strains were not increased compared with those in 
colistin-susceptible strains. When only 5X MIC of colistin (5 
mg/L) was provided to a colistin-susceptible A. baumannii 
strain, the bacterial cell number was reduced by 9 h after ex-
posure to colistin, but regrowth was observed. When CCCP 
was added to colistin, bacterial cells were completely killed 
after 24 to 48 h of incubation, which was not due to the toxi-
city of CCCP itself. Colistin resistance in A. baumannii may 
not be due to efflux pumps. Our present study suggests that 
bacterial cells with reduced metabolic activity by CCCP are 
more susceptible to colistin in A. baumannii. It may show 
the possibility that combined therapy with colistin and other 
antimicrobial agents could effective against A. baumannii 
infections.
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Introduction

Acinetobacter baumannii, a nonfermenting, Gram-negative 
cocobacillus, is one of the important opportunistic patho-
gens that often infect immunocompromised patients, espe-
cially in the intensive care unit. This organism is responsible 
for a variety of nosocomial infections including bacteremia, 
urinary tract infections, and pneumonia (Fournier and Richet, 
2006). The emergence of multidrug-resistant (MDR) or pan-
drug-resistant (PDR) A. baumannii isolates has become a 
serious clinical concern worldwide (Munoz-Price and Wein-

stein, 2008). Colistin has been widely used against Acineto-
bacter infections because of the low resistance rate, and it is 
now considered one of the last resorts against MDR or 
PDR Acinetobacter infections (Nation and Li, 2009).
  Gram-negative bacteria including A. baumannii develop 
resistance to colistin and polymyxin B mainly by modifica-
tions of the bacterial outer membrane through alteration of 
the lipopolysaccharide (LPS) moiety (Falagas et al., 2010). 
Modifications of the outer membrane decrease the negative 
surface charge and consequently diminish the affinity of LPS 
for polymyxins (Lee et al., 2004). Such LPS modification re-
lated to alterations to lipid A phosphate groups by the addi-
tion of sugar moieties is regulated by a two-component sys-
tem, PmrAB (Falagas et al., 2010). Although amino acid sub-
stitutions in the PmrAB two-component system and elevated 
expression of pmrA have been reported in colistin-resistant 
A. baumannii (Adams et al., 2009), the result that the amino 
acid changes in the PmrAB two-component system are not 
essential to colistin resistance was also reported (Park et al., 
2011). It was also found that loss of LPS production due to 
mutations in the genes of lipid A biosynthesis, lpxA, lpxC, 
and lpxD, contributes the resistance to colistin in A. bau-
mannii (Moffatt et al., 2010). Resistance to polymyxins may 
develop by efflux pump system relating to proton motive 
force in several bacterial species (Bengoechea and Skurnik, 
2000; Pamp et al., 2008). Particularly, Pamp et al. (2008) 
showed that a subpopulation of metabolically active cells in 
Pseudomonas aeruginosa is able to survive the colistin treat-
ment, that is, develop tolerance to colistin. Cells with lower 
metabolic activity by a metabolic uncoupler carbonyl cya-
nide 3-chlorophenylhydrazone (CCCP) were unable to adapt 
to colistin exposure. Thus, they suggested that combined 
antimicrobial treatment targeting two physiologically distinct 
subpopulations such as ciprofloxacin or tetracycline and 
colistin would completely eradicated P. aeruginosa biofilm 
cells (Pamp et al., 2008).
  So far, however, effect of metabolic activity of cell on coli-
stin susceptibility has not been investigated in A. baumannii. 
In this study, we investigated the effect of CCCP and other 
efflux pump inhibitors (EPIs) on the colistin susceptibility in 
A. baumannii. Metabolically inactive cells became suscep-
tible to colistin, but expression of several known efflux pump 
genes was not elevated.

Materials and Methods

Bacterial isolates
Six clinical A. baumannii strains were collected from Samsung 
Medical Center (SMC) in Korea and used in this study. Three 
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Table 1. Primers for qRT-PCR in this study 
Gene Primers Sequences (5 →3 )

Housekeeping genes
recA q-recA-F 5 -ACGGTGAGC AAGCACTTGAA-3

q-recA-R 5 -CCGAGTCCACAACGATTAAATCA-3
gyrB q-gyrB-F 5 -TTCACAAACAACATTCCACAAAAAG-3

q-gyrB-R 5 -GCATCATCACCAGTCAC ATTCA-3
rpoD q-rpoD-F 5 -ATTAGAAGCTGCATGGGCTCAA-3

q-rpoD-R 5 -GCTTCA TTTGCTTCAGGGCT AT-3
gdhB q-gdhB-F 5 -CAGGTTCCTGAAATTGTGAGTG-3

q-gdh B-R 5 -GGGTTATGTTTAAAGTCAGGATG-3
rpoB q-rpoB-F 5 -GTGCTGACTTGACGCG TGAT-3

q-rpoB-R 5 -AGCGTTCAGAAGAGAAGAACAAGTT-3

Efflux pump genes
adeA q-adeA-F 5 -CCACCACCGGCTAAAGTCAGT-3

q-adeA-R 5 -GACTTGCGGACGGATTTCC-3
adeB q-adeB-F 5 -TGCCAATTGCACGTTTTCC-3

q-adeB-R 5 -TCGCGCTCAATTAAGGTTACAA-3
adeC q-adeC-F 5 -GTGATTTACGGACTGCTACGCTTA-3

q-adeC-R 5 -GCATTTCCCGTTACACCAATG-3
adeI q-adeI-F 5 -GCGTGATTTTAAAACGCTTATTTG-3

q-adeI-R 5 -TTGTAGGAGTGATGCTTTTGCATT-3
adeJ q-adeJ-F 5 -TGCGTATCTGGCTTGATCCA-3

q-adeJ-R 5 -CACCTAACTGACCTACGGCAACT-3
adeK q-adeK-F 5 -AGTATGGTCTATTTCAGGTCGTAGCAT-3

q-adeK-R 5 -CGGTTTTCACGACTGGTTCTG-3
adeR q-adeR-F 5 -TGAGTGTTATTCGGGCCATGA-3

q-adeR-R 5 -CTTCCCAGCCGTTTAATTCG-3
adeS q-adeS-F 5 -ATGCGCCTCGCAAAGC-3

q-adeS-R 5 -CATTTCGGCGGAGTGAATTC-3

Table 2. Colistin MICs of wild-type and derived colistin-resistant strains when treated with EPIs

Strain
Colistin MIC (mg/L)a

Only colistin
Colistin + CCCP (10 μM) Colistin + DNP (1 mM) Colistin + PAβN (25 mg/L) Colistin + Reserpine (20 mg/L)

MIC Fold change MIC Fold change MIC Fold change MIC Fold change
Colistin-susceptible
06AC-06 1
06AC-08 1
06AC-17 1

Induced colistin-resistant 
06AC-06-R1 >64 1 [>64] 2 [>32] >64 - >64 -
06AC-08-R1 >64 0.5 [>128] 1 [>64] >64 - >64 -
06AC-17-R1 >64 0.125 [>512] 4 [>16] >64 - >64 -

Wild-type colistin-resistant
07AC-052 >64 0.5 [>128] 2 [>32] >64 - >64 -
07AC-111 16 0.25 [64] 2 [8] 16 - 16 -
07AC-347 >64 0.5 [>128] 4 [>16] >64 - >64 -
a CCCP, carbonyl cyanide 3-chlorophenylhydrazone; DNP, 2,4-dinitrophenol; PAβN, phenyl-arginine-β-naphthylamide
-, no fold change

strains (07AC-052, 07AC-111, and 07AC-347) were wild-type 
colistin-resistant and colistin resistance of the other three 
mutant strains (06AC-06-R1, 06AC-08-R1, and 06AC-17-R1) 
were induced in vitro from three susceptible parent strains 

(06AC-06, 06AC-08, and 06AC-17) in cation-adjusted Muel-
ler-Hinton broth incorporating increasing concentrations 
of colistin from 1 mg/L to 16 mg/L (Park et al., 2011). The 
minimum inhibitory concentrations (MICs) of colistin of all 
colistin-susceptible strains were 1 mg/L, and those of colistin- 
resistant strains were 16 mg/L (07AC-111) and >64 mg/L 
(the others) (Table 2).

Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was performed by broth 
microdilution method according to the Clinical and Labo-
ratory Standards Institute (CLSI) guidelines (CLSI, 2013). 
MICs of seven antimicrobial agents including imipenem, 
colistin, tetracycline, ciprofloxacin, amikacin, cefepime, and 
tigecycline were determined. Escherichia coli ATCC 25922 
and Pseudomonas aeruginosa ATCC 27853 were used as con-
trol strains. To examine an effect of efflux pumps in anti-
microbial resistance, MICs were measured in the presence 
of various EPIs. 25 mg/L of phenyl-arginine-β-naphthyla-
mide (PAβN) (Peleg et al., 2007), 10 μM of carbonyl cyanide 
3-chlorophenylhydrazone (CCCP), 1 mM of 2,4-dinitro-
phenol (DNP), and 20 mg/L of reserpine were added into 
cation-adjusted Mueller-Hinton broth and used for MIC 
testing.

Quantitative reverse transcription PCR (qRT-PCR)
To examine the change of bacterial cell activity when exposed 
to CCCP, expressions of four housekeeping genes such as 
recA, gyrB, rpoD, and gdhB were evaluated in colistin-suscep-
tible (06AC-06) and colistin-resistant (07AC-111) isolates. 
After exposure of bacterial cells to colistin (5 mg/L) or coli-
stin (5 mg/L) + CCCP (10 μM) for 3 h by qRT-PCR. In ad-
dition, expression level of pmrAB two-component regula-
tory system was determined at the same time. The expressions 
of well-known efflux pump genes such as adeABC, adeIJK, 
and adeRS were compared between colistin-resistant and 
-susceptible strains. Total RNA was isolated from the mid- 
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Table 3. MICs of wild-type and induced colistin-resistant strains when treated with EPIs

Antimicrobial agent Isolate
MIC (mg/L)a

Antibiotic only CCCP (10 μM) DNP (1 mM) PAβN (25 mg/L) Reserpine (20 mg/L)
Colistin 06AC-06-R1 >64 1 2 >64 >64

06AC-08-R1 >64 0.5 1 >64 >64
06AC-17-R1 >64 0.125 1 >64 >64
07AC-052 >64 0.5 2 >64 >64
07AC-111 16 0.25 2 16 16
07AC-347 >64 0.5 4 >64 >64

Imipenem 06AC-06-R1 1 1 4 4 2
06AC-08-R1 2 2 4 2 2
06AC-17-R1 16 16 16 16 16
07AC-052 >64 >64 >64 >64 >64
07AC-111 0.125 0.5 0.125 0.125 0.125
07AC-347 >64 >64 >64 >64 >64

Tigecycline 06AC-06-R1 4 2 2 4 4
06AC-08-R1 4 2 2 4 4
06AC-17-R1 4 4 2 4 4
07AC-052 4 4 2 4 8
07AC-111 0.125 0.125 0.125 0.06 0.5
07AC-347 4 4 2 4 4

Ciprofloxacin 06AC-06-R1 >64 >64 >64 >64 >64
06AC-08-R1 >64 >64 >64 >64 >64
06AC-17-R1 >64 >64 >64 >64 >64
07AC-052 >64 >64 >64 >64 >64
07AC-111 0.25 0.25 0.25 0.25 0.25
07AC-347 >64 >64 >64 >64 >64

Amikacin 06AC-06-R1 >64 >64 >64 >64 >64
06AC-08-R1 >64 >64 >64 >64 >64
06AC-17-R1 >64 >64 >64 >64 >64
07AC-052 >64 >64 >64 >64 >64
07AC-111 2 2 4 4 8
07AC-347 >64 >64 >64 >64 >64

Cefepime 06AC-06-R1 >64 >64 >64 >64 >64
06AC-08-R1 >64 >64 64 >64 >64
06AC-17-R1 >64 >64 >64 >64 >64
07AC-052 >64 >64 >64 >64 16
07AC-111 1 1 1 1 1
07AC-347 >64 >64 >64 >64 >64

Tetracyclin 06AC-06-R1 16 16 16 32 32
06AC-08-R1 16 16 16 32 32
06AC-17-R1 16 16 16 32 16
07AC-052 16 8 8 16 16
07AC-111 0.5 0.5 0.5 0.5 0.5
07AC-347 16 16 8 16 16

a CCCP, carbonyl cyanide 3-chlorophenylhydrazone; DNP, 2,4-dinitrophenol; PAβN; phenyl-arginine-β-naphthylamide.

log phase bacterial culture (OD600=0.5) by using an RNeasy 
mini kit (Qiagen). The RNA sample was treated further 
with RNase-free DNase (Invitrogen). Transcripts were quan-
tified by real-time PCR using SYBR Premix Ex Tag (TaKaRa) 
on Thermal Cycler Dice Real Time System (TaKaRa). Trans-
cription levels of housekeeping genes and the efflux pump 
genes were normalized to rpoB-encoded gene expression 
levels. Primer sets used in this study are listed in Table 1. 
All tests were done in duplicate. Student’s t-test was used 
to determine the significant differences in gene expression. 
All data were analyzed by using the SPSS 12 for Windows. 

Differences were considered statistically significant at a P 
value of ≤0.05.

In vitro time-kill assay with CCCP
In vitro time-kill assay was performed for three colistin-sus-
ceptible A. baumannii strains. For in vitro time-kill assay, 
the bacterial cells of 06AC-06 were grown for overnight in 
LB broth medium and cells of stationary phase were re-ino-
culated 1:100 in fresh LB containing 5 mg/L of colistin (5X 
MIC) with or without CCCP (10 μM, 25 μM, and 50 μM). 
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(A)

(B)

Fig. 1. Comparison of expression of housekeeping genes and pmrAB in 
(A) a colistin-susceptible strain 06AC-06 and in (B) a colistin-resistant A. 
baumannii strain 07AC-111. Gray, treatment of only colistin (5 mg/L); 
black, treatment of colistin (5 mg/L) and CCCP (10 μM). *, P<0.05.

(A)

(B)

(C)

Fig. 2. Expression of efflux pump genes. (A) adeABC, (B) adeIJK, (C) adeRS.
White, colistin-susceptible parent strain; gray, colistin-resistant derivative 
from susceptible parent strain; black, wild-type colistin-resistant strain. 
*, P<0.05.

The cultures were incubated for 48 h. During incubation 3, 
6, 9, 24, and 48 h samples were obtained and spread on LB 
agar plate. Plates were grown for 24 h before colony coun-
ting. To explore the effect of CCCP itself on bacterial cell 
death, an in vitro time-kill assay was performed using media 
containing only 50 μM of CCCP (no colistin). In addition, 
bacterial cell growth after pre-exposure to 10 μM of CCCP 
was investigated to assess the time interval required until the 
CCCP functions. After a strain 06AC-06 was grown over-
night with CCCP, an in vitro time-kill experiment was per-
formed. For the other two colistin-susceptible strains (06AC- 
08 and 06AC-17), in vitro time-kill analyses were performed 
using 5 mg/L of colistin and 10 μM of CCCP based on the 
results of the strain 06AC-06. Also, time-killing curves were 
determined when CCCP (5 μM and 10 μM) was added after 
6 h incubation with colistin in all the three isolates.

Results

Colistin resistance and efflux pump activity
Colistin-resistant derivatives showed very high colistin MICs 
(>64 mg/L) compared with their parent strains (1 mg/L) 
(Table 2). The changes of colistin MICs in colistin-resistant 
A. baumannii strains by EPIs are shown in Table 2. Colistin 
MICs of all colistin-resistant strains decreased significantly 
with 10 μM of CCCP from 64-fold in 07AC-111 to >512-fold 
in 06AC-17-R1. DNP also decreased significantly the coli-
stin MICs in six colistin-resistant strains (MICs, 1 to 4 mg/L), 
although the reduced range was not comparable with CCCP. 
However, PAβN and reserpine did not decrease the colistin 
MICs of colistin-resistant strains.
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  (A)

  (B)

  (C)

Fig. 3. In vitro time-kill curves in colistin- 
susceptible A. baumannii strains. In all 
experiments except that using only CCCP, 
5 mg/L of colistin was treated. (A) 06AC- 
06, (B) 06AC-08, (C) 06AC-17. Arrow, in-
dicating the addition of CCCP.

  The effect of EPIs on the MICs of the other six antimicro-
bial agents was also examined in all colistin-resistant strains 
(Table 3). CCCP and DNP, which had distinct effects on 
colistin MIC, did not significantly affect the MICs of the 
other agents. MICs of few antimicrobial agents were slightly 
changed with EPIs in some cases, but those were not that 
significant.

Expression of housekeeping, efflux pump genes, and pmrAB 
two-component system
We compared cell metabolic activity of a colistin-susceptible 
strain 06AC-06 (Fig. 1A) and colistin-resistant strain 07AC- 
111 (Fig. 1B) by evaluating the expression of housekeeping 
genes. qRT-PCR results showed significant decreased expre-
ssion of gyrB and rpoD when the both strains were grown 
with the combination of colistin and CCCP. The expression 
of gdhB and recA was respectively reduced in 07AC-111 and 
06AC-06. The reduction of three housekeeping genes may 
indicate overall reduction of metabolic and physiological ac-
tivity by CCCP treatment. In contrast, the expression levels 
of pmrAB two-component system were highly increased in 
cells grown with colistin and CCCP together (Fig. 1).
  Efflux pump gene expressions in colistin-resistant strains 
were not increased compared with those in colistin-suscep-
tible strains (Fig. 2). Among three in vitro derived colistin- 

resistant strains, only 06AC-17-R1 showed increased expre-
ssion of adeABC, compared with its colistin-susceptible pa-
rent strain (Fig. 2A). Wild-type colistin-resistant strains also 
showed no higher expression of adeABC than colistin-sus-
ceptible strains. In adeIJK, only 06AC-17-R1 showed signifi-
cantly higher expression than its colistin-susceptible parent 
strain as in adeABC (Fig. 2B). Wild-type colistin-resistant 
strains showed greater expression of adeJ than two suscep-
tible strains (06AC-08 and 06AC-17), but not than another 
susceptible strain, 06AC-06. In addition, consistent elevated 
expression in colistin-resistant strains was also not observed 
in adeRS (Fig. 2C). Although 07AC-17-R1 showed higher 
gene expression of adeRS compared its colistin-susceptible 
parent strain, the other induced colistin-resistant strains did 
not. A wild-type resistant strain 07AC-111 showed generally 
lower expression levels of efflux pump genes except adeS 
than the other wild-type resistant strains, which may be as-
sociated with relatively low MIC of colistin (16 mg/L).

In vitro time-kill analysis
Figure 3 shows the results of in vitro time-kill analyses using 
colistin and CCCP. When only 5X MIC of colistin (5 mg/L) 
was to a colistin-susceptible A. baumannii strain 06AC-06, 
the bacterial cell numbers were reduced by 9 h after exposure 
to colistin (Fig. 3A). However, regrowth was observed after 
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24 h of exposure to colistin. Thus, a single regimen of coli-
stin could not inhibit the growth of A. baumannii comple-
tely. When CCCP was added to colistin, bacterial cells were 
completely killed after 24 to 48 h of incubation. However, 
the killing effect of additional CCCP was observed only a 
little until 9 h of incubation, which was comparable with 
the result of treatment of only colistin.
  When only CCCP (50 μM) was treated, the bacterial cell 
growth was not inhibited, which indicated that inhibition 
of bacterial cell growth by addition of CCCP to colistin was 
not due to the toxicity CCCP itself. In addition, pre-expo-
sure to CCCP (10 μM) did not affect the in vitro time-kill 
curve. The other two colistin-susceptible strains showed the 
same pattern with 06AC-06; regrowth in only colistin and 
early retardation of bacterial killing and additional killing 
effect by addition of CCCP (Fig. 3B and C).
  We also determined time-killing curves when bacterial cells 
were exposed to CCCP (10 μM) after 6 h colistin treatment. 
Cells were killed more clearly compared with cells treated to 
colistin and CCCP initially. However, regrowth was observed 
when we repeated same experiments using less CCCP (5 μM).

Discussion

Polymyxins including colistin targets LPS of cell membrane. 
Having a positive charge, it displaces Mg2+ or Ca2+ and binds 
on lipid A component, resulting in the destabilization and 
disruption of the bacterial membrane (Falagas et al., 2010). 
Thus, it can be potent to cells with low metabolic activity. 
Pamp et al. (2008) suggested that colistin preferably killed 
biofilm cells with low metabolic and physiological activity 
and that biofilm cells lacking metabolic and physiological 
activity by CCCP were sensitive to colistin. Our present 
study also suggests that bacterial cells with reduced meta-
bolic activity by CCCP are more susceptible to colistin in 
A. baumannii.
  Disruption of proton motive force by CCCP does not only 
inhibit metabolic activity, but also inhibits H+- and ATP- 
driven efflux pumps. Pamp et al. (2008) showed that CCCP 
treatment interfered with the function of efflux pumps and 
rendered P. aeruginosa susceptible to colistin and that mexAB- 
oprM mutants exhibited increased susceptibility to colistin. 
However, our results that CCCP and DNP reduced the coli-
stin MICs but PAβN and reserpine did not reduce them may 
indicate that efflux pumps themselves do not contribute di-
rectly to the resistance to colistin in A. baumannii. Although 
CCCP and DNP are inhibitors of efflux pumps, they differ as 
uncouplers of oxidative phosphorylation (Nakajima, 1999), 
from PAβN and reserpine, competitive EPIs. In qRT-PCR 
experiments on proton motive force-dependent resistance- 
modulation-cell division (RND) type efflux pump genes, ele-
vated expressions could not be identified in all colistin-re-
sistant A. baumannii strains. Thus, the effect of CCCP or 
DNP reducing the colistin MICs may not be related with 
inhibition of efflux pumps, and colistin resistance in A. bau-
mannii may not be due to efflux pumps.
  Retardation of bacterial killing at an early stage in in vitro 
time-kill experiments was unexpected, which was consistent 
in three A. baumannii strains. Pre-exposure to CCCP was 

not required to remove the delayed start of killing effect. 
CCCP disrupts the electrochemical gradient across the bac-
terial membrane. Such depolarized membrane by CCCP may 
protect cells from colistin until removal of the uncoupler 
(Alteri et al., 2011). Another possibility is that the increase of 
pmrAB gene expressions when treated to colistin and CCCP 
together may influence their survival. Higher expression of 
pmrAB might occur some changes in bacterial cell memb-
rane and inhibit the interaction of membrane and colistin.
  The clinical implications of our results are obvious. As in 
this study, regrowth after very rapid initial killing by poly-
myxins is frequently observed, and the surviving bacterial 
cells often have significantly higher MICs (Landman et al., 
2008). The re-growth observed in our results of time-kill 
assay was thought to be due to resistant-subpopulation sur-
vived against colistin treatment. It has repeatedly seen that 
monotherapy with colistin may be problematic for the treat-
ment of A. baumannii infections (Owen et al., 2007). As in-
dicated by many authors, the combined treatment with coli-
stin and another antimicrobial agent would also be very ef-
fective, eradicating both active and dormant bacterial cell 
populations in A. baumannii (Landman et al., 2008).
  In this study, we found that colistin is more active against 
bacterial cells with reduced metabolic activity by CCCP in A. 
baumannii. Our findings may show the possibility that com-
bined therapy with colistin and other antimicrobial agents 
could effective against A. baumannii infections. Although 
all known mechanisms of colstin resistance in A. baumannii 
were related with membrane modifications, our results could 
provide one of new concept for study on colistin resistance 
mechanisms.
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