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Shiga toxin-producing Escherichia coli (STEC) are important food-borne pathogens, with the main viru-
lence factor of this bacterium being its capacity to secrete Shiga toxins (Stxs). Therefore, the use of certain
antibiotics for the treatment of this infection, which induces the liberation of Stxs, is controversial.
Reactive oxygen and nitrogen species are also involved in the pathogenesis of different diseases. The pur-
pose of this study was to analyze the effects of antibiotics on biofilms of STEC and the relationships
between cellular stress and the release of Stx. To this end, biofilms of reference and clinical strains were
treated with antibiotics (ciprofloxacin, fosfomycin and rifaximin) and the production of oxidants,
the antioxidant defense system and toxin release were evaluated. Ciprofloxacin altered the
prooxidant-antioxidant balance, with a decrease of oxidant metabolites and an increase of superoxide
dismutase and catalase activity, being associated with high-levels of Stx production. Furthermore, inhi-
bition of oxidative stress by exogenous antioxidants was correlated with a reduction in the liberation
of Stx, indicating the participation of this phenomenon in the release of this toxin. In contrast, fosfomycin
and rifaximin produced less alteration with a minimal production of Stx. Our data show that treatment of
biofilm-STEC with these antibiotics induces oxidative stress-mediated release of Stx.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Shiga toxin-producing Escherichia coli (STEC) are food-borne
pathogens that may cause diseases ranging from mild diarrhea
to hemorrhagic colitis and complications such as the life-
threatening hemolytic-uremic syndrome (HUS), with the latter
being the most common cause of acute renal failure in children
with epithelial cell damage induced by Shiga toxins (Stx)
(Landoni et al., 2010). STEC refers to those strains of E. coli that
produce at least one member of a class of potent cytotoxins called
Stx or verotoxin (VT) producing E. coli, based on cytotoxicity in
Vero cells (Bergan et al., 2012).

There are over 100 serotypes of STEC that cause disease in
humans, with O157:H7 being the most dominant. However, others
such as O111, O104:H4 (Ullrich et al., 2013) and O26 have also
caused significant outbreaks (Nataro, 2005; Krüger et al., 2011;
Tarr et al., 2005). The major virulence factor of STEC is the produc-
tion of Stx, as either Shiga toxin 1 (Stx1), Shiga toxin 2 (Stx2) or
variants of Stx1 or Stx2, or multiple toxins. Stx1 and Stx2 are
heteropolymers that are constituted by the catalytic A subunit
and five B subunits implicated in the binding to the receptor gly-
colipid globotriaosylceramide-3 of endothelial cells (Tarr et al.,
2005).

Current in vitro data suggest that antibiotic (ATB) exposure
increases the risk of HUS in patients infected with STEC
(McGannon et al., 2010; Krüger et al., 2011; Tarr et al., 2005).
This could be due to the production and (or) release of Stx, by
induction of prophages harboring the Stx encoding genes (stx)
mediated bacterial cells lysis (Lee and Stein, 2009; Kimmitt et al.,
2000). Nevertheless, clinical studies have revealed conflicting
results and (Smith et al., 2012; Tarr et al., 2005) this issue remains
a controversial one.

There is growing evidence that the mechanism of cell death ini-
tiated by some ATBs includes the production of reactive oxygen
species (ROS) (Dwyer et al., 2009; Kohanski et al., 2007; Páez
et al., 2010a,b). Related to this, ROS such as superoxide radical
(O2
� ) and hydrogen peroxide (H2O2), which are present at low,
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non-toxic concentrations in E. coli cells and are formed either in the
environment or as a by-product of aerobic metabolism, superoxide
formation and dismutation, or as a product of oxidase activity. The
incomplete reduction of O2 during respiration produces O2

��, which
is enzymatically dismutated by superoxide dismutase (SOD) to
H2O2 and can be eliminated by the activity of catalase (CAT).
Both excessive hydrogen peroxide and its decomposition product
hydroxyl radical (OH�), formed in a Fenton-type reaction, are harm-
ful for most cell components. Therefore, their rapid removal is
essential for all aerobically living prokaryotic and eukaryotic cells
(Páez et al., 2010a,b).

Numerous studies have found that food-borne microorgan-
isms such as E. coli O157:H7 can readily attach to and form
biofilms on various food contact surfaces, which may influence
biofilm persistence during manufacturing and retail, as well as
affect the incidence of disease (Abu-Ali et al., 2010; Burmolle
et al., 2010; Ryu et al., 2004; Van Meervenne et al., 2014). A bio-
film is generally defined as a structured community of bacterial
cells enclosed in a self-producing matrix and adherent to an inert
or living surface. Cells forming biofilms are often more resistant
to several stresses (including antibacterial agents) than free
floating (planktonic) cells (Ryu and Beuchat, 2005). Hence,
biofilms can cause problems during ATB therapies, with it having
been reported that subinhibitory levels of antibiotics can induce
(Hoffman et al., 2005) or inhibit (Boehm et al., 2009) bacterial
biofilm formation. In the present study, we investigated the
effect of diverse antibiotics on STEC biofilms in order to deter-
mine the relationships between oxidative cellular stress and
the release of Stx by disturbance of the prooxidant-antioxidant
balance.
2. Material and methods

2.1. Bacterial strains and culture conditions

Biofilms of E. coli O111: H- (strain N� 1) and E. coli O157:H7
(strain N� 2) from clinical isolates associated with HUS from chil-
dren and the reference strain E. coli EDL 933 (strain N� 3) were
studied. The clinical isolates were kindly provided by the
Laboratorio de Microbiología del Hospital Pediátrico de Córdoba.
Provincia de Córdoba, Argentina (Angel Villegas et al., 2013;
Baronetti et al., 2011). The E. coli strains were grown in Tryptic
Soy Broth(TSB) at 37 �C for 18 h, and stock cultures were preserved
at �80 �C using glycerol 15% (v/v) as the cryoprotectant. The Ethics
and Research Committee of the Universidad Nacional de Córdoba
approved this study.
2.2. Detection of virulence genes

For DNA extraction, from each plate of STEC some isolates (5–7
per Sorbiol MacConkey agar) were randomly selected and cultured
in 0.8 mL of Luria-Bertani broth for 24 h at 37 �C, with shaking for
DNA extraction. The DNA template was isolated by incubating
10 lL of bacterial culture in 500 lL of sterile bidistilled H2O at
100 �C for 10 min.

Each strain was analyzed using a multiplex polymerase chain
reaction (Multiplex PCR) to detect the presence of stx1, stx2, eae
(Al Safadi et al., 2012) and hly (Fernández et al., 2013). Samples
(5 lL) of each extract were amplified in 50 lL reaction mixtures
containing 200 lM concentrations of deoxynucleoside triphos-
phate, approximately 250 nM of each primer, and 1 U of Taq poly-
merase (Highway) in 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 2 mM
MgCl2, 0.1% gelatin, 0.1% Tween 20, and 0.1% Nonidet P-40. The
PCR reaction mixtures were electrophoresed on 2% agarose gels,
stained with ethidium bromide and visualized under UV
transillumination (300 nm). The reference strain E. coli EDL 933
(strain N� 3) was used as a positive control.

The primers used were as follows: for stx1, 50ATAAATCGC CAT
TCGTTGACTAC and 50AGAACGCCCACTGAGATCATC; and for stx2,
50GGCACTGTCTGAAACTGCTCC and 50TCGCCAGTTATCTGACATTCT
G. The eae primers were 50GACCCGGCACAAGCA TAAGC and
50CCACCTGCAGCAACAAGAGG; and for hly, 50GCATCATCAAGC
GTACGTTCC and 50AATGAGCCAAGCTGGTTAAGCT (Paton and
Paton, 2002).

2.3. Extracellular Shiga toxin measurement

For the detection of Stx1 and Stx2, the rapid optical immunoas-
say (OIA) BioStar OIA SHIGATOX kit (Inverness Medical
Professional Diagnostics, Inc.) was used, according to the manufac-
turer’s instructions. Although this assay can detect both Stx1 and
Stx2, it is not able to differentiate between them (Teel et al.,
2007). The inactivated purified Shiga toxin was used as positive
control and buffered protein solution as negative control.

2.4. Antimicrobial susceptibility testing

The antimicrobial susceptibility testing of ciprofloxacin (CIP),
fosfomycin (FOS) and rifaximin (RIF) in planktonic cells was evalu-
ated. CIP (Parafarm, Argentina) was provided by the manufacturer,
with RIF (Aventis-Sanofi, Argentina) and FOS (Sigma-Aldrich,
Germany) being purchased from commercial suppliers. These
ATBs were selected because they were used during outbreaks
caused by this bacterium (McGannon et al., 2010; Ochoa et al.,
2007; Zhang et al., 2000). FOS is currently the most commonly
used antimicrobial agent for the treatment of infections with
Shiga toxin-producing E. coli, whereas RIF is licensed in many
countries for the treatment of traveler’s diarrhea. However there
are no studies on the effect on biofilms of STEC.

For CIP, the three strains evaluated and the minimal inhibitory
concentrations (MICs) were determined by the tube microdilution
method, according to Clinical and Laboratory Standards Institute
(CLSI) guidelines (CLSI: M100-S20, 2010). The strains were classi-
fied as susceptible to CIP when they presented MICs less than or
equal to 4 lg/mL, and as resistant when exhibiting MICs higher
than 4 lg/mL. CIP was tested in the range 7.8 � 10�3 to 64 lg/mL.

The MICs of FOS were determined by the agar dilution method
according to the guidelines of the CLSI (CLSI: M100-S20, 2010),
using Mueller-Hinton agar supplemented with 25 lg/mL of
glucose-6-phosphate. The strains were classified as susceptible to
FOS when they presented MICs less than or equal to 64 lg/mL,
and as resistant when exhibiting MICs higher than or equal to
256 lg/mL. The MICs of RIF were determined by the agar dilution
method using a breakpoint of 32 lg/mL between susceptible
(632 lg/mL) and resistant (>32 lg/mL) strains (Bielaszewska
et al., 2012; Kothary et al., 2013). FOS and RIF were tested in the
range 0.5 to 128 lg/mL.

2.5. Biofilm formation of STEC

The assay to quantify the E. coli biofilms formation used for this
study was adapted from the method of O’Toole and Kolter (1998),
which is based on the ability of bacteria to form biofilms on solid
surfaces and uses CV to stain biofilms (O’Toole and Kolter, 1998).

Briefly, a final cell concentration of approximately 1 � 107 col-
ony count (CFU)/mL was mixed with 200 mL of TSB in each well
of flat-bottomed microtiter plates (96-well, Greiner Bio-One,
Germany), at 37 �C for 24 h without shaking. After an adsorption
period of 24 h, the planktonic cells were removed. Each well was
washed 2 times with 200 lL of phosphate buffered saline (PBS),
and fresh culture medium with different antibiotic concentrations
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was added. The MICs of planktonic cells were used to calculate the
sub-inhibitory concentrations (sub-MICs) for values between 1/8
and 1/2, and at supra concentrations (supra-MICs) of 10–1000
times the MIC values. The microplates were incubated for 24 h at
37 �C, and the formation of biofilms was quantified.

The effects of CIP, FOS and RIF against a 24-h biofilm were eval-
uated, and the biofilms without antimicrobial were used as con-
trols. The results were also expressed as Biofilm Biomass Unit
(BBU) reduction (%) respect to the controls.

After incubation, the supernatant of each strain was centrifuged
at 17,228g, 10 min at 4 �C, filtered with a 0.22 lm membrane to
determine the cellular stress and the cytotoxicity effects, and the
plates were washed three times with 200 lL of PBS pH 7.2. The
plates were then air dried for 24 h prior to staining the adherent
biofilms in each well, before being stained with 200 lL of 1%
(w/v) CV in water for 30 min. Finally, the plates were rinsed very
gently with running distilled water until no stain was visible. The
attached crystal violet was eluted with a mixture of 70% ethanol
and 30% acetone, and the optical density (OD) was determined at
595 nm using a microplate reader (Tecan Sunrise Model, TECAN,
AUS).

A microtiter plate biofilm assay was performed in triplicate
for all strains, and the average and standard deviations were
calculated for all experiments. The average OD from the control
wells (ODc) was subtracted from the OD of all the test wells.
Strains were classified as follows: OD 6 ODc = no biofilm producer;
ODc < OD 6 (2 � ODc) = weak biofilm producer; (2 � ODc) < OD 6
(4 � ODc) = moderate biofilm producer; and (4 � ODc) < OD =
strong biofilm producer (Rivas et al., 2007). The BBU was arbitrarily
defined with 0.1 OD595 equal to 1 BBU (Arce Miranda et al., 2011;
Angel Villegas et al., 2013).

In another plate, after treatment with antibiotics, each well was
washed three times and sonicated (40 kHz, 60 s) to remove adher-
ent bacteria. Fifty microliters of bacterial suspension were plated
onto Tryptic Soy Agar (TSA) plates and incubated at 37 �C for
24 h, and the viable bacteria were determined by CFU/mL for cor-
relation studies with BBU.

2.6. Assays for oxidative metabolites and antioxidative activity

The production of ROS was detected spectrophotometrically at
540 nm using a nitroblue tetrazolium (NBT-Sigma) assay (Arce
Miranda et al., 2011; Angel Villegas et al., 2013).

Nitric oxide production was determined by measuring the accu-
mulation of its stable degradation products, nitrate and nitrite,
using the Griess reaction.

Activity of SOD was determined based on inhibition of NBT
reduction. The reduction of NBT by superoxide radicals to blue col-
ored formazan was followed at 560 nm (Baronetti et al., 2013). The
results were expressed as SOD activation (%)/BBU.

Activity of CAT was determined by treating biofilms with 50 lL
of PBS, 40 lL of 0.2 M H2O2 and 200 lL of 0.2 M potassium dichro-
mate (K2Cr2O7) solution in glacial acetic acid and different concen-
trations of pure CAT were used for the reaction curve. The OD was
determined at 570 nm, and the results were expressed as CAT
(U)/BBU (Arce Miranda et al., 2011; Angel Villegas et al., 2013).

2.7. Exogenous antioxidant effects

The presence of the exogenous antioxidants tiron-Sigma
(50 mM), glutathione-Sigma (10 mM) and ascorbic acid-Sigma
(10 mM) on the biofilm with CIP was studied for inhibition of the
oxidative metabolites of oxygen. Tiron is a scavenger of O2

��, while
glutathione reduced acts against several oxidizing compounds
such as hydrogen peroxide, O2

��, OH� and reactive carbon species
(Paez et al., 2010). Ascorbic acid or vitamin C is also considered
to be an antioxidant by acting as a scavenger of free radicals, as
when oxidizing it transfer its electrons thereby preventing the oxi-
dation of other compounds (Padayatty et al., 2003).

2.8. Vero cell cytotoxicity assay

The cytotoxicity of culture supernatants was evaluated by the
Vero cell assay. The Vero cells were grown at 37 �C in Eagle’s min-
imal essential medium (MEM) supplemented with 10% (vol/vol)
fetal calf serum, 100 mg/L penicillin, 200 mg/L streptomycin, and
2.2 g/L NaHCO3 in an atmosphere of 5% CO2. The supernatant of
each strain for different culture conditions was centrifuged at
17,228g, 10 min at 4 �C, filtered with 0.22 lm membrane, and
50 lL of each one were inoculated in 96-well-plates containing
4 � 104 freshly trypsinized Vero cells before being incubated 72 h
at 37 �C in a 5% CO2 atmosphere. The cell monolayers were fixed
with 10% (v/v) formaldehyde and then stained with 0.2% (w/v)
CV in PBS (Krüger et al., 2011; Fernández et al., 2013). Cultures
were examined after 72 h by counting 50 fields with an inverted
optical microscope and 100� magnification (Carl Zeiss: Munich,
Germany). For image analysis, three investigators (N.A.V., I.A.,
and M.G.P.) evaluated the images independently in a blinded retro-
spective manner. Results were expressed as the percentage of
damage (%)/BBU, with Stx2 purified (Sigma) being used as positive
control (Rivas et al., 2007).

2.9. Statistical analysis

On each microtiter plates, the biofilm formation was evaluated
in 3 wells for each treatment. Three independent experiments (in
three different microtiter plates) were performed to reach final
results (n = 3). Data represents the values of samples from three
independent biological evaluations ± SD. Differences between
means were assessed using ANOVA followed by Student–
Newman Keuls test for multiple comparisons. A ⁄p < 0.01 reflect
the statistical difference between control and experimental
conditions.
3. Results

3.1. Detection of virulence genes of STEC

The Multiplex PCR technique was used based on the presence of
four virulence genes. All strains were positive for the hly (hemoly-
sin) and eaeA (intimin) genes. E. coli O 111: H- (strain N� 1) carried
the stx1 gene, and E. coli O157:H7 (strain N� 2) and EDL (strain N�
3) carried both the stx1 and stx2 genes.

3.2. Quantification of biofilm formation by STEC strains

The biofilm-forming abilities of the STEC strains were investi-
gated on polystyrene in microtiter plates. The BBU of E. coli O
111: H- (strain N� 1), E. coli O157:H7 (strain N� 2) and E. coli EDL
933 (strain N� 3) was 1.04 ± 0.02, 1.02 ± 0.02 and 1.08 ± 0.03,
respectively, indicating a moderate level of biofilm (Fig. 1).

To determine the appropriate antibiotic concentrations for the
following biofilm experiments, antibiotic susceptibility was exam-
ined for planktonic cells. The strains N� 2 and N� 3 were susceptible
to CIP, with MICs of 0.015 and 0.031 lg/mL, respectively, while
strain N� 1 was resistant to the antibiotic (MIC = 32 lg/mL). All
strains were classified as being susceptible to RIF and FOS, with
MICs of 32 lg/mL and MICs of 2 lg/mL respectively.

Based on these experimental results with planktonic cells,
antibiotic susceptibility was examined in the sessile cells of bio-
films and the following three antibiotic concentrations were used



Fig. 1. Quantification of antibiotic effect on biofilms of STEC: (A) By crystal violet (CV) staining expressed as biofilm biomass units (BBU) with fosfomycin (FOS), rifaximin
(RIF) and ciprofloxacin (CIP) at sub-MIC, MIC and supra-MIC concentrations. (B) Reduction (%) respect to the control of STEC biofilms for each antimicrobial agent.
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for the biofilm experiments: MICs/4 for sub-MICs; MICs; and
1000 �MICs for supra-MICs (Fig. 1A), with the percentage reduc-
tion with respect to the control of each antimicrobial agent against
24-h bacterial biofilms being shown in Fig. 1B. The cell viability of
biofilms decreased with increased concentration for the three ATB
assays. However, CIP revealed a high percentage reduction (%) of
biofilms for each concentration, with a less marked effect being
observed with FOS. The strains N� 1 and N� 3 were more suscepti-
ble to CIP, with 87% of sessile cells being eliminated at the
supra-MIC concentration. For all conditions, Stx release was
observed from the supernatant by using OIA SHIGATOX kit.
3.3. Oxidative metabolites and antioxidant activity by STEC biofilms

Biofilms of STEC produced detectable amounts of ROS and RNI,
as evaluated by the NBT and Griess assays, respectively, with both
experiments being useful in determining the relationship between
stress metabolites and the biofilm BBU. The data in Fig. 2A from
strain N� 2 indicated a decrease of ROS as the antibiotic concentra-
tion increased, which was much greater at supra-MICs. We found
similar patterns of stress metabolites (ROS and RNI) in the biofilms
with the addition of ATB, with a bigger decrease of RNI being
observed with CIP (B) than for other ATB assays. Similar results
were also found for the other strains studied (data not shown).

The SOD and CAT activities were studied in an attempt to corre-
late BBU with changes in ROS and RNI production under different
antibiotic concentrations (Fig. 2C and D). SOD and CAT activity
were increased for the three concentrations, being more significant
at supra-MICs concentrations. In addition higher levels of enzymes
were induced by CIP.

On analyzing the oxidative cellular balance as antioxidant
enzymes/oxidative metabolites, a significant imbalance was
observed, with an increase in antioxidant enzyme activity (SOD)
and with low levels of ROS with CIP being found. In the basal con-
dition, the ratio (SOD/ROS) increased from 24.77 to 1456.37 at
supra-MIC concentrations of CIP. However, FOS and RIF produced
less alteration of the oxidative cellular balance, with values of
127.88 and 168.73, being recorded respectively.

3.4. Vero cell cytotoxicity assay

To quantify the potential damage induced by Stx released from
biofilms, the percentage of Vero cell cytotoxicity was evaluated.
The results summarized in Fig. 3A indicate that Stx release was
observed from biofilms with an average of 50% cytotoxic damage,
which was proportional to the increase in CIP concentrations,
and also showed a significant increase in cellular toxicity. The max-
imum effect of cytotoxicity (more than 85%) was observed with the
supra-MIC concentrations for the three strains. A similar toxin
release was observed when the biofilms were treated with differ-
ent concentrations of FOS or RIF, with the amount of free Shiga
toxin release not differing between STEC strains grown at different
ATBs. The cytotoxic effects were evaluated after 72 h by light
microscopy, and micrographs of one representative independent
experiment of strain N� 2 are depicted in Fig. 3B. The Vero cells
treated with different concentrations of ATBs did not show any
cytotoxic effects.

3.5. Exogenous antioxidant effects

The effect of CIP on the biofilms in the presence of the exoge-
nous antioxidants tiron, glutathione or ascorbic acid was investi-
gated for inhibition of the oxidative metabolites of cellular stress.
In the presence of tiron (50 mM), which acts as a scavenger of
O2
��, a significant increase in BBU with CIP at all concentrations

studied was found with respect to the non-aggregated of tiron
(Fig. 4A), for strain N� 2, with similar results also being obtained
for the other strains (data not shown). With the scavenger present,
ROS showed a marked decrease at sub-MICs and MICs (Fig. 4B).
However, the levels of RNI increased (Fig. 4C) with SOD activity



Fig. 2. Metabolites of oxidative stress in STEC biofilms: Oxidative stress metabolites were evaluated at sub-MIC, MIC and supra-MIC concentrations with ciprofloxacin (CIP),
fosfomycin (FOS) and rifaximin (RIF) of strain N� 2. (A) ROS and BBU ratio (ROS/BBU) determined by NBT assay. (B) RNI and BBU ratio (RNI/BBU) determined by Griess method.
Antioxidant defenses in biofilms of STEC: Enzymatic defense systems were evaluated at sub-MIC, MIC and supra-MIC concentrations with CIP, FOS and RIF of strain N� 2. (C)
SOD activation (%)/BBU and (D) CAT (U)/BBU. The experiments were performed in triplicate (n = 3) and data represents the values of samples from three independent
biological evaluations ± SD. A ⁄p < 0.01 reflect the statistical difference between control and experimental conditions.

Fig. 3. Vero cell cytotoxicity assay: (A) The Cytotoxic effect (%)/BBU with fosfomycin (FOS), rifaximin (RIF) and ciprofloxacin (CIP) at sub-MIC, MIC and supra-MIC
concentrations was determined by light microscopy after staining the cells. (B) Micrographs of one representative independent experiment of strain N� 2 with CIP are
depicted and ⁄p < 0.01 reflect the statistical difference between control and experimental conditions.
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Fig. 4. Exogenous antioxidant effects with ciprofloxacin (CIP): Different parameters were evaluated at sub-MIC, MIC and supra-MIC concentrations, in the presence or
absence of Tiron (T). (A) Biofilms of strain N� 2 were expressed as BBU (bars) and the Vero cell cytotoxicity effect shown as (%)/BBU lines. (B) ROS BBU ratio (ROS/BBU), (C) RNI
BBU ratio (RNI/BBU) and (D) Percentage of SOD activation/BBU. Each bar represents the values of samples from three independent experiments ± SD. The experiments were
performed in triplicate (n = 3) and data represents the values of samples from three independent biological evaluations ± SD. A ⁄p < 0.01 reflect the statistical difference
between control and experimental conditions.
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remaining at basal levels (Fig. 4D) as stress did not occur. At supra
MIC concentrations the oxidative metabolites increased along with
the antioxidant enzymes.

Toxin release significantly decreased with the addition of the
exogenous antioxidant tiron (Fig. 4A). This behavior was observed
with glutathione and ascorbic acid. The Vero cells treated with dif-
ferent antioxidant did not show cytotoxic effect.

4. Discussion

Although STEC is susceptible to commonly used antibiotics, the
antimicrobial therapy is controversial because of the effect on the
induction of the lytic cycle of the phage containing genes encoding
Stx (Zhang et al., 2000). Certain antibiotics promote Shiga toxin
production by enhancing the replication and expression of stx
genes that are encoded within a chromosomally integrated lamb-
doid prophage genome, with Stx induction also promoting
phage-mediated lysis of the EHEC cell envelope, thereby permit-
ting the release and dissemination of Shiga toxin into the environ-
ment (Nguyen and Sperandio, 2012).

Previous studies performed with STEC showed an increased in
Stx2 production by fluoroquinolones, trimethoprim/sulfamethoxa-
zole and ampicillin (Kimmitt et al., 2000; Lee and Stein, 2009;
McGannon et al., 2010; Zhang et al., 2009) whereas carbapenems
(Kimmitt et al., 2000; Lee and Stein, 2009), aminoglycosides
(Kimmitt et al., 2000; McGannon et al., 2010) macrolides
(McGannon et al., 2010; Zhang et al., 2009), (Kimmitt et al.,
2000; McGannon et al., 2010), and fosfomycin either suppressed
or had no effect on the production and release of Stx. In contrast
with CIP, RIF might be considered to be an option for the treatment
of diarrhea of unclear etiology, because it does not induce
stx-phages or Stx production. Moreover, this antibiotic has been
authorized in many countries to treat traveler’s diarrhea (Ochoa
et al., 2007; Bielaszewska et al., 2012).

Induction of Shiga toxin-converting prophage in its host (E. coli
O157:H7) occurs not only in the presence of antibiotics, but also
under conditions of oxidative stress (H2O2). Previously published
reports have indicated that oxidative stress conditions might occur
during the colonization of human intestine by enteric bacteria, and
that neutrophil-produced H2O2 can increase production of the
Shiga toxin in a clinical isolate of STEC. These results suggest that
oxidative stress may be one of the factors responsible for stimulat-
ing the pathogenicity determinants of STEC (Loś et al., 2010).

There is increasing evidence that the mechanism of cell death
initiated by some ATBs involves the production of ROS as a sec-
ondary mechanism (Kohanski et al., 2007; Dwyer et al., 2007). In
planktonic cells, the induction of ROS following the treatment of
bacteria with antibiotics has been well documented in the case
of quinolones (Albesa et al., 2004; Goswami et al., 2006; Dwyer
et al., 2007), ampicillin (Kohanski et al., 2008), aminoglycosides
(Kolodkin-Gal et al., 2008; Kohanski et al., 2008), chloramphenicol
(Albesa et al., 2004; Páez et al., 2013; Kolodkin-Gal and
Engelberg-Kulka, 2008), trimethoprim (Kolodkin-Gal and
Engelberg-Kulka, 2008) and ciprofloxacin (Aiassa et al., 2012;
Páez et al., 2013). All these afore-mentioned antibiotics induce
oxidative stress regardless of their specific targets (Páez et al.,
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2011), and the mechanism of antibiotic-mediated ROS formation
has already been partly revealed. Kohanski et al. (2007) demon-
strated that the general mechanism of lethal OH� production in
the presence of bactericidal ATB involves the transient depletion
of NADH, and proposed that aminoglycoside antibiotics induce
mistranslation and misfolding of membrane-associated proteins,
causing activation of the envelope stress response and
redox-responsive two component signal systems, which in turn
results in production of OH� (Kohanski et al., 2008). The role of
ROS in antibiotic mediated cell death is also supported by the fact
that mutations in genes belonging to the ROS defense increase
drug sensitivity [32]. However, Kuczynska-Wisnik et al found that
oxidative stress promoted by H2O2 may inhibit E. coli biofilm for-
mation, (Kuczynska-Wisnik et al., 2010).

Although adaptive responses against oxidative stress caused by
these ROS have been extensively studied with planktonic cells,
comparatively little is known about the biofilm responses, with
the basis for this apparent acquired resistance being currently
unknown. Oxidative imbalance is due to an overproduction of
ROS or through a reduction in the oxidative defenses being insuffi-
cient to remove the free radicals, and therefore the antioxidant sys-
tem plays a very important role in the control of this process.

Recent research has attempted to define the contributions of
various structures and their potential in colonization and has
focused on the identification of virulence factors of STEC strains
associated with human disease and biofilm formation. For exam-
ple, adhesins encoded in the LEE positive STEC genome are likely
to contribute to the colonization of the intestinal epithelium and
other surfaces such as foods. In STEC O157:H7, the hemorrhagic
coli pilus (HCP) is a type IV pilus, which forms long bundled fibers
that are able to attach to extracellular matrix proteins on epithelial
cells. This multifunctional pilus may trigger host immune
responses (Ledesma et al., 2010) that contribute to phenotypes
such as twitching motility, biofilm formation and in vitro cell inva-
sion (Croxen et al., 2013). In addition, the autotransporters EhaA
and EhaB contribute to adherence to primary bovine epithelial cells
and promote biofilm formation. Similarly, a calcium-binding and
heatextractable AT protein of EHEC (Cah) can promote cell-to-cell
aggregation and biofilm formation (Croxen et al., 2013).
However, the contributions of EhaA, EhaB and Cah in intestinal col-
onization remain unknown.

The O104:H4 outbreak strain readily forms biofilms when
grown in non-planktonic conditions that favor biofilm formation.
Although it lacks LEE, it has pAA, which is important for aggrega-
tive adherence and biofilm formation (Bielaszewska et al., 2011).
Al Safadi et al reported that the formation of a biofilm in vivo con-
tributes to enhanced virulence gene expression and an increased
likelihood of kidney damage, suggesting that the O104:H4 strain
expresses genes that are important for biofilm formation during
in vivo infection. In bacterial attachment, the polysaccharide adhe-
sin (PGA) facilitates the transition from temporary to permanent,
with the increase in vivo pgaA expression observed at seven days
also supporting the hypothesis that biofilm formation is an impor-
tant first step in E. coli O104:H4 pathogenesis (Al Safadi et al.,
2012).

Based on the above findings, we hypothesize that biofilms could
represent strategies for STEC to survive in the complex host envi-
ronment, as they are inadvertently enhancing bacterial virulence.
This increased virulence resulting from survival within a biofilm
may also have implications in toxin production. To develop an effi-
cient antibacterial treatment, it is therefore important to under-
stand the mechanisms underlying the biofilm in the presence of
antibiotics, and to our knowledge this is the first study that has
attempted to correlate the alteration of the oxidative cellular bal-
ance (antioxidant enzymes/oxidative metabolites) and its effect
on the production and release of Stx from biofilms. This oxidative
imbalance produced in biofilms by different ATBs may have an
important role in the pathogenesis of infections caused by STEC.

Recently, we reported that the release of Stx from STEC biofilms
may have been affected by environmental conditions (Angel
Villegas et al., 2013). In the present study, O157 and non-O157
clinical strains obtained from children with HUS were treated with
three antibiotics, of which two were lytic and one was non-lytic, in
order to investigate the effects of different concentrations on the
release of Stx from biofilms. It was found that cell viability of bio-
films decreased with increased concentration of the three ATB
assays, but no significant differences between the strains were
observed. However, CIP reduced the biofilms at all the concentra-
tions assayed compared to RIF and FOS, with FOS in particular hav-
ing a very poor effect on biofilms. The strains N� 1 and N� 3 were
more susceptible to CIP compared to strain N� 2, with 87% of sessile
cells being eliminated at different concentrations. In addition, no
concentration of CIP was able to eradicate the biofilms.

MICs have long been the standard for antibiotic susceptibility
testing, as they can measure the actions of antibiotics against
planktonic organisms and serve as an important reference in the
treatment of many acute infections. However, the application of
MICs in the treatment of infections involving bacterial biofilms is
often ineffective (Nguyen et al., 2011; Paraje, 2011), with numer-
ous studies having now demonstrated that biofilm-grown microor-
ganisms have an inherent lack of susceptibility to antibiotics, in
contrast with planktonic cultures of this same organism (Ryu and
Beuchat, 2005). This difference in antibiotic susceptibility between
planktonic and biofilm populations of the same organism may
result from differences in the diffusion of antibiotics, or be due to
much more complex changes in the microbial physiology of the
biofilm (Paraje, 2011).

In the present study, depending on the MICs of each ATB, three
concentrations were chosen in order to perform studies to deter-
mine the relationships between oxidative cellular stress and the
release of Stx by disturbance of the prooxidant-antioxidant bal-
ance. Similar patterns of stress metabolites (ROS and RNI) were
found in the biofilms of the three strains, with there being a
decrease of the levels of these species as the antibiotic concentra-
tions increased, and with an important reduction being observed at
supra-MICs. In addition, as a response to cellular stress, the level of
antioxidant enzyme activities increased significantly at
supra-MICs, this correlated with the low levels of ROS.

We found that CIP significantly increased Stx release, but FOS and
RIF had less influence on the release of Stx from biofilms, with no sig-
nificant differences being observed between different concentra-
tions. CIP produced the highest imbalance in the prooxidant
-antioxidant balance, with an increase in antioxidant enzyme activ-
ity and a high-level of Stx production being released from biofilms.
However, FOS and RIF produced fewer alterations in the oxidative
cellular balance (antioxidant enzymes/oxidative metabolites), with
minimal cytotoxic effects on Vero cells being observed.

To try to confirm that ROS contributed to the inhibition of bio-
film growth caused by the antibiotic, we supplemented the med-
ium with different ROS scavengers. CIP was then chosen because
it generated the highest alteration in the prooxidant-antioxidant
balance. We expected that exogenous antioxidants would suppress
oxidative metabolite production and facilitate the formation of
E. coli biofilm in the presence of CIP, and it was found that this
increased biofilm growth, with fewer imbalances observed in the
oxidative stress and minimal Stx release. Tiron acts as a scavenger
of O2

��, and as a result of its addition, a significant increase in bio-
mass biofilms at all concentrations studied was noted. ROS showed
a marked decrease, but the levels of RNI were observed to increase.
The toxin release significantly decreased with the addition of
exogenous antioxidants, revealing a relationship with ROS. The dis-
turbance in the prooxidant-antioxidant balance for the different
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antibiotics CIP, FOS and RIF caused oxidative stress in biofilms, and
had an effect on the production and release of Stx. These findings
might contribute to a better understanding of the relevance of bio-
films in the pathogenesis of STEC infection.

Boles and Singh showed that endogenous oxidative stress in
biofilms promotes antibiotic resistance, and that the addition of
antioxidants reduces the diversity of biofilms (Boles and Singh,
2008). Recently, it was also observed that the increased production
of oxidative stress causes changes in the extracellular polysaccha-
ride (EPS) in biofilms of Staphylococcus aureus (Arce Miranda et al.,
2011). In addition, the role of the periplasmic antioxidant enzymes
of the Shiga toxin-producing E. coli O157:H7 in the formation of
biofilms was studied by proteomic analyses, and significantly
higher expression levels of zinc superoxide dismutase and thiol
peroxidase were found in STEC cells grown under biofilm condi-
tions than under planktonic conditions (Kim et al., 2006).

The addition of different antioxidants increased the basal pro-
duction of NO2, which augmented further in the presence of differ-
ent concentrations of CIP. It was found that there may be an
inverse relationship between ROS generation and the production
of NO2, and this relationship was revealed by the addition of scav-
engers. The increase of RNI observed with a decrease of BBU at
supra-MICs agrees with the reports of other authors. Barraud
et al. (2006) detected ONOO� inside microcolonies in
Pseudomonas aeruginosa biofilms, with ONOO� being formed from
NO oxidation, but only in the presence of ROS (Barraud et al.,
2006). In another study, Schlag et al. (2007) characterized the
response of S. aureus to nitrite induced stress and showed that it
involved the impairment of PIA synthesis and biofilm formation
(Schlag et al., 2007). They also provided evidence that
nitrite-derived NO played a role in the inhibition of biofilm forma-
tion, and that biofilm-embedded staphylococci could be efficiently
killed by nitrite in an acidic environment. In the present study, we
observed that nitrosative stress could be produced inside the bio-
films, thereby affecting their growth.

One of the crucial findings of our study was that the antibiotics
proposed for therapeutic or prophylactic use during an STEC out-
break induce the STECs in biofilms to release the Stxs at different
amounts but with none being able to eradicate biofilms in an
in vitro system. However, further studies using animal models
are necessary to determine whether or not the favorable effects
on Stx2 production observed in vitro can be confirmed in vivo.

In future, an improved knowledge of the mechanisms involved
in the release of toxins during biofilm formation would contribute
to a better understanding of the pathogenesis of STEC.
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