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Adaptive antibiotic resistance is a newly described phenomenon by which Acinetobacter baumannii induces efflux pump activity
in response to host-associated environmental cues that may, in part, account for antibiotic treatment failures against clinically
defined susceptible strains. To that end, during adaptation to growth in human serum, the organism induces approximately 22
putative efflux-associated genes and displays efflux-mediated minocycline tolerance at antibiotic concentrations corresponding
to patient serum levels. Here, we show that in addition to minocycline, growth in human serum elicits A. baumannii efflux-me-
diated tolerance to the antibiotics ciprofloxacin, meropenem, tetracycline, and tigecycline. Moreover, using a whole-cell high-
throughput screen and secondary assays, we identified novel serum-associated antibiotic efflux inhibitors that potentiated the
activities of antibiotics toward serum-grown A. baumannii. Two compounds, Acinetobacter baumannii efflux pump inhibitor 1
(ABEPI1) [(E)-4-((4-chlorobenzylidene)amino)benezenesulfonamide] and ABEPI2 [N-tert-butyl-2-(1-tert-butyltetrazol-5-yl)
sulfanylacetamide], were shown to lead to minocycline accumulation within A. baumannii during serum growth and inhibit the
efflux potential of the organism. While both compounds also inhibited the antibiotic efflux properties of the bacterial pathogen
Pseudomonas aeruginosa, they did not display significant cytotoxicity toward human cells or mammalian Ca2� channel inhibi-
tory effects, suggesting that ABEPI1 and ABEPI2 represent promising structural scaffolds for the development of new classes of
bacterial antibiotic efflux pump inhibitors that can be used to potentiate the activities of current and future antibiotics for the
therapeutic intervention of Gram-negative bacterial infections.

Acinetobacter baumannii has emerged as a major nosocomial
pathogen that can cause ventilator-associated pneumonia

(VAP) and bacteremia, with associated mortality rates as high as
60% among susceptible patient populations (1–6). The high rates
of A. baumannii-associated morbidity and mortality have largely
been attributed to the emergence of antibiotic resistance that has
compromised the effectiveness of the currently available antibiot-
ics. Indeed, the Centers for Disease Control and Prevention re-
cently reported that 63% of all U.S. A. baumannii infections are
caused by multidrug-resistant strains that are resistant to three or
more classes of antibiotics, and strains that are resistant to all
classes of antibiotics have recently been identified in the United
States and elsewhere (7–10).

A. baumannii antibiotic resistance is thought to be mediated by
an expansive repertoire of enzymatic determinants, such as �-lac-
tamases, as well as efflux pumps that extrude toxic agents, includ-
ing antibiotics, from the cell (3, 11, 12). With regard to the efflux
pumps, the organism has been shown to harbor representatives of
each of the five so-called bacterial drug efflux pump families: CraA
and AmvA are major facilitator superfamily (MFS) pumps that are
proposed to efflux chloramphenicol and erythromycin, respec-
tively (13, 14), AbeM is a multidrug and toxic compound extru-
sion (MATE) family protein that effluxes aminoglycosides, quin-
olones, and chloramphenicol (15), AbeS is a small multidrug
resistance (SMR) family pump that confers resistance to erythro-
mycin and novobiocin, as well as low-level tolerance to aminoglyco-
sides, quinolones, tetracycline, and trimethoprim (16), AdeABC,
AdeFGH, and AdeIJK are resistance-nodulation-division (RND)
family pumps that have been associated with resistance to amino-
glycosides, �-lactams, fluoroquinolones, tetracyclines, tigecy-
cline, macrolides, chloramphenicol, and trimethoprim (17–21).
Furthermore, A. baumannii is known to harbor several horizon-
tally acquired Tet efflux pumps belonging to the MFS that confer

tetracycline resistance (12, 22). While the antimicrobial effects of
these efflux pumps have been well documented, the mechanisms
by which the organism regulates their expression are only begin-
ning to be understood.

In addition to the aforementioned well-characterized efflux
pumps, A. baumannii is reported to harbor an array of putative
efflux pumps that may confer antibiotic resistance (23). For in-
stance, the common laboratory strains A. baumannii AYE and
ATCC 17978 contain 46 and 73 genes, respectively, that are anno-
tated as putative drug efflux pumps. It remains to be seen if these
factors do indeed modulate antibiotic tolerance or which endog-
enous or exogenous cues regulate their activity. Nonetheless, re-
cent studies suggest that they are likely to have clinical signifi-
cance. Indeed, Hood and colleagues (24) found that 18 previously
uncharacterized putative drug efflux-associated factors were sig-
nificantly upregulated and conferred resistance to levofloxacin
and amikacin during A. baumannii growth under physiologically
relevant salt conditions. Likewise, in another study, A. baumannii
grown in human serum was found to induce the expression of 22
putative drug efflux-associated genes and efflux-mediated toler-
ance to minocycline at levels that are clinically relevant (25). Such
regulated changes in efflux pump expression and activity in re-
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sponse to host-associated environmental cues are thought to tem-
porarily increase the ability of a bacterium to survive antibiotic
challenge and are hypothesized to allow otherwise clinically de-
fined antibiotic susceptible strains to resist antibiotic insult; this
phenomenon was recently termed adaptive efflux-mediated resis-
tance by Fernández and Hancock (26).

The current study was designed to further our understanding of
the adaptive antibiotic efflux potential of A. baumannii during
growth in human serum and to identify the small-molecule inhib-
itors of these efflux properties. The results revealed that in addi-
tion to minocycline, serum-induced efflux pumps are associated
with the ability of A. baumannii to tolerate ciprofloxacin, mero-
penem, tetracycline, and tigecycline. Further, using a high-
throughput screening strategy and secondary assays, we identified
two structurally distinct classes of novel efflux pump inhibitors
that restore the antibiotic susceptibility of serum-grown A. bau-
mannii and lack the inherent problems commonly associated with
other classes of antibiotic efflux pump inhibitors, namely, mam-
malian cytotoxicity and calcium channel inhibition. These com-
pounds may represent promising structural scaffolds for the de-
velopment of new classes of bacterial antibiotic efflux pump
inhibitors that can be used as adjunctive therapy to potentiate the
activities of current and future antibiotics for the therapeutic in-
tervention of A. baumannii infections.

MATERIALS AND METHODS
Bacterial strains and growth conditions. A. baumannii strains 98-37-09,
01-12-05, 07-09-54, and 07-09-61 are clinical isolates obtained from the
Centers for Disease Control and Prevention and were previously de-
scribed (27). Pseudomonas aeruginosa strain PAO1 and Klebsiella pneu-
moniae strain CKP4 are prototypic laboratory strains that were generously
provided by Barbara Iglewski (University of Rochester, Rochester, NY)
and Thomas Russo (State University of New York, Buffalo, NY), respec-
tively (28). All strains were grown in either Luria-Bertani (LB) medium
(Becton Dickinson, Franklin Lakes, NJ) or 100% human serum (MP Bio-
medicals, Solon, OH). Where indicated, LB or serum was supplemented
with the indicated concentration of minocycline (Sigma-Aldrich, St.
Louis, MO), ciprofloxacin (Sigma-Aldrich), meropenem (LKT Laborato-
ries, Minneapolis-St. Paul, MN), or tigecycline (Pfizer, Groton, CT).

Antibiotic susceptibility assays. The antibiotic susceptibilities of A.
baumannii and P. aeruginosa grown in either LB medium or 100% human
serum were measured, as previously described (25). Briefly, the indicated
bacterial species/strain was grown overnight in LB medium, diluted into
fresh medium (1:100 dilution), and grown to mid-exponential phase (op-
tical density at 600 nm [OD600], 0.4 to 0.5) at 37°C, with aeration. A total
of 1 � 105 CFU were transferred to individual wells of a 96-well round-
bottom plate containing 100 �l of LB or 100% human serum supple-
mented with 2-fold increasing concentrations (0 to 2 �g ml�1) of mino-
cycline, amikacin, gentamicin, kanamycin, meropenem, ceftriaxone,
erythromycin, colistin, polymyxin B, ciprofloxacin, levofloxacin, nali-
dixic acid, sulfamethoxazole, trimethoprim, tigecycline, or 0 to 16 �g
ml�1 tetracycline and incubated at 37°C for 48 h. To quantify the antimi-
crobial effects of each antibiotic toward bacteria grown in LB or serum,
the well constitutes were serially diluted in phosphate-buffered saline
(PBS) and plated on LB agar to enumerate the CFU ml�1. Where indicated,
antimicrobial susceptibility assays were also performed in the presence of 50 �g
ml�1 efflux pump inhibitors, verapamil, reserpine, or phenylalanine arginine
�-naphthylamide (PA�N), or with the indicated amount of the putative efflux
inhibitors Acinetobacter baumannii efflux pump inhibitor 1 (ABEPI1) [(E)-4-
((4-chlorobenzylidene)amino)benezenesulfonamide] and ABEPI2 [N-tert-
butyl-2-(1-tert-butyltetrazol-5-yl)sulfanylacetamide].

High-throughput screen for A. baumannii serum-dependent anti-
biotic efflux pump inhibitors. The TimTec ActiProbe-25K diversity set
and Natural Products Library (29,900 compounds total; TimTec, Newark,
DE) were initially screened for putative efflux pump inhibitors by identi-
fying compounds that potentiated the antimicrobial property of a subin-
hibitory concentration of minocycline toward A. baumannii grown in
human serum. To do so, A. baumannii strain 98-37-09 was grown for 16 h
in LB medium at 37°C on a rotary shaker at 225 rpm. Approximately 1 �
105 CFU were then transferred to individual wells of a 96-well round-
bottom plate (Corning Costar, Tewksbury, MA) containing 100 �l of
human serum supplemented with minocycline (0.5 �g ml�1 [0.5� MIC
in serum]) and individual members of the TimTec ActiProbe or Natural
Products Library (50 �M). The plates were then incubated at 37°C for 48
h. Putative efflux pump inhibitors were identified as compounds that
inhibited A. baumannii growth in human serum containing minocycline
and were subsequently retested in triplicate, as indicated above. Untreated
A. baumannii grown in serum supplemented with minocycline � PA�N
served as positive and negative controls, respectively.

To distinguish compounds with inherent antimicrobial properties
from the putative efflux pump inhibitors, the compounds were directly
assessed for antibacterial activity in human serum in the absence of mi-
nocycline. To do so, 1 � 105 CFU of A. baumannii strain 98-37-09 were
inoculated into individual wells of a microtiter plate containing 100 �l of
100% human serum supplemented with increasing concentrations of the
test compound (0 to 128 �g ml�1) and incubated at 37°C for 48 h. The
compounds that displayed antimicrobial activity were archived, whereas
those that did not exhibit direct antibacterial activity were considered
putative efflux inhibitors, and the minimum effective concentration
(MEC) at which they potentiated the antimicrobial activity of minocy-
cline toward serum-grown A. baumannii was determined. For MEC de-
termination, individual wells of 96-well round-bottom plates containing
100% human serum supplemented with 0.5� the MIC of minocycline
(0.5 �g ml�1) and increasing concentrations of test compound (0 to 128
�g ml�1) were inoculated with approximately 1 � 105 CFU of A. bau-
mannii strain 98-37-09 and incubated for 48 h at 37°C. The MEC was
defined as the lowest concentration of test compound required to inhibit
the growth of A. baumannii in serum in the presence of 0.5 �g ml�1

minocycline.
Cellular accumulation of minocycline. High-pressure liquid chro-

matography and triple-quadrupole mass spectrometry were used to mea-
sure the intracellular levels of minocycline in A. baumannii during growth
in human serum in the absence and presence of each putative efflux pump
inhibitor. To do so, A. baumannii 98-37-09 was grown in 5 ml of 100%
human serum supplemented with 0.5 �g ml�1 minocycline, in the ab-
sence and presence of 0.5� the MEC of each putative efflux pump inhib-
itor (test compound) or the known efflux pump inhibitor verapamil. The
cultures were incubated for 48 h with shaking, at which point an aliquot
was removed, serially diluted, and plated to determine the number of
viable CFU per mixture. The remaining cells were pelleted by centrifuga-
tion at 900 � g at 4°C, washed twice in PBS, and mechanically lysed with
a FastPrep cell disrupter (MP Biomedicals, Santa Ana, CA) for 20 s at 5 m
s�1, and the cellular debris was pelleted via centrifugation at 900 � g at
4°C. The amount of minocycline present within the supernatant of the
ruptured cells was measured, as previously described (29). Briefly, doxy-
cycline (0.5 �g ml�1) was first added to each supernatant to serve as an
internal control to account for sample-to-sample preparation variability.
The supernatant was then combined with acetonitrile (ACN) at a 1:10
ratio and centrifuged at 16,000 � g at 4°C to collect minocycline and
doxycycline. The supernatants were discarded, and the residual liquid was
evaporated in a speed vacuum for 2 h at 8,000 � g. To quantify the amount
of antibiotics retained, the sample materials were suspended in 50% ace-
tonitrile, filtered through a 0.2-�m low-protein binding hydrophilic
membrane (Millipore, Billerica, MA), and then separated on a Shimadzu
high-performance liquid chromatography instrument (Fisher Scientific)
using a BetaBasic C18 reverse-phase column (Thermo Scientific). Separa-
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tion was carried out with two mobile-phase solutions consisting of solu-
tion A, which was water with 0.1% formic acid, and solution B, which was
100% ACN. The gradient profile of the chromatography runs was 0 to 0.1
min of 8% solution B, ramped up step-wise (37% to 60% solution B) from
0.1 to 6.5 min, and then holding for 1 min before ramping down from
60% to 10% from 7.5 to 8 min. This was followed by a hold at 10%
solution B for 1 min. From 10 to 13 min, the gradient was ramped up to
100% solution B and held until 11.5 min, was reduced to 8% solution B,
and was held under these conditions for an additional 4 min. The column
was equilibrated in 8% solution B at 40°C, and the flow rate was set to 0.2
ml min�1. Mass spectrometry analysis of the fractions was carried out
using a TSQ Quantum Ultra triple-quadrupole mass spectrometer
(Thermo Fisher Scientific). The data were analyzed using the Xcalibur
software (Thermo Scientific), and the following parameters were used to
detect minocycline and the internal control doxycycline: 458.208
m/z¡282.971 m/z (collision energy, 43; tube lens, 119) for minocycline
and 445.144 m/z¡266.900 m/z (collision energy, 39; tube lens, 127) for
doxycycline. Analysis of the raw data was conducted by using area under
the curve calculations with the Genesis algorithm to determine the con-
centration in each sample. The difference between the peak intensity and
the y intercept of preestablished minocycline and doxycycline standard
curves was divided by the slope of the standard curve to quantify the
amount of minocycline within each sample. The total concentration of
minocycline within each cell was calculated by normalization to the num-
ber of cells within each corresponding culture.

Cytotoxicity assay. The human cytotoxicity of putative efflux pump
inhibitors was measured alone and in combination with minocycline us-
ing MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] cell viability assays, according to the manufacturer’s recommenda-
tions (American Type Culture Collection, Manassas, VA). Briefly, human
HepG2 cells were grown to approximately 1 � 106 cells per well in Dul-
becco’s modified Eagle medium supplemented with 10% fetal bovine se-
rum (Invitrogen, Carlsbad, CA) and then treated with 1� or 4� the MEC
of the indicated compound alone or in combination with 0.5 �g ml�1

minocycline for 24 h. Cell viability was measured following the addition
of the tetrazolium salt (MTT), as per the manufacturer’s recommenda-
tions; the cells challenged with 50 �g ml�1 mitomycin C (Sigma-Aldrich)
and the mock-treated cells served as positive and negative controls, re-
spectively.

Ethidium bromide efflux assay. Standard bacterial ethidium bromide
efflux activity assays were used to measure the efflux inhibitory properties
of the compounds of interest, as previously described (18, 30–33). For the
assays, an overnight culture of A. baumannii 98-37-09 was diluted (1:100)
into 100% human serum or fresh LB and grown to mid-exponential
phase. The cell pellets were collected via centrifugation at 900 � g for 20
min, washed 3� with 20 mM sodium phosphate buffer, and resuspended
to an OD600 of 0.2 in sodium phosphate buffer. Approximately 1 � 106

CFU were loaded into individual wells of 96-well white-bottom plates and
mixed with 10 �g ml�1 ethidium bromide, and ethidium fluorescence
(excitation, 530 nm; emission, 600 nm) was measured every 5 min for 90
min on a SPECTRAmax5 fluorometer (Molecular Devices, Sunnyvale,
CA). To determine if the putative efflux pump inhibitors affected
ethidium bromide efflux, the cells were treated with the indicated amount
of the compound of interest or the efflux pump inhibitor PA�N at 2 min
after fluorescence monitoring began. The mock-treated cells served as a
negative control; plating confirmed that the test conditions used did not
affect cell viability.

Mammalian calcium channel assays. Fluo-4 Direct calcium channel
assay kits were used, according to the manufacturer’s recommendations
(Life Technologies, Carlsbad, CA), to determine whether the compounds
of interest affect human Ca2� channel activity. Briefly, 5 � 104 human
HEK 293T embryonic kidney cells were grown in individual wells of 96-
well black-walled plates (Corning Costar). Next, 2� Fluo-4 dye supple-
mented with probenecid (5 mM) was added to each well and allowed to
equilibrate for 1 h at 37°C. To determine whether ABEPI1 or ABEPI2

affects Ca2� channel activity, Fluo-4 fluorescence measurements (excita-
tion, 495 nm; emission, 516 nm) were taken at 1-s intervals for 15 s. At that
time point, the cells were treated with either dimethyl sulfoxide (DMSO)
(mock), 50 �g ml�1 the Ca2� channel inhibitor verapamil (positive con-
trol), or 1� the MEC of ABEPI1 or ABEPI2, followed by the calcium
channel stimulator carbamylcholine chloride (50 �g ml�1; Fisher Scien-
tific) at 60 s, and fluorescence was measured for an additional 120 s on a
FlexStation 3 benchtop multimode microplate reader (Molecular De-
vices).

RESULTS
Serum-induced efflux pumps extrude multiple antibiotics. An-
tibiotic efflux pumps have been found to contribute to bacterial
resistance to virtually every currently available antibiotic. Ten A.
baumannii antibiotic efflux systems have been characterized to
date, and a bioinformatics assessment of the publically available
genomes suggests that the organism is likely to produce an expan-
sive repertoire of additional efflux pumps (13–17, 19, 20, 23, 31–
33). In that regard, we previously found that A. baumannii growth
in human serum, a biologically relevant medium, induces the ex-
pression of 22 previously uncharacterized putative drug efflux
pump-associated genes (see Table S1 in the supplemental mate-
rial), and their expression corresponds to efflux-mediated toler-
ance to the antibiotic minocycline at levels correlating to patient
serum levels during treatment (25).

As a means to evaluate this phenomenon further, we assessed
whether A. baumannii growth in serum elicits drug efflux-medi-
ated tolerance to other tetracyclines, quinolones (ciprofloxacin,
levofloxacin, and nalidixic acid), aminoglycosides (amikacin, gen-
tamicin, and kanamycin), a carbapenem (meropenem), a cepha-
losporin (ceftriaxone), a macrolide (erythromycin), polypeptides
(colistin and polymyxin B), a sulfonamide (sulfamethoxazole),
glycylcycline (tigecycline), and trimethoprim. To do so, A. bau-
mannii 98-37-09 was cultured in LB or 100% human serum in the
presence of increasing concentrations of each antibiotic, and the
antimicrobial effects of each antibiotic were measured by plating
for CFU.

As expected based on our previous results (25), A. baumannii
98-37-09 cells grown in human serum were significantly (P �
0.01) less susceptible to minocycline at concentrations of �0.25
�g ml�1 than were the cells cultured in LB (Fig. 1A). Further,
minocycline susceptibility was restored to the cells grown in se-
rum supplemented with the known efflux pump inhibitor PA�N,
suggesting that the observed serum-associated minocycline toler-
ance was efflux mediated as opposed to being caused by antibiotic
inactivation by the serum components. Similar susceptibility as-
says using other antibiotics revealed that this serum-associated
adaptive resistance phenomenon is not minocycline specific. In-
deed, serum-grown 98-37-09 cells were less susceptible to the an-
tibiotic ciprofloxacin at concentrations of �1 �g ml�1 than were
LB-grown cells; ciprofloxacin susceptibility was restored to the
cells grown in serum supplemented with the known efflux pump
inhibitor reserpine (Fig. 1B). Likewise, A. baumannii grown in
human serum displayed efflux-mediated tolerance to tetracycline
at antibiotic concentrations of �2 �g ml�1 (Fig. 1C). More spe-
cifically, the treatment of LB-grown A. baumannii with 4 to 16 �g
ml�1 tetracycline reduced cell viability to undetectable levels
(�1 � 101 CFU), whereas the cells grown in serum displayed
considerable antibiotic tolerance, between 1 � 106 and 1 � 104

CFU. Serum-grown A. baumannii tetracycline susceptibility was
partially restored in the presence of the drug efflux pump inhibitor
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PA�N, suggesting that efflux pumps, in part, modulate the tetra-
cycline tolerance of an organism during serum growth. Similar
phenotypes were also observed for the representatives of three of
11 previously characterized A. baumannii lineages evaluated (27),
indicating that serum-associated efflux pump-mediated minocy-
cline and ciprofloxacin tolerance is a semiconserved A. baumannii
response that is presumably dependent on the genetic composi-
tion of the organism evaluated (data not shown).

While we did not observe significant differences between the
susceptibilities of serum- and LB-grown 98-37-09 cells and those
of other classes of antibiotics tested, it was observed during the
course of our investigations that strains representing seven of the
11 other lineages tested displayed various but significantly in-
creased efflux-mediated tolerance to the antibiotic tigecycline
during serum growth (representative results shown in Fig. 1D). As
an example, tigecycline displayed clear antimicrobial activity to-
ward A. baumannii 01-12-05 during growth in LB medium at
concentrations of �1 �g ml�1, but the strain appeared to be
highly resistant to the antibiotic during growth in serum. Suscep-
tibility was partially restored by adding the efflux pump inhibitor
reserpine, suggesting that serum-associated efflux pump activity
contributes to the ability of a strain to tolerate tigecycline during
growth in serum.

The observed serum-dependent efflux pump-mediated antibi-
otic tolerance may, in part, account for the clinical failure of anti-
biotics toward clinically defined susceptible A. baumannii strains;
during adaptation to host-associated environmental conditions,
such as serum, the organism may induce efflux pumps that allow

clinically defined antibiotic-susceptible organisms to tolerate an-
tibiotic challenge in vivo. Accordingly, adjunctive therapy with
corresponding efflux pump inhibitors may provide a valuable
strategy for limiting antibiotic tolerance within the host and, con-
sequently, be an attractive therapeutic approach for both current
and future antibiotics.

High-throughput screening for agents that potentiate anti-
microbial activity of minocycline toward serum-grown A. bau-
mannii. As a means of identifying new chemical classes of A. bau-
mannii antibiotic efflux inhibitors, we exploited the finding that
during growth in human serum, A. baumannii expresses efflux
pumps that mediate cellular tolerance to minocycline (25) (Fig.
1A). Accordingly, the 29,900-member TimTec ActiProbe small-
molecule library and Natural Product Library were screened for
agents that eliminate the tolerance of A. baumannii to minocycline
during serum growth. To do so, approximately 1 � 105 A. bau-
mannii 98-37-09 cells were inoculated into individual wells of a
microtiter plate containing 100% human serum supplemented
with 0.5 �g ml�1 minocycline (0.5� the serum MIC). A total of 50
�M each library member was added, the plates were incubated for
48 h at 37°C, and growth was measured as a function of turbidity.
Most compounds (99.6% [29,806 compounds]) did not affect the
growth of the organism, whereas 94 compounds (0.4%) inhibited
the ability of the strain to grow in serum supplemented with mi-
nocycline. Repeat testing in which the well constituents were seri-
ally diluted and plated on LB agar plates verified that 85 com-
pounds did indeed limit A. baumannii growth in serum
supplemented with minocycline, resulting in a 2- to 6-log reduc-

FIG 1 Antimicrobial effects of minocycline, ciprofloxacin, tetracycline, and tigecycline toward LB- and serum-grown A. baumannii. (A) Plotted are the CFU of
strain 98-37-09 following incubation in LB or serum (with/without the efflux pump inhibitor PA�N) supplemented with 0 to 2 �g ml�1 of minocycline. (B) CFU
of strain 98-37-09 following incubation in LB or serum (with/without the efflux pump inhibitor reserpine) supplemented with 0 to 1 �g ml�1 of ciprofloxacin.
(C) CFU of strain 98-37-09 following incubation in LB or serum (with/without the efflux pump inhibitor PA�N) supplemented with 0 to 16 �g ml�1 of
tetracycline. (D) CFU of strain 01-12-05 after incubation in LB or serum (with/without the efflux pump inhibitor reserpine) supplemented with 0 to 4 ml�1 of
tigecycline. The mean CFU � standard deviations are plotted on the y axis, and antibiotic concentration is indicated on the x axis; the asterisks indicate
statistically significant differences in CFU between growth in LB and serum (Student’s t test; *, P � 0.05; **, P � 0.01; ***, P � 0.001).
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tion in the number of viable CFU in comparison to the cells
treated with minocycline alone.

To distinguish whether compounds of interest potentiate the
activity of minocycline as opposed to displaying antibacterial
properties on their own, each compound was subsequently eval-
uated for antimicrobial activity toward A. baumannii in serum or
LB in the absence of minocycline. Twelve of the 85 compounds
tested (12.7%) exhibited antimicrobial activity toward A. bau-
mannii grown in serum and/or LB in the absence of minocycline
and may represent novel antimicrobial agents (data not shown).
The remaining 73 compounds did not display antimicrobial ac-
tivity in the absence of minocycline, suggesting that a subset of
these compounds may represent efflux pump inhibitors that po-
tentiate the antimicrobial activity of minocycline toward serum-
grown A. baumannii. Accordingly, their minimum effective con-
centration (MEC) was defined as a means both to rank the
compounds based on their potency and also as a prerequisite for
more extensive characterization, as described below. To define the
MEC of each compound, A. baumannii 98-37-09 was inoculated
into individual wells of a microtiter plate containing 100% human
serum supplemented with 0.5 �g ml�1 minocycline and increas-
ing concentrations (0 to 125 �g ml�1) of the test compound, and
it was then incubated for 48 h. The smallest amount of compound
required to potentiate the antimicrobial activity of minocycline, as
defined by growth inhibition, was defined as the MEC. Plating
confirmed that the addition of 1� the MEC of each compound
elicited a �1.9-log reduction in A. baumannii cells grown in se-
rum supplemented with minocycline alone (see Table S2 in the
supplemental material).

A. baumannii minocycline accumulation. As an initial means
of determining whether the compounds of interest displayed
characteristics expected of an A. baumannii efflux pump inhibitor,
and simultaneously prioritizing compounds for further character-
ization, we considered that efflux pump inhibition would lead to
intracellular antibiotic accumulation compared to that in the cells
in which efflux was active. Accordingly, triple-quadrupole mass

spectrometry was used to measure the cellular antibiotic concen-
tration of A. baumannii cells grown in human serum supple-
mented with 0.5 �g ml�1 minocycline in the absence and presence
of 0.5� the MEC test compound. These concentrations were used,
and the plating of each culture validated that the conditions did
not affect A. baumannii viability (data not shown).

During growth in serum (efflux active conditions), the cellular
minocycline concentration was determined to be 1.58 � 10�10

femtomoles (fmol) per bacterial cell, whereas the addition of the
known efflux pump inhibitor verapamil increased the cellular
concentration nearly 1,000-fold (3.56 � 10�7 fmol cell�1), indi-
cating that the approach is appropriate for measuring efflux
pump-dependent cellular antibiotic accumulation. As shown in
Fig. 2, while virtually all of the compounds evaluated appeared to
induce minocycline accumulation compared to that in mock-
treated cells, 41 compounds stimulated minocycline accumula-
tion within serum-grown A. baumannii cells to levels equaling or
exceeding that of the known antibiotic efflux pump inhibitor ve-
rapamil, and these were considered to be highest priority agents
that presumably include efflux inhibitors and compounds that
lead to antibiotic accumulation via unappreciated means. Regard-
less of the mechanism, these 41 compounds were considered to be
putatively clinically valuable agents that potentiate the antimicro-
bial activity and cellular accumulation of minocycline toward A.
baumannii in serum and were carried forward for further charac-
terization.

Human cytotoxicity measures. Given that our overarching
goal was to identify therapeutically relevant novel compounds for
future medicinal chemistry-based improvement and refinement,
we considered that the most desirable compounds would display
little or no human cytotoxicity. Indeed, while PA�N has proven to
be a valuable bacterial drug efflux inhibitor tool/compound in the
laboratory setting, the compound displays toxicity at concentra-
tions required for antimicrobial efficacy in the host and, conse-
quently, has limited therapeutic promise (34). Thus, to distinguish
putatively nontoxic from cytotoxic compounds, conventional

FIG 2 A. baumannii intracellular minocycline concentration measures. Shown are the fmol of minocycline per cell following the growth of strain 98-37-09 in
serum supplemented with 0.5 �g ml�1 minocycline (y axis) in the absence (white bar) or presence (gray bar) of the efflux pump inhibitor verapamil, or the
presence of 0.5� the minimum effective concentration of the indicated putative efflux pump inhibitor (x axis). The dashed gray line represents the concentration
of minocycline per cell grown in human serum supplemented with minocycline and verapamil for comparison.
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3-(4,5-dimethythiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT)
cell viability assays were performed for each compound of interest at
1� and 4� their MEC. As shown in Table S2 in the supplemental
material, 19 (46.3%) of the compounds tested elicited significant tox-
icity toward HepG2 cells, which was defined as �75% cellular sur-
vival during 48-h treatment at 4� the MEC, and these compounds
were deprioritized. Conversely, 22 (53.6%) compounds displayed
�75% survival (75.1% to 100%) and were considered to exhibit ei-
ther no or low-level human HepG2 cytotoxicity; the low-level cyto-
toxicity may be reduced by future medicinal chemistry campaigns. It
should be noted that 75% human cell survival was used as a culling
criterion, because it approximates the toxicity measures of the anti-
biotic minocycline when tested alone under these assay conditions
(77.9% HepG2 survival at 2�g ml�1). Thus, we expect that molecules
displaying human cytotoxicity measures correlating with minocy-
cline under these assay conditions represent the most promising scaf-
folds for future medicinal chemistry-based optimization.

Spectrum of activity. As a means to further prioritize nontoxic
compounds of interest based on their therapeutic promise, we
considered that broad-spectrum antimicrobial efflux pump in-
hibitors may be more clinically valuable than narrow-spectrum
agents that potentiate the activity of only a limited number of
antibiotics or that display activity toward a single bacterial species.
As described above, in addition to minocycline, A. baumannii
growth in human serum facilitates the efflux and the tolerance of
ciprofloxacin in an organism (Fig. 1B). Consequently, we evalu-
ated whether each compound potentiated the activity of cipro-
floxacin toward serum-grown cells. To do so, 1 � 105 CFU A.
baumannii 98-37-09 was inoculated into individual wells of mi-
crotiter plates containing 100% human serum supplemented with
0.125 �g ml�1 ciprofloxacin and 0�, 1�, or 2� the MEC of the

compound, as defined by the lowest concentration needed to po-
tentiate the antimicrobial effects of minocycline (above). The
plates were incubated for 48 h, at which point the ability of each
compound to potentiate ciprofloxacin was measured as the
growth inhibition. Nineteen of the compounds evaluated did not
affect the tolerance of the organism to ciprofloxacin under these
conditions, suggesting that they are narrow-spectrum agents that
limit minocycline efflux but not ciprofloxacin efflux, and these
were deprioritized. Conversely, 3 compounds potentiated the an-
timicrobial activity of ciprofloxacin, suggesting that they repre-
sent broad-spectrum antibiotic drug efflux pump inhibitors. Plat-
ing confirmed that when administered in combination with
ciprofloxacin, each compound reduced A. baumannii viability
�1.5 log at 1� the MEC of the compound compared to that of the
cells treated with ciprofloxacin alone (Fig. 3A; see also Table S2 in
the supplemental material).

During the course of our studies, we also investigated whether
the Gram-negative pathogens K. pneumoniae and P. aeruginosa
exhibit antibiotic tolerance to minocycline and/or ciprofloxacin
during growth in human serum. While K. pneumoniae strain
CKP4 did not, it was found that serum-grown P. aeruginosa PAO1
cells exhibit efflux-mediated tolerance to ciprofloxacin, as de-
scribed below. Thus, as an additional means of evaluating the
spectrum of activity and simultaneously identifying the highest
priority compounds of interest that potentiate the activity of an-
tibiotics across bacterial species, we evaluated whether the afore-
mentioned three putative broad-spectrum A. baumannii efflux
pump inhibitors also inhibited P. aeruginosa serum-dependent
ciprofloxacin tolerance. To do so, PAO1 was inoculated into in-
dividual wells of a microtiter plate containing 100% human serum
supplemented with 1� the MEC of test compound and increasing

FIG 3 Spectrum of activity. (A) CFU of strain 98-37-09 grown in human serum supplemented with 0.125 �g ml�1 ciprofloxacin in the absence or presence of
1� the MEC of the putative efflux pump inhibitor ST009675 (2 �g ml�1), ST058165 (32 �g ml�1), or ST060273 (32 �g ml�1); error bars indicate the standard
deviations. (B) Mean CFU measures � standard deviations for P. aeruginosa PAO1 following incubation in LB or serum with or without the efflux pump
inhibitor PA�N, ST009675 (2 �g ml�1), or ST060273 (32 �g ml�1) supplemented with 0 to 2 �g ml�1 of ciprofloxacin. (C) Structures of ABEPI1 (ST009675)
and ABEPI2 (ST060273).
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concentrations of ciprofloxacin (0 to 2 �g ml�1), and cell viability
was measured. The results revealed that two of the three putative
broad-spectrum efflux pump inhibitors also potentiated the activ-
ity of ciprofloxacin toward serum-grown P. aeruginosa (Fig. 3B),
suggesting that these compounds, ABEPI1 and ABEPI1 (Fig. 3C),
represent broad-spectrum agents that may potentiate the antimi-
crobial properties of antibiotics toward at least two bacterial spe-
cies of immediate health care concern, A. baumannii and P.
aeruginosa. PA�N alone (i.e., in the absence of ciprofloxacin) did
not display antimicrobial properties toward serum-grown PAO1
cells under these assay conditions (data not shown).

ABEPI1 and ABEPI2 inhibit A. baumannii efflux properties.
To distinguish whether the antimicrobial potentiation of ABEPI1
and ABEPI2 correlates to the inhibition of the efflux properties of
A. baumannii, conventional ethidium bromide efflux assays were
performed in the presence and absence of each compound, as
previously described (18, 30–33). The assay is predicated upon the
fluorescent properties of ethidium bromide during intercalation
into cellular nucleic acids, whereby efflux active cells display lim-
ited intracellular ethidium bromide accumulation and, conse-
quently, low fluorescence. Conversely, efflux inhibition leads to
increased cellular ethidium bromide levels and correspondingly
high fluorescence relative to that of efflux-proficient cells.

As shown in Fig. 4, the mock-treated cells displayed a low-level
ethidium bromide fluorescence signal that slowly increased dur-
ing the course of the experiment, presumably reflecting the slow
accumulation of dye over time despite efflux pump activity. Con-
versely, efflux-deficient PA�N-treated cells exhibited significantly
increased cellular ethidium bromide accumulation compared to
that in mock-treated cells, confirming that the assay conditions
were appropriate for measuring the efflux properties of A. bau-
mannii cells. Likewise, both ABEPI1 and ABEPI2 displayed a sig-
nificantly increased signal compared to that of the mock-treated
cells at all measured time points, indicating that they act as A.
baumannii efflux pump inhibitors. More specifically, APEPI1 dra-
matically increased cellular fluorescence to levels exceeding that of
PA�N within the first 20 min of treatment, at which point the

potency of the compound appeared to level off. The APEPI2 treat-
ment measures were essentially identical to those of PA�N until
approximately 35 min posttreatment, at which point efflux inhi-
bition appeared to drop below the PA�N levels, although the ob-
served differences were not considered significantly different.
Thus, ABEPI1 and ABEPI2 appear to represent novel A. bauman-
nii drug efflux inhibitors.

Mammalian Ca2� channel blocking assays. In considering
whether ABEPI1 and/or ABEPI2 represent attractive antibiotic
efflux pumps worthy of future medicinal chemistry-based im-
provement, we were cognizant of the fact that many laboratory
bacterial efflux inhibitor tool compounds cannot be used in the
clinical setting, because they limit mammalian ion channel activ-
ity. Verapamil is one such agent, which effectively limits bacterial
antibiotic efflux pumps but also elicits human neurotoxicity due
to the inhibition of host Ca2� channels (35). Thus, we measured
the effects of ABEPI1 and ABEPI2 on mammalian calcium chan-
nel functions using Fluo-4 Direct calcium channel assay kits, in
which the dye Fluo-4 was used to measure changes in mammalian
cytoplasmic Ca2� levels in response to the calcium channel stim-
ulator carbachol in the absence and presence of test compound.
Figure 5A shows the profile of human embryonic kidney (HEK
293T) intracellular Ca2� levels prior to and following the addition
of carbachol, which stimulates endoplasmic calcium-channel ac-
tivity and, consequently, the release of Ca2� into the cytoplasm. As
expected, carbachol treatment induced an approximately 2.3-fold
increase in cytoplasmic Ca2� levels. Conversely, the treatment of
HEK 293T cells with the known calcium channel blocker vera-
pamil virtually eliminated Ca2� channel activity and cytoplasmic
accumulation, indicating that the system was appropriate for
measuring mammalian cytoplasmic channel activity and inhibi-
tion (Fig. 5B). As shown in Fig. 5C and D, HEK 293T treatment
with 1� or 4� the MEC (not shown) of either ABEPI1 or ABEPI2
did not appear to significantly affect mammalian cell Ca2� chan-
nel stimulation in response to carbachol.

Taken together, it appears as though ABEPI1 and ABEPI2 rep-
resent novel and structurally distinct molecules that potentiate the

FIG 4 Ethidium bromide (EtBr) efflux assay. Shown are the mean (� standard deviation) EtBr fluorescence values for strain 98-37-09 following growth in
human serum and treatment with PA�N (10 �g ml�1; white squares), ABEPI1 (ST009675; 2 �g ml�1; gray triangles), or ABEPI2 (32 �g ml�1; gray X). The
mock-treated cells are also shown (black diamonds).
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activities of antibiotics toward serum-grown bacterial cells by in-
hibiting the drug efflux properties of an organism, leading to cel-
lular antibiotic accumulation and, consequently, antimicrobial ef-
fects. Moreover, the compounds did not display significant
human cytotoxicity measures or Ca2� channel blocking activity
that has plagued the development of antibiotic drug efflux inhib-
itors. Such compounds may represent attractive starting scaffolds
for medicinal chemistry-based improvement and refinement,
with the ultimate goal of creating adjunctive efflux pump inhibi-
tors to be used in combination with current antibiotics for im-
proving the treatment of bacterial infections.

DISCUSSION

Antibiotic resistance is a general term used to describe the phe-
nomenon whereby antibiotics used to treat a bacterial pathogen
are rendered useless or less effective by the target organism. The
so-called bacterial drug efflux pumps have been shown to contrib-
ute to antibiotic resistance by modulating the cellular concentra-
tion of a given antibiotic within bacterial cells and can generally be
divided into five classes of transporters: small multidrug resistance
(SMR) pumps of the drug/metabolite transporter superfamily,
ATP-binding cassette (ABC) transporters, the major facilitator
superfamily (MFS), the resistance-nodulation-division (RND)
superfamily, and multidrug and toxic compound extrusion
(MATE) transporters (see reference 26 for a recent review). While
some members of these families selectively extrude specific anti-
biotics, the majority efflux a variety of antimicrobial agents. For
instance, the A. baumannii MATE family transporter AbeM is
believed to efflux fluoroquinolones, aminoglycosides, quinolones,
chloramphenicol, and erythromycin (15). Thus, AbeM inhibitors

may be valuable therapeutic agents that restore the utility of sev-
eral antibiotic classes. However, such a strategy is complicated by
the fact that many antibiotics are extruded by multiple efflux
pumps. Thus, in considering the development of an antimicrobial
efflux inhibitor program, clinically relevant inhibitors must limit
the activities of multiple efflux pumps as a prerequisite for effi-
cacy.

A. baumannii harbors representatives of all the major efflux
families, and this is thought to contribute to the antimicrobial
resistance of the organism, a phenotype that has, in part, led to its
designation as one of the six bacterial ESKAPE (Enterococcus fae-
cium, Staphylococcus aureus, K. pneumoniae, A. baumannii, P.
aeruginosa, and Enterobacter species) pathogens of immediate
health care concern (36). While much has been learned about the
substrates affected by previously characterized efflux pumps,
studies regarding their expression and biological consequences
are in their infancy. Likewise, bioinformatics analysis has revealed
that the organism is likely to express a plethora of previously un-
characterized factors that may also contribute to clinical antibiotic
failure.

Ventilator-associated pneumonia and bacteremia are the two
most severe types of A. baumannii infection, both of which are
thought to include dissemination of the organism to visceral or-
gans via the circulatory system (1, 2, 6, 37). For that reason, much
effort has been devoted toward defining the cellular components
of the organism that modulate growth and persistence in the
blood by using human serum as a convenient growth medium for
such studies. In that regard, several A. baumannii virulence fac-
tors, including phospholipase D (PLD), penicillin binding protein
7/8, K1 capsule polysaccharide, and outer membrane protein A

FIG 5 Mammalian calcium channel inhibition assays. (A) Cytoplasmic Ca2� measures of mock-treated cells pre- and posttreatment with carbachol (60 s) (gray
arrow). (B to D) Same as panel A except that cells were treated with verapamil (50 �g ml�1) (B) or 1� the MEC of ABEPI1 (ST009675; 2 �g ml�1) (C) or ABEPI2
(ST060273; 32 �g ml�1) (D) at 45 s (black arrow) pre-carbachol treatment.
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(OmpA), have been shown to augment the ability of the organism
to survive in human serum and to contribute to its ability to cause
disease in animal models of infection, validating serum as a bio-
logically relevant medium for A. baumannii study (27, 38–41).
More recently, a transcriptional profiling-based study revealed
that during growth in human serum, A. baumannii differentially
expresses several putative virulence factors. Perhaps most strik-
ingly, that study also showed that serum growth induces high-
level expression of �22 previously uncharacterized putative drug
efflux-associated proteins and corresponds to the efflux-mediated
resistance of the organism to the antibiotic minocycline in serum
(25). Such a phenomenon was recently termed adaptive resis-
tance, a connotation used to describe processes by which clinically
defined susceptible bacterial species temporally alter gene expres-
sion in response to an environmental cue(s) in a manner that
confers tolerance to a given antibacterial agent (26).

One of the goals of the immediate work was to expand our
understanding of the adaptive efflux-mediated antibiotic resis-
tance potential of A. baumannii during growth in human serum.
The results presented here indicate that serum growth-associated
antibiotic efflux is conserved across all genetic lineages that we
have evaluated thus far, although strain-to-strain differences
clearly do occur in terms of the specific antibiotics extruded. For
instance, the A. baumannii clinical isolate 98-37-09, which was
used for most of these studies, displays tolerance to minocycline,
tetracycline, and ciprofloxacin during growth in serum. While
serum growth-associated minocycline resistance has also been ob-
served for a subset of the strains evaluated, it is not completely
conserved across isolates. For instance, the serum growth of strain
07-09-54 does not exhibit resistance to minocycline but does dis-
play efflux-mediated high-level tolerance to meropenem (data not
shown). Likewise, strain 98-37-09 does not exhibit serum-depen-
dent tigecycline tolerance, but seven representatives of the other
11 lineages evaluated do. Taken together, these results suggest that
during serum growth, A. baumannii has the capacity to express a
multitude of antibiotic efflux pumps that confer antibiotic resis-
tance, but tolerance is dependent on the genetic composition and,
consequently, the efflux pump repertoire of the strain evaluated.
Notably, the same phenomenon was observed for the prototypical
P. aeruginosa laboratory strain PAO1, which displayed efflux-me-
diated tolerance to ciprofloxacin during serum growth compari-
son to that of the laboratory medium. It remains to be seen
whether this correlates to other P. aeruginosa strains or other an-
tibiotics. Likewise, it is not yet clear which serum-dependent fac-
tors activate antibiotic efflux. However, the efflux of antibiotics is
presumably a by-product of the transporters themselves, which
are likely functioning to aid in cellular adaptation to nutrient-
limiting conditions. By extension, one would predict that other
host-associated environments are likely to also elicit such a phe-
notype, upregulating either the efflux pumps orchestrating serum
antibiotic tolerance and/or other so-called antibiotic efflux
pumps. In support of that hypothesis, it has been shown that the
growth of A. baumannii in physiologically relevant salt concentra-
tions induces antibiotic efflux-mediated tolerance to the antibiot-
ics amikacin and levofloxacin (24).

Given the biological importance of these findings, we reasoned
that small-molecule inhibitors of serum-associated antibiotic ef-
flux functions would represent valuable therapeutics to be used in
combination with current and possibly future antibiotics. Such
agents would potentiate the antimicrobial agents despite the efflux

potential of A. baumannii in serum, thereby improving the po-
tency of such antibiotics. Thus, a whole-cell high-throughput as-
say was performed to identify agents that potentiate the antimi-
crobial activity of a subinhibitory concentration of minocycline
toward serum-grown cells, with the expectation that a subset of
these compounds would represent serum-associated minocycline
efflux pump inhibitors.

Our screening campaign and secondary assays identified two
structurally distinct compounds, ABEPI1 and ABEPI2, which dis-
play the early characteristics of promising A. baumannii serum-
associated efflux pump inhibitors. Both compounds restore the
antimicrobial activities of minocycline and ciprofloxacin toward
serum-grown A. baumannii but did not affect the antibiotic sus-
ceptibilities of the LB-grown cells, suggesting that they affect se-
rum-associated efflux factors. Further, both compounds limit
the efflux properties of the organism, as measured in standard
ethidium bromide assays, and lead to minocycline accumulation
within treated cells. Moreover, neither compound displayed cyto-
toxicity toward human cells or human Ca2� channel inhibitory
activities, two issues that have limited the development of other
bacterial efflux pump inhibitors.

Sulfonamide is a convenient and widely used functional group
in medicinal chemistry that improves the physicochemical prop-
erties, such as solubility, of small-molecule organic scaffolds, and
it has been exploited in antibacterial, antiviral, anti-inflammatory,
and anticancer agent development (reviewed in reference 42). In
that regard, Acinetobacter baumannii efflux pump inhibitor 1
(ABEPI1) [(E)-4-((4-chlorobenzylidene)amino)benezenesulfon-
amide] is a sulfonamide derivative that does not display antimi-
crobial activity on its own but strongly potentiates the activities of
minocycline and ciprofloxacin, leads to minocycline accumula-
tion within bacterial cells, and has low cytotoxicity toward human
cells. Twenty structurally similar analogs were found in our
screening campaign to be putative efflux pump inhibitors (see
Table S2 in the supplemental material), affording some insight
into a preliminary structure-activity relationship for ABEPI1.
Certain analogs showed that substitutions at the 4-position of the
benzylidene influence the activity of the chemical series. The
4-methylbenzylidene analog increased the MEC 2-fold and dis-
played a 100,000-fold reduction in the accumulation of minocy-
cline within A. baumannii cells. The 4-ethylbenzylidene analog
exhibited reduced activity as well, as measured by an 8-fold in-
crease in the MEC, and a roughly 30-fold reduction in minocy-
cline accumulation in comparison to that with EPI1. The 4-bro-
mobenzylidene analog has only about a 5-fold decrease in
minocycline accumulation and has the same MEC as EPI1, indi-
cating that certain halogens may have increased activity over hy-
drocarbons in this position. The 4-fluorobenzylidene, in contrast
with the other two halogens, shows a 40-fold reduction in mino-
cycline accumulation and a 32-fold increase in MEC. Other func-
tional groups in this position also displayed measurable effects on
activity: the 4-ethoxybenzylidene and 4-(dimethylamino)ben-
zylidene analogs both had increased MEC values, decreased mi-
nocycline accumulation, and increased toxicity. Clearly, addi-
tional analoging is required to develop a refined structure-activity
relationship (SAR), but those tested thus far indicate the 4-substi-
tuted benzylidenes to be at least one path to improving upon the
scaffold for a more effective ABEPI1-derived efflux pump inhibi-
tor. In comparison to ABEPI1, ABEPI2 [N-tert-butyl-2-(1-tert-
butyltetrazol-5-yl)sulfanylacetamide] appears to be less potent,
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with a relatively high MEC of 32 �g ml�1; however, it also displays
promising activities, leading to an accumulation of 6.84 � 10�6

fmol of minocycline cell�1, potentiating the activity of ciprofloxa-
cin toward both A. baumannii and P. aeruginosa, having low cy-
totoxicity toward human cells, and inhibiting efflux pump activ-
ity. Additionally, the compound offers a scaffold amenable to
possible structural alterations that in future studies might lead to
analogs that further improve the efficacy of the compound.

While ABEPI1 and ABEPI2 exhibit similar antibiotic potenti-
ation profiles with regard to minocycline and ciprofloxacin, early
extended-spectrum-of-activity studies indicate that they also dis-
play differing activities and consequently are both likely to target a
common efflux pump (or set), but they also affect differing subsets
of antibiotic efflux pumps and, consequently, display broad-spec-
trum activity. More specifically, ABEPI1 is capable of improving
the activity of tigecycline toward the carbapenem-resistant A. bau-
mannii strain 07-09-61 to levels equaling that of PA�N, whereas
ABEPI2 does not improve the activity of tigecycline (Fig. 6A).
Conversely, ABEPI2 was found to improve the activity of tobra-
mycin toward P. aeruginosa PAO1 during growth in human serum
to levels equaling that with PA�N (Fig. 6B), but ABEPI1 did not
demonstrate tobramycin-potentiating activity (Fig. 6B).

Taken together, the results of these studies indicate that A.
baumannii and presumably P. aeruginosa impart adaptive efflux
resistance mechanisms during growth in human serum that may,
in part, contribute to antibiotic treatment failure toward labora-
tory-defined susceptible strains. Further, ABEPI1 and ABEPI2
may represent attractive compounds for future medicinal chem-
istry-based campaigns designed to limit Gram-negative bacterial
efflux.
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