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ABSTRACT

Bacterial resistance to antibiotics is precipitating a medical crisis, and new antibacterial strategies are being sought. Hypothesiz-
ing that a growth-restricting strategy could be used to enhance the efficacy of antibiotics, we determined the effect of FDA-ap-
proved iron chelators and various antibiotic combinations on invasive and multidrug-resistant extraintestinal pathogenic Esche-
richia coli (ExPEC), the Gram-negative bacterium most frequently isolated from the bloodstreams of hospitalized patients. We
report that certain antibiotics used at sublethal concentrations display enhanced growth inhibition and/or killing when com-
bined with the iron chelator deferiprone (DFP). Inductively coupled plasma optical emission spectrometry reveals abnormally
high levels of cell-associated iron under these conditions, a response that correlates with an iron starvation response and supra-
physiologic levels of reactive oxygen species (ROS). The high ROS level is reversed upon the addition of antioxidants, which re-
stores bacterial growth, suggesting that the cells are inhibited or killed by excessive free radicals. A model is proposed in which
peptidoglycan-targeting antibiotics facilitate the entry of lethal levels of iron-complexed DFP into the bacterial cytoplasm, a pro-
cess that drives the generation of ROS. This new finding suggests that, in addition to restriction of access to iron as a general
growth-restricting strategy, targeting of cellular pathways or networks that selectively disrupt normal iron homeostasis can have
potent bactericidal outcomes.

IMPORTANCE

The prospect that common bacteria will become resistant to all antibiotics is challenging the medical community. In addition to
the development of next-generation antibiotics, new bacterial targets that display cytotoxic properties when altered need to be
identified. Data presented here demonstrate that combining subinhibitory levels of both iron chelators and certain antibiotics
kills pathogenic Escherichia coli. The mechanism of this effect is the production of supraphysiologic levels of reactive oxygen
species, likely powered by the excessive import of iron. These findings were consistent for both clinically relevant and no longer
clinically used antibiotics and may extend to Staphylococcus aureus as well.

Antibiotics are compounds that inhibit or kill bacteria and
may have saved more lives than any other medical inter-

vention, aside from vaccination (1). However, the develop-
ment of strains resistant to antibiotics is precipitating a medical
crisis. It is estimated that each year in the United States there
are 900,000 cases of antibiotic-resistant infections, with an es-
timated cost of over 20 billion U.S. dollars (2). Several factors
contribute to resistance, including the over- and misuse of
these drugs (which generates evolutionary pressure that selects
for resistant strains), horizontal gene transfer (which allows
elements that confer resistance to be transferred among species
or genera), and the high level of genetic diversity generated
from de novo mutation (which creates more fit members when
they are faced with antibiotics [3, 4]). Numerous strategies
have been employed to combat the resistance problem, includ-
ing the reduced use of antibiotics in livestock, the development
of next-generation antibiotics with little established resistance,
the use of biologics such as phage to kill bacteria or probiotics
to stimulate the host immune system, and the combination of
different antibiotics into a type of killing cocktail (3, 5). Most
antibiotics function by disrupting one of three critical cellular
functions, including the inhibition of DNA replication (e.g.,
quinolones), the inhibition of protein biosynthesis (e.g., ami-
noglycosides), and the inhibition of cell wall biosynthesis (e.g.,
�-lactams) (5). In addition to finding new compounds, there is

also a great need to discover new targets and mechanisms to kill
bacterial cells that differ from traditional approaches.

Nutritional immunity is the term used to describe the host’s
sequestration of critical nutrients to prevent the growth and rep-
lication of bacteria during an active infection. A component of
nutritional immunity is the sequestration of metals, especially
iron. Bacterial replication is absolutely dependent on the acquisi-
tion of iron from host sources. The disruption of bacterial iron
metabolism has dramatic negative consequences on virulence in
vitro and in vivo (6–9). Because an estimated 30% of all enzymes
require metals as a cofactor and iron is critical for such cellular
events as DNA biosynthesis, the trichloroacetic acid cycle, oxida-
tive stress defense, and energy transduction (7, 9, 10), targeting of
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iron-dependent processes represents a viable strategy for antimi-
crobial development. Indeed, there are a growing number of stud-
ies evaluating the use of iron chelators as antibacterials, with effi-
cacy demonstrated in some cases (11–13) but not others (14, 15).
Inspired by the way mammals restrict bacterial growth to prevent
infection (16, 17), we report here that the combined use of iron
chelators and sublethal concentrations of some antibiotics gener-
ates a potent response that kills the cells of a model Gram-negative
blood pathogen (extraintestinal pathogenic Escherichia coli
[ExPEC]). Investigation of the mechanism behind this response
links it to a supraphysiologic elevation in the levels of cellular iron
content coupled to an iron starvation response. This state, in turn,
promotes the development of high cellular levels of reactive oxy-
gen species (ROS) that ultimately kill the cell.

MATERIALS AND METHODS
Bacterial strains, media, and reagents. ExPEC CP9 (18) and methicillin
(MET)-resistant Staphylococcus aureus TCH1516 (19) were isolated from
hospitalized patients and were kind gifts of James Johnson (University of
Minnesota) and Sarah Highlander (J. Craig Venter Institute). A chloram-
phenicol (CHL) resistance gene was inserted into CP9 for selection (20).
Clinical E. coli isolates (ELZ4013, ELZ4045, ELZ4046, ELZ4234, ELZ4251,
and ELZ4486) (21) were generously provided by Lynn Zechiedrich (Bay-
lor College of Medicine, Houston, TX). All experiments were performed
with brain heart infusion (BHI) medium or cation-adjusted Mueller-Hin-
ton broth (CAMHB; both from Teknova). The following antibiotics and
reagents were used at the concentrations indicated in the figure legends:
ampicillin (AMP; from Amresco), cefotaxime (CTX; from Chem-Im-
pex), CHL (from EMD), ciprofloxacin (CIP; from Cellgro), daptomy-
cin (from SellechChem), gentamicin (GEN; from Chem-Impex), levo-
floxacin (LVX; from TCI), meropenem (MEM; from TCI) MET (from
USP), spectinomycin (SPT; from MP), trimethoprim (TMP; from
Chem-Impex), vancomycin (VAN; from RPI), deferiprone (from Sig-
ma-Aldrich), deferoxamine (from Sigma-Aldrich), 2,2=-dipyridyl
(from Alfa Aesar), ortho-nitrophenyl-�-D-galactopyranoside (ONPG;
from Thermo Fisher Scientific), 2,7-dichlorodihydrofluorescein di-
acetate (DCFH-DA; from Calbiochem), glutathione (from Calbi-
ochem), L-ascorbic acid (from G-Biosciences), propidium iodide (PI;
from Fisher Scientific), Tween 20 (from Sigma-Aldrich), and Triton
X-100 (from Sigma-Aldrich).

Growth of bacteria. (i) Endpoint assays using OD to measure
growth. All growth assays were performed with 96-well plates and 200 �l
of BHI medium at a starting optical density at 600 nm (OD600) of 0.01.
Antibiotics (or detergents), chelators, iron or other metals, DCFH-DA,
and antioxidants were added to wells at the times and concentrations
indicated in the figure legends for each particular experiment. The cul-
tures were then maintained under continuous shaking for 18 h at 37°C,
and the OD600 was recorded with a plate reader (BioTek synergy HT) at
30-min intervals. Bacterial growth was quantified by determining the dif-
ference in OD between the start and end of the experiment, calculated as
OD600-18 h � OD600-0 h.

(ii) Time-kill assays using CFU enumeration on LB agar. E. coli CP9
or S. aureus TCH1516 was grown in 5 ml of BHI medium overnight at
37°C with vigorous shaking. The next day, bacteria were subcultured at a
starting OD600 of 0.01 in 5 ml of CAMHB supplemented with an antibi-
otic, DFP, or an antibiotic with DFP or not supplemented at all. The
concentrations of the antibiotics and DFP were as follows: DFP, 150
�g/ml for CP9 and 900 �g/ml for TCH1516; AMP, 2.5 �g/ml for CP9 and
500 �g/ml for TCH1516; CTX, 62.5 ng/ml for CP9; CHL, 250 �g/ml for
CP9; LVX, 0.1 �g/ml for TCH1516; MET, 1 mg/ml for CP9; VAN, 250
�g/ml for CP9. At t � 0, 2, 5, 8, and 24 h (for CTX, additional measure-
ments were made at 16, 18, 20, and 22 h), the CFU count of each sample
was determined by 10-fold serial dilutions and drip plating of 20 �l of each
diluent. Synergy was defined as a 2-log10 difference in the number of CFU

per milliliter between the combination and its most active constituent
after 24 h, as well as a 2-log10 difference between the combination and the
starting inoculum, as defined by National Committee for Clinical Labo-
ratory Standards (NCCLS) (22).

(iii) Growth of E. coli clinical strains. All growth assays were per-
formed as described above for the “endpoint assays” in the presence of
VAN, DFP, or both. The concentrations of the reagents used were as
follows: ELZ4013, 100 �g/ml VAN and 125 �g/ml DFP; ELZ4045, 250
�g/ml VAN and 300 �g/ml DFP; ELZ4046, 500 �g/ml VAN and 300
�g/ml DFP; ELZ4234, 400 �g/ml VAN and 300 �g/ml DFP; ELZ4251, 2
mg/ml VAN and 125 �g/ml DFP; ELZ4486, 500 �g/ml VAN and 300
�g/ml DFP.

MIC90 determinations. MIC90s were determined by adapting the
NCCLS standard broth microdilution method (23) using BHI medium
with a starting OD600 of 0.01 and an inoculum volume of 2 �l.

Fur reporter assay. The PryhB-lacZ reporter plasmid (pAML23) (24)
and a vector-only control (pQF50) (25) (both generously provided by
Shelley Payne, University of Texas at Austin) were transformed into E. coli
CP9 by the heat shock method (26). E. coli carrying each plasmid was grown
with aeration at 37°C until mid-log phase (8 h for CTX plus DFP and VAN
plus DFP) was reached. Supernatant were separated from cell pellets, and
both fractions were analyzed for �-galactosidase activity as described by
Miller (27) with ONPG as the substrate; 1 Miller unit � 1,000 � (OD420 �
1.75 � OD550)/(t � v � OD600), where t � 15 min and v � 0.1 ml.

Measurement of total cellular iron content. E. coli CP9 was grown in
the presence of antibiotic, DFP, or antibiotic with DFP as described above,
except that the experiment was performed with 5 ml of culture (150 ml for
antibiotic plus DFP) to obtain enough cells to measure the iron content. After
18 h, cells were collected, washed three times with phosphate-buffered saline
(PBS), serially diluted, and plated on LB agar to determine the CFU count of
each sample. About 5�109 cells from each sample were lysed in concentrated
HNO3 and analyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES; Agilent 725; Department of Earth and Atmospheric Sci-
ences at the University of Houston) (28). Supernatants (1-ml aliquots) of the
cells grown in BHI medium were also collected, treated with concentrated
HNO3, and analyzed for iron concentrations.

Measurement of intracellular ROS levels. E. coli CP9 was seeded at a
starting OD600 of 0.01 under various conditions (see the legend to Fig. 6)
in the presence or absence of the antioxidants glutathione and ascorbate.
Cultures were then grown with shaking at 37°C for 18 h, and then
DCFH-DA (500 �M) was added. Bacteria continued to grow for another
2 h with shaking at 37°C, after which both the OD600 and fluorescence
(excitation wavelength, 485 � 20 nm; emission wavelength, 528 � 20 nm)
were measured every 15 min (readings at 2 h after the addition of
DCFH-DA are reported) (29). Data were recorded as the amount of flu-
orescence per cell.

Membrane permeability assay. Bacteria grown overnight were sub-
cultured 1:50 in fresh medium until the OD600 reached 0.4. Bacteria were
treated with nothing, an antibiotic (VAN at 250 �g/ml or CTX at 62.5
ng/ml), DFP (150 �g/ml), or both. At different time points (t � 0, 0.5, 1,
2, 4, 6, and 24 h), 1 ml of culture was resuspended in PBS, mixed with PI
(final concentration, 10 �M; Fisher), and incubated at room temperature
for 10 min. Alternatively, cells were washed three times after PI addition
with no change in the experimental outcome. After PI addition, cells were
subjected to OD600 and fluorescence (excitation wavelength, 530 � 20
nm; emission wavelength, 590 � 35 nm) measurements (30). Data were
normalized to cell numbers.

Statistics. All measurements represent the mean and standard devia-
tion of at least three independent experiments. Significance (P value) was
determined by Student’s t test.

RESULTS
Iron restriction enhances the efficacy of some antibiotics. We
sought to determine if restricting access to iron would enhance the
effectiveness of antibiotics. Therefore, we determined the MIC90s
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of 11 different antibiotics representing all of the major antibiotic
classes against ExPEC strain CP9, a common cause of bacteremia
that harbors multidrug resistance (31) (see Table S1 in the supple-
mental material). Seven of the antibiotics were also tested against
S. aureus, another serious multidrug-resistant species (see Table
S1). ExPEC and S. aureus are the Gram-negative and Gram-posi-
tive species, respectively, most frequently isolated from the blood
of infected patients (32). These bacteria were also tested for sensi-
tivity to the FDA-approved iron chelators DFP and DFX and an
iron chelator commonly used in the research laboratory, DIP.
DFP and DFX are compounds that are used to treat iron overload
in humans and also demonstrate the ability to restrict the growth
of bacteria in vitro (12). The MIC90s of all of the antibiotics and
chelators tested could be reliably determined (see Table S1). We
next evaluated the growth of each species when it was exposed to
various combinations of antibiotics and chelators. Five of the 11
antibiotics, when combined with an iron chelator at sublethal lev-
els, demonstrated a negative effect on the growth of ExPEC strain
CP9 that was greater than that of each individual compound or the
untreated control (Fig. 1A to E). This included the clinically used
antibiotic CTX, as well as AMP, CHL, MET, and VAN. Another,
SPT, also demonstrated this effect but only at concentrations that
were close to the MIC90 (data not shown). Interestingly, although
DFX and DIP showed some effect when combined with antibiot-
ics, DFP demonstrated significant efficacy in each of the five cases
and thus was chosen for additional studies to examine the mech-
anism of this effect. Of note, a similar effect on S. aureus was
observed but only with two of the seven antibiotics tested (AMP
and LVX) (see Fig. S1 in the supplemental material). The en-
hanced inhibitory effect observed when antibiotics were com-
bined with DFP seems to be related to the iron status of the cell or
medium, because the addition of iron restored bacterial growth
under these conditions (Fig. 2). Taken together, these data suggest
that DFP and certain antibiotics have potent growth inhibition
activity when combined, although they are not inhibitory when
used individually. The data also suggest that this effect is depen-
dent on E. coli’s access to iron.

The combination of DFP and an antibiotic is cytotoxic. We
next investigated the mechanism by which this combination of
compounds with different modes of action achieved its negative
effect on bacterial cells. Time-kill assays, as defined by the Na-
tional Committee for Clinical Laboratory Standards, are a favored
methodology for distinguishing between bacteriostatic and bacte-
ricidal activities, as well as if an effect of this type is synergistic or
additive (33). When examined in this fashion, all of the combina-
torial antibiotics except CTX for E. coli (four for E. coli and two for
S. aureus), when in the presence of DFP, reduced the cell number
below that of the starting inoculum over time and proved more
potent at reducing the overall density of the population relative to
each individual drug at 24 h (Fig. 3; see Fig. S2 in the supplemental
material; P � 0.01, except for CTX-DFP). Of note, the CTX-DFP
combination demonstrated antibacterial activity for most of the
growth phase but returned to individually treated levels at 24 h
(P � 0.56). The VAN-DFP combination could technically be de-
fined as synergy (see Materials and Methods). In fact, when we
assessed the effects of VAN plus DFP on six ExPEC isolates from
the blood of patients at Texas Children’s Hospital (all of which
demonstrated diverse antibiotic resistance profiles [21]), in each
case, the combination treatment was more effective than each
compound given alone (see Fig. S3 in the supplemental material; P

� 0.01). These data indicate that the combination of an antibiotic
and a chelator, especially DFP, which are not as effective when
used individually, has a powerful cytotoxic effect. ExPEC was cho-
sen to investigate the significance of this mechanism throughout
this study. For a summary of the effects of all of the antibiotics that
were tested in combination with DFP on the growth of these bac-
teria, see Table S2 in the supplemental material.

Iron chelation and an antibiotic generate an iron starvation
response. We reasoned that the observed combined effect of an
antibiotic and a chelator on bacterial cells was related to an inabil-
ity of the cells to acquire enough iron and thus measured the
transcriptional activity of Fur. Fur is a master regulator of iron-
responsive genes and is active as a transcriptional repressor when
intracellular ferrous iron (Fe2	) levels are high but inactive (not
repressive) when ferrous iron levels are low (34, 35). The reporter
plasmid pAML23 (PryhB-lacZ), which contains a canonical Fur
DNA binding element (Fur box) from ryhB cloned upstream of a
promoterless lacZ gene, is well accepted as a reporter of Fur activ-
ity (Fig. 4A) (24, 36). The expression of lacZ, with the readout
being �-galactosidase activity, is inversely correlated with the Fur
activity in that when high levels of �-galactosidase activity are
observed, Fur does not act as a repressor (24, 36). Because of the
number of experiments that would need to be performed to ex-
amine the mechanism of this combined effect, we restricted addi-
tional efforts to two antibiotics: CTX, because of its current use as
a �-lactam antibiotic in the hospital setting, and VAN, a former
first-line antibiotic used to treat Gram-positive infections and to
which there is now widespread resistance (37, 38). ExPEC harbor-
ing PryhB-lacZ was incubated in the presence or absence of each
antibiotic either alone or in combination with DFP, and the levels
of �-galactosidase activity were measured in both the cells and
culture supernatants (Fig. 4B and C). Cells harboring the reporter
plasmid had detectable �-galactosidase activity in the presence of
DFP (suggestive of removal of Fur repression and a low level of
access to intracellular ferrous iron). Surprisingly, ExPEC demon-
strated significantly high �-galactosidase activity (5- to 10-fold,
suggestive of even lower levels of access to ferrous iron) when
these cells were cultured in the presence of both DFP and either
CTX or VAN (Fig. 4B, far right panels). Very little signal, relative
to that in the cells, was associated with the culture supernatants
(Fig. 4C), which suggests that an intracellular response was being
examined. This finding suggests that ferrous iron levels in E. coli
treated with both an antibiotic and DFP are either extremely low
or that Fur is unable to bind iron because it is sequestered in
another form. In both cases, the net effect is that Fur is not active
as a repressor of the reporter under combinatorial conditions.

Iron chelation and antibiotics promote high levels of cell-
associated iron. Surprised by the iron starvation response observed
when E. coli is treated with DFP and antibiotics, we sought a better
understanding of the state of cellular iron under these conditions.
Therefore, we used ICP-OES to measure the levels of iron in Ex-
PEC treated with only DFP, an antibiotic, or both DFP and an
antibiotic. Surprisingly, cells treated with VAN or CTX in combi-
nation with DFP had nearly 100 and 10 times, respectively, the
levels of intracellular iron in cells treated with only the antibiotic
or the chelator or not treated at all (Fig. 5A). This was not true of
cells treated with LVX, an antibiotic that did not show a negative
effect on ExPEC growth when combined with DFP (Fig. 1H and
5A, far right column). The latter control links not only the cyto-
toxic effect of a chelator and an antibiotic with high iron levels, it
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FIG 1 Iron chelators and antibiotics restrict the growth of pathogenic E. coli. ExPEC strain CP9 was cultured in BHI medium in the presence or absence of
antibiotics, iron chelators, or both, and the OD600 was recorded for 18 h (OD600-18 h � OD600-0 h). The iron chelators used were DFP (150 �g/ml), DFX (1 mg/ml),
and DIP (200 �M). The antibiotics used were AMP (2.5 �g/ml) (A), CTX (62.5 ng/ml) (B), CHL (250 �g/ml) (C), MET (1 mg/ml) (D), VAN (250 �g/ml) (E),
CIP (15 ng/ml) (F), GEN (6.25 �g/ml) (G), LVX (0.01 �g/ml) (H), MEM (16 ng/ml) (I), SPT (10 �g/ml) (J), and TMP (0.4 �g/ml) (K). Data are the mean values
and standard deviations from at least six separate replicates. P values were determined by Student’s t test. Panels A to E indicate the antibiotics that had negative
effects on bacterial growth when combined with an iron chelator, and the arrows show the effect of DFP.
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also suggests that the increase in iron upon combined treatment is
a specific response to certain antibiotics and chelators. Of note, the
total iron levels present in cell and supernatant samples were un-
changed between treatments, indicating that the changes observed
were due to alterations in cellular iron instead of some strange
complication from the medium (Fig. 5B). When considered in the
context of the results from Fig. 1 to 5, these data suggest that
starvation of ExPEC of extracellular free iron (by chelation) in the
context of certain antibiotics promotes the build-up of intracellu-
lar iron.

Iron chelation and antibiotics drive the production of reac-
tive oxygen species. We hypothesized that the accumulation of

iron in chelator-antibiotic-treated E. coli may interact with H2O2

(via Fenton chemistry to generate hydroxyl radicals) or O2 (via a
perferryl ion to yield superoxide radicals) to generate toxic levels
of ROS (39). To determine whether ExPEC subjected to both an
antibiotic and DFP is under oxidative stress, the levels of intracel-
lular ROS were measured with the membrane-permeating fluo-
rescent dye DCFH-DA, which fluoresces upon association with
oxygen radicals (Fig. 6A). Upon the addition of VAN, CTX, or
DFP to ExPEC, there was no difference in the level of intracellular
ROS from that in the untreated control (Fig. 6B and C). Interest-
ingly, when both VAN and CTX were combined with DFP, two
scenarios that promoted cell death (VAN-DFP) or growth inhibi-

FIG 2 Antibiotic-DFP-mediated growth inhibition is iron specific. E. coli CP9 (A to E) and S. aureus TCH1516 (F, G) were cultured in BHI medium in the presence
or absence of an antibiotic, DFP, or both and an antibiotic plus DFP with added iron (800 �M FeSO4). DFP was added at a final concentration of 150 �g/ml for
CP9 and 900 �g/ml for TCH1516. Data are the mean values and standard deviations from three independent experiments. P values were determined by Student’s
t test. (A) AMP (2.5 �g/ml); (B) CTX (62.5 ng/ml); (C) CHL (250 �g/ml); (D) MET (1 mg/ml); (E) VAN (250 �g/ml); (F) AMP (500 �g/ml); (G) LVX (0.1
�g/ml).
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tion (CTX-DFP) and increased cellular iron, there was also a marked
upswing in the steady-state level of cell-associated ROS compared to
that in untreated or singly treated E. coli (Fig. 6B and C). Further-
more, cells treated with DFP and LVX, a combination that did not
show enhanced antibacterial activity, did not demonstrate a con-
comitant increase in cellular ROS (Fig. 6D). These findings indi-
cate that exposure of ExPEC to a combination of an antibiotic and
iron chelation produces a highly oxidative cellular environment, a
state not observed when each compound is used alone.

Antioxidants rescue E. coli from antibiotic-DFP cytotoxicity
and lower ROS levels. We next determined if the elevated ROS
level was responsible for the cytotoxicity and growth inhibition
of ExPEC treated with both an antibiotic and DFP. To test this
hypothesis, we grew cells with or without an antibiotic or DFP

or an antibiotic plus DFP in the presence or absence of two
known antioxidants, glutathione (a small peptide) and ascor-
bate (a vitamin) (40, 41). As shown in Fig. 7A and C (far right
column), the addition of antioxidants improved the growth of
E. coli in the presence of either VAN or CTX with DFP, an effect
not observed in cells left untreated or treated with these com-
pounds singly. This enhancement of growth in the presence of
antioxidants was matched by a concomitant decrease in the levels
of antibiotic-DFP-induced ROS in combination-treated but not
singly treated cells (Fig. 7B and D). Taken as a whole, these find-
ings suggest that the elevated ROS level is responsible for the cy-
totoxicity and/or growth inhibition observed in combination-
treated cells, a process that is likely catalyzed by the high levels of
cell-associated iron.

FIG 3 Time-kill assays with antibiotics and DFP that demonstrate enhanced efficacy against E. coli. E. coli CP9 was cultured in 5 ml of BHI medium overnight
at 37°C with vigorous shaking. After 18 h, bacteria were subcultured at a starting OD600 of 0.01 in 5 ml of CAMHB supplemented with an antibiotic (panel A, AMP
at 2.5 �g/ml; panel B, CTX at 62.5 ng/ml; panel C, CHL at 250 �g/ml; panel D, MET at 1 mg/ml; panel E, VAN at 250 �g/ml) or with an antibiotic with DFP at
150 �g/ml or not supplemented at all. The CFU counts of the cultures were determined by 10-fold serial dilution and drip plating of 20 �l of each diluent at the
times indicated. Data are the mean values and standard deviations from three independent experiments.
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Antibiotic-mediated bacterial membrane integrity disrup-
tion and chemical and physical properties of the chelators con-
tribute to antibiotic-DFP cytotoxicity. Cell wall-targeting and
aminoglycoside antibiotics, the antibiotics that showed enhanced
efficacy when combined with DFP in this study, have been re-
ported to affect bacterial membrane permeability, whereas the
antibiotics that were not effective with DFP do not demonstrate
this property (42). We tested this hypothesis by using the entry of
PI into cells to measure the integrity of E. coli exposed to VAN or
CTX. Indeed, both antibiotics increased membrane permeability
to PI, an effect that lingered throughout the life of the culture (see
Fig. S4 in the supplemental material) (P � 0.01 when t � 1, 2, 4, or
6 h for VAN-DFP; P � 0.01 when t � 6 h for CTX-DFP). A curious
finding, and one that is consistent with the main interpretation of
this work, was that the addition of DFP further increased mem-
brane permeability. The molecular reason underlying this obser-
vation is not currently known, but we did note that DFP and DIP
are similar in size, cell-permeating ability, and affinity for iron;

they are also the chelators that generally demonstrated an inhibi-
tion or killing effect when combined with antibiotics (for a sum-
mary, see Table S3 in the supplemental material). These properties
are different for DFX, which is larger, has less cell-permeating
ability, and has a higher affinity for iron. Indeed, DFX did not
readily combine with antibiotics to produce antibacterial activity.
Since a permeable membrane correlates with antibacterial activ-
ity, it suggests that a compromised membrane may facilitate the
entry of DFP-Fe3	 complexes into the bacterial cell. In fact, the
addition of two different detergents (Tween 20 and Triton X-100)
with DFP had a greater antibacterial effect than either alone (see
Fig. S5 in the supplemental material).

DISCUSSION

Hypothesizing that altering bacterial iron homeostasis could
form a viable entry point for the development of new antimi-
crobial strategies, we demonstrate in this report that the num-
ber one cause of Gram-negative bacteremia, E. coli (43), a spe-
cies that harbors extensive resistance to many classes of drugs,
undergoes (i) a cytotoxic response to sublethal doses of clinically
current and no longer used antibiotics when combined with the
iron chelator DFP, a process that is (ii) dependent on the presence
of iron and associated with (iii) an iron starvation response, as
measured by the derepression of the ferric uptake regulator Fur,
(iv) a dramatic increase in the levels of cell-associated iron, and (v)
a rise in the level of intracellular oxygen radicals, the alleviation of

FIG 4 Antibiotics stimulate an iron starvation response. (A) Diagram de-
picting the function of PryhB-lacZ as an intracellular reporter of the re-
sponse of bacteria to iron depletion. When the intracellular free iron levels
are low, Fur will not repress the transcription of lacZ. (B, C) E. coli CP9 was
cultured in BHI medium in the presence or absence of an antibiotic (VAN at
250 �g/ml or CTX at 62.5 ng/ml), DFP (150 �g/ml), or both, and �-galacto-
sidase activity was measured at 8 h in both the cell pellet fraction (B) and the
culture supernatant fraction (C). Data are the mean values and standard devi-
ations from three independent experiments. P values were determined by Stu-
dent’s t test.

FIG 5 Antibiotics and iron chelation induce excessive iron accumulation.
E. coli CP9 was cultured in BHI medium in the presence or absence of an
antibiotic (VAN at 250 �g/ml, CTX at 62.5 ng/ml, or LVX at 0.01 �g/ml), DFP
(150 �g/ml), or both. After 18 h, the amount of iron present in the cell pellet
(A), calculated as the number of iron atoms per cell, or the total iron present in
the sample (B) (Fesupernatant plus Fecell pellet), was determined by ICP-OES. The
data in panel A were normalized to the level of iron present in untreated cells
(left columns). Data are the mean values and standard deviations from three
independent experiments. P values were determined by Student’s t test.
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which by antioxidants increases the survival of these cells. Other
noteworthy findings of this work include that this response was
also observed in other clinical strains of E. coli (suggesting that it
may be a universal property of E. coli in general), that it is corre-
lated with an antibiotic-dependent induction of the permeabil-
ity of the outer membrane, and that the cytotoxic or growth-
inhibitory properties of a chelator and an antibiotic in some,
but not all, cases also hold true for S. aureus. In addition, the
strain of E. coli used in this study was engineered to contain the

gene conferring resistance to CHL (20) but can be killed by com-
bining CHL with DFP. The latter finding suggests that iron chela-
tors can enhance the effectiveness of antibiotics even when the
strain is already resistant. The findings reported here strongly sug-
gest that the novel combination of seemingly unrelated drugs may
have dramatic and negative effects on bacterial cells. The investi-
gation of these effects may reveal previously unknown mecha-
nisms by which bacteria can be killed, including the molecular
players involved and the properties they modulate. Considering

FIG 6 Antibiotics and iron restriction promote increased intracellular ROS levels in E. coli. (A) Diagram depicting the reaction of DCFH-DA with ROS to
generate fluorescence. (B to D) E. coli CP9 was cultured in BHI medium in the presence or absence of an antibiotic (VAN at 250 �g/ml, CTX at 62.5 ng/ml, or
SPT at 10 �g/ml), DFP (150 �g/ml), or both for 18 h, and intracellular ROS levels were measured by using DCFH-DA as described in Materials and Methods.
Data are the mean values and standard deviations from three independent experiments. P values were determined by Student’s t test.

FIG 7 Antioxidants decrease antibiotic/chelation-induced ROS levels and rescue growth. E. coli CP9 was cultured in BHI medium in the presence or absence of
an antibiotic (VAN at 250 �g/ml or CTX at 62.5 ng/ml), DFP (150 �g/ml), or both, and growth (A and C) and ROS levels (B and D) were measured in the presence
or absence of antioxidants (5 mM glutathione [GSH] and 5 mM ascorbate). Data are the mean values and standard deviations from at least six separate replicates.
P values were determined by Student’s t test.
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the need for not only new drugs but also new antimicrobial targets
to combat the growing resistance problem, and the rise of the
concept of antibiotic “adjuvants” (44), this work highlights the
modulation of microbial iron homeostasis as a potential thera-
peutic entry point.

The eukaryotic hosts restrict the access of bacteria to key metals
such as iron by sequestering the iron in proteins in cells or through
high-affinity chelation by small molecules (45). This process can
be mimicked in culture through the use of natural and synthetic
compounds, such as DFP, DFX, or DIP, that preferentially bind
iron. Under these conditions, the expected outcome is inhibition
of growth; i.e., with insufficient iron, bacteria will simply slow
their metabolism and not replicate. This was, in fact, observed in
our time-kill studies when E. coli was cultured in the presence of
only DFP. However, what emerged from these experiments is that
if two divergent stresses are applied, one related to restriction of
access to nutrients (a chelator) and the other to inhibition of a
critical cellular process (an antibiotic), the cells undergo a three-
hit effect that severely restricts their ability to adequately recover.
The first hit, induced by the antibiotic, likely relates to the disrup-
tion of physiology and leads to a reduction in the initial number of
viable cells seeded into a culture. The second hit, induced by the
chelator, likely affects the ability of the cells to attain or make
nutrients that would allow them to ramp up their metabolism to
compensate for the first insult. The final hit, which likely keeps
persister cells (which are what was assayed throughout this study)
in a state of poor health and thus unable to replicate, relates to the
buildup of iron and iron-catalyzed ROS. The latter state resem-
bles, in some fashion, a recently described process observed in
eukaryotic cells termed “ferroptosis,” i.e., cell death due to dys-
regulation of iron homeostasis (46).

Kohanski et al. have noted that antibiotics, particularly those
that are bactericidal, induce the formation of ROS in bacterial
cells, albeit in the absence of iron chelation (47). These findings
were subsequently challenged by Keren et al. and Liu et al. (48, 49),
who questioned whether antibiotics kill without the requirement
of oxygen, which would be needed to generate ROS. The mecha-
nistic details of these studies have not been worked out, but data
presented here may help shed light on what is likely to grow into
an important topic. There are numerous conditions and variables
that must be considered before we entertain the idea that a ROS-
based killing model is an explanation for these results. For exam-
ple, data reported here demonstrate that ROS generation can be a
mechanism that induces cell death in bacteria, but only when DFP
is present. In addition, not all of the antibiotics tested displayed a
combinatorial effect when combined with an iron chelator and
not all combinatorial effects were observed in another species (the
Gram-positive bacterium S. aureus). Of all of the major antibiotic
classes tested, five of them, and only when combined with an iron
chelator, inhibited the growth of or killed E. coli at 24 h postinoc-
ulation. Only two of them showed the same effect on S. aureus.
Interestingly, one antibiotic (AMP) showed the effect on both E.
coli and S. aureus; incidentally, it is one of the three suggested by
Kohanski and coworkers to induce ROS-mediated cell death.
Taken as a whole, the data suggest that some antibiotics do have
the ability, under the right conditions, to induce ROS (in support
of Kohanski et al.) but that this mechanism does not hold true for
all antibiotics (in support of Keren et al. and Liu et al.), and iron
chelation by DFP is a requirement, at least under the conditions
used in this study. In the study of Kohanski et al., it was shown that

DIP rescued the killing effect of bactericidal antibiotics (a positive
effect), whereas in our study, we showed that DIP synergized with
antibiotics (a negative effect). Kohanski et al. analyzed the first 3 h
after the addition of reagents, whereas we monitored bacterial
growth for up to 24 h. As shown in the time-kill assay (Fig. 3; see
Fig. S2 in the supplemental material), for the first few hours as-
sayed, antibiotic-DFP-treated cells show greater growth than
those treated with the antibiotic alone, which would be considered a
“rescue” phenotype by Kohanski et al. Thus, we reasoned that this
discrepancy could be explained by differences in the methods used in
the two studies, including the times assayed, the concentrations used,
and even the strains tested (we assessed the responses of pathogens).
In contrast, Luo et al. (VAN plus deferasirox) and Zhu et al. (CHL
plus hexadentate 3-hydroxypyridin-4-one) both also showed that
iron chelation can synergize with antibiotics in killing S. aureus (50,
51), which is consistent with our data. More work is needed to
define the exact nature of these interactions.

What is the evidence of ROS generation in E. coli under condi-
tions of iron chelation plus antibiotics? First, incubation of bacte-
ria with an antibiotic and a chelator yielded high fluorescence
when DCFH-DA, a broad-spectrum, ROS-activatable, fluorescent
dye (52), was included. Whereas DCFH-DA casts a wide net that
can capture many types of ROS, a cited disadvantage is that its
high reactivity also means that it can be nonspecifically oxidized
by Fe2	 in the presence of O2 or H2O2 (53). Although this is
generally considered a limitation of this dye, for the purpose and
hypothesis of our study, it is an advantage because it can detect
two types of ferrous iron-mediated ROS species, those generated
through reaction with O2 (via a perferryl ion to yield superoxide
radicals) and those generated through reaction with H2O2 (via
Fenton chemistry to generate hydroxyl radicals) (39). Thus,
DCFH-DA represents a good reporter dye for iron-mediated ROS
because it more sensitively detects both hydroxyl and superoxide
radicals, in support of our model in which exposure of bacterial
cells to both an antibiotic and a chelator leads to high intracellular
iron levels. Indeed, we found that bacterial cells treated with both
a chelator and an antibiotic had an 
1- to 2-log higher total
amount of iron, which is consistent with excessive iron accumu-
lation. Further support for the idea of ROS generation under these
conditions comes from the finding that the fluorescence of
DCFH-DA was reduced by the addition of antioxidants (vitamin
C and glutathione), an effect that was cell dependent and not
caused by either the quenching of dye fluorescence or the use of
the chemicals as a growth-promoting nutrient (data not shown).

What is the evidence that iron is involved in this mechanism?
First, the combined effect is dependent on the use of the iron
chelator DFP, which suggests either that removal of free iron from
the medium in the presence of an antibiotic is detrimental to the
cells or that a DFP-iron complex is particularly toxic when com-
bined with an antibiotic. It is interesting that different iron chela-
tors demonstrated various antibacterial activities when combined
with an antibiotic and that, generally, if one worked with one
antibiotic, the others did as well. Such a result provides compelling
evidence that the chelation of iron drives this effect but only with
certain antibiotics. That different chelators demonstrate different
efficacies when combined with antibiotics may be explained by the
differences in their affinity for iron and their membrane-perme-
ating ability. Second, antibiotic-DFP inhibition can be overcome
by the addition of exogenous iron, further indicating that inhibi-
tion is an iron-dependent process. Third, cells treated with an
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antibiotic and DFP have high levels of cell-associated iron, 10 to
100 times the normal level, as determined by ICP-OES. In addi-
tion, a �fur mutant of E. coli, when combined with the antibiotics
that showed a combinatorial effect with DFP, was inhibited in the
ability to grow compared to that of a wild-type strain under iden-
tical conditions (unpublished results). Finally, cells exposed to
both drugs have high levels of ROS; iron is a well-known catalyst of
free radical formation (39). Thus, our data strongly support a
model in which alterations in the balance of healthy or harmful
levels of iron are critical to the survival of bacterial cells and certain
antibiotics can somehow shift this balance when iron chelators are
present. This novel finding gives support to the notion that target-
ing of iron homeostasis may be an effective antibacterial strategy.
It stops short of declaring, however, that antibiotics and DFP
should be used as cotherapies in infected patients. We simply do
not have sufficient data to show that this strategy will work in vivo.
Therefore, the results reported here should only be taken as evi-
dence that new “drug” formulations reveal novel and interesting
ways in which bacterial cells can be killed or inhibited. As we
consider new options for new antibiotics, such ways may be ex-
ploited in the future. Combination of antibiotics with iron chela-
tion, as reported here, may be an example of this.

Why are antibiotics required for a combinatorial effect? Our
current model (Fig. 8), one that is supported by the data presented
here, as well as the published work of others, is that a sublethal
concentration of DFP complexes with ferric iron in the medium
(DFP-Fe3	), which is the preferred form of iron that binds DFP
(54). We believe that the presence of antibiotics may lead to dis-
ruption of the bacterial membrane, which then facilitates DFP-
Fe3	 entry into the cytoplasm. If iron enters the cell, the Fe3	 can
then be reduced to Fe2	 because of the highly reducing environ-
ment of the cytoplasm (55). The observed inactivity of the repres-
sor Fur under these conditions strongly suggests that this Fe2	 is
not free but remains complexed with DFP, thereby preventing it
from being recognized by Fur, possibly through a steric hindrance
mechanism. DFP complexed with Fe2	 may interact with the

much smaller H2O2 or O2 molecule, which leads to toxic levels of
ROS (hydroxyl radicals and superoxide radicals, respectively) (39,
54). The sensed iron starvation of the bacterial cell may also lead to
excessive iron uptake through transporters, contributing to even
more intracellular ROS (although we have not tested this directly).
This model is consistent with all of the available data and provides a
working hypothesis for additional studies aimed at unmasking how
iron homeostasis may be exploited as an antibacterial strategy.
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