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Hemolysin (HlyA) produced by some stains of Escherichia coli is considered to be an
important virulence factor of those bacteria. On the other hand, reactive oxygen species
(ROS) have been reported to be involved in the pathogenesis of different diseases via
oxidative stress generation. The purpose of this study was to analyze the capacity of HlyA
to induce oxidative stress in whole blood cultures (WBCs). To this end, ROS production, the
damage induced in lipids and proteins, and the antioxidant defense system was evaluated
in blood cultures exposed to low concentrations of HlyA. We found that HlyA increased the
level of free radicals detected by chemiluminescence assay. Moreover, lipid peroxidation
and protein damage was significantly increased in cultures treated with HlyA in com-
paration with those found in control cultures. On the other hand, a decrease in total
antioxidant capacity of plasma and in the activity of superoxide dismutase (SOD) was
observed in plasma from blood treated with HlyA. Collectively, our data demonstrate that
low concentrations of E. coli hemolysin induced oxidative stress in WBCs with the in-
duction of different oxidative damage biomarkers.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Escherichia coli is an important food-borne pathogen in
Argentina and other parts of the world. The infections
caused by these bacteria are responsible for widespread
disease, including for example, hemolytic uremic syn-
drome (HUS), pyelonephritis, septicemia and gastroenter-
itis (Heffernan et al., 2009; Bentancor et al., 2007). During
the infection, E. coli secretes different products, including
shiga toxin (Stx) and Hemolysin (HlyA) (Proulx et al., 2001;
Welch et al., 1995) with the latter being a pore-forming
toxin which requires the hlyCABD operon for its correct
synthesis and extracellular liberation (Welch et al., 1995).
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Numerous effects on different cellular populations have
been attributed to sublytic concentrations of HlyA,
including lipoxygenase product formation, liberation of
reactive oxygen species (ROS) such as the superoxide anion
ðO2

�Þ, and also of reactive nitrogen intermediates (RNI), for
example nitric oxide (NO) (Grimminger et al., 1991; Bhakdi
and Martin, 1991; Suttorp et al., 1993).

Oxidative stress is caused by an imbalance between the
production of oxidants, such as the free radicals, peroxide
and nitric oxide, and the levels of antioxidants present in
the biological system. In this situation, the overproduction
of ROS can lead to the damage of cellular components
including lipids, protein, and DNA (Albesa et al., 2004;
Baronetti et al., 2011). If this damage is not repaired,
mutagenesis and cellular death can occur, which probably
participate in the pathogenesis of different diseases such as
Alzheimers, multiple sclerosis, diabetes and infectious
diseases including Chagas disease, bacterial meningitis and
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hepatitis (Moreira et al., 2005; Gonsette, 2008; Hakim and
Pflueger, 2010; Gupta et al., 2009; Kastenbauer et al., 2002;
Pal et al., 2010).

Many different biomarkers have been used to follow
the development of the oxidative stress in these diseases.
For example, carbonyl residues and advanced oxidation
protein products (AOPP) are the two parameters usually
used to evaluate the level of oxidative damage to proteins
(Fredriksson et al., 2005; Halliwell and Whiteman, 2004).
In addition, with respect to the lipidic damage induced by
oxidating stress, malonyldialdehyde (MDA) is also a well-
known biomarker of this process (Niki, 2009). On the
other hand, this oxidative imbalance, with over-
production of ROS, can be caused by a reduction in the
oxidative defenses which are insufficient to removal the
free radicals and therefore the antioxidant system plays a
very important role in the control of this process. The
main enzymes of this system, involved in the detoxifi-
cation of ROS, are superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and glutathione
reductase (GSSGR) (Sardesai, 1995; Inal et al., 2002). With
respect to SOD, which reduces O2

� concentrations, a
decrease in its activity has been observed in diseases
associated with oxidative stress, such as chronic bacterial
prostatitis and schizophrenia (Lou et al., 2006; Zhang
et al., 2006).

In conclusion, considering that oxidative stress has
been linked to illnesses associated with E. coli infections
such as HUS and pyelonephritis (Celik et al., 2007), and
that HlyA is a very important factor of virulence of this
bacterium, the objective of this study was to analyze the
capacity of this toxin to induce oxidative stress in whole
blood cultures (WBCs), which could contribute to the
understanding of the pathogenesis of infection by this
pathogen.

2. Material and methods

2.1. Culture conditions and purification of E. coli HlyA

The clinically isolated E. coli (associated with hemo-
lytic uremic syndrome) was kindly provided by the
Microbiology Laboratory of the Pediatric Hospital of
Córdoba, Provincia de Córdoba, Argentina. Stock cultures
were preserved at �80 �C using glycerol 1% (v/v) as the
cryoprotectant and the E. coli strain was grown in tryptic
soy broth at 37 �C. Bacteria were then pelleted by
centrifugation at 16,000 g for 15 min at 4 �C, and the
cell-free culture supernatants were obtained. The su-
pernatant was precipitated with solid ammonium sulfate
(55% w/v) at 4 �C and after 1 h the precipitate was
collected by centrifugation (20,000 g, 30 min, 4 �C),
redissolved in TCU buffer (20 mM Tris/HCL, 150 mM
NaCl, 6 M urea; pH 7.0) and dialyzed. Then, the sample
was subjected to gel chromatography in a Sephadex G-
200 (40 cm long and 2 cm in diameter) and eluted with
TCU buffer. The fractions obtained were assayed for
proteins and for hemolytic activity and the toxin purity
was assessed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) with silver staining
(Paraje et al., 2005a, b).
2.2. Hemolytic activity

Erythrocytes were obtained from the heparinized blood
of healthy individuals after University Human Ethics
Committee protocol approval. Red cells were washed three
times with phosphate-buffered saline (PBS)-albumin
(0.1 mg/ml) plus CaCl2 (20 mM) before suspension prepa-
ration. To 100 ml of diluted toxin,100 ml of a 0.6% suspension
of washed erythrocytes were added which was followed by
incubation at 37 �C for 30 min. The percentage of hemolysis
was determined by measuring the absorbance at 540 nm,
and 100% of lysis was reached by incubation of erythrocytes
with water. The hemolytic activity (hemolitic activity (HU/
ml)) was taken to be the dilution of HlyA preparation able
to produce 50% lysis in a 0.6% erythrocyte suspension
(Paraje et al., 2005a, 2005b).

2.3. Detection of ROS by chemiluminescence (CL)

The capability of HlyA to generate ROS was
examined in venous whole blood cultures (WBCs)
using 3-aminophthalhydrazide 5-amino-2,3-dihydro-
1,4-phthalazinedione (luminol) sensitized chemilumine-
scence (CL). All experiments were carried out following the
guidelines of the Ethics Committee of Cordoba University
with blood of normal volunteers. The production of ROS in
10 ml of whole blood was measured with 10 ml of Hanks’Ba-
lanced Salt Solution (HBSS) and 600 ml of reagent mixture,
composed of 5 ml of 0.067% luminol in HBSS, 0.2 ml of 5%
glucose,1ml of Ringer Lactate Solution and 3.6ml of distilled
water. Then, 10 ml of different concentrations of toxin were
added and the CL was tested in a BioOrbit luminometer with
the light emission results being expressed as relative light
units (RLU). Controls were performed with 10 ml of PBS
instead of toxin (Paraje et al., 2005a, 2005b).

2.4. Culture conditions

Two ml of whole blood were incubated with an equal
volume of HlyA (0.4 and 0.2 HU/ml) or PBS negative control
for 4 h. Then, the blood samples were centrifuged at 900 g
for 10 min, and the plasma obtained was transferred into
separate tubes.

2.5. Lipid peroxidation

150 ml of plasma samplewasmixedwith 300 ml of a TCA–
TBA–HCl reagent [Trichloroacetic acid (TCA): 15% w/v, thi-
obarbituric acid (TBA) 0.375%, hydrochloric acid (HCl)
0.25 N] and heated in boiling water for 30 min. An ice bath
was then used to cool the samples, after which, they were
centrifuged at 1500 g and the absorbance of the supernatant
was determined by spectrophotometry at 535 nm. The
reference standard usedwas 1,1,3,3 tetraethoxypropane and
MDA levels were expressed in mmol/L (Becerra et al., 2006).

2.6. Determination of advanced oxidation protein products
(AOPP)

One ml of plasma diluted 1/5 in PBS was analyzed with
0.1 ml of acetic acid and 50 ml of potassium iodide (IK)



Fig. 1. Effect of HlyA on production of ROS by blood cells. Whole blood was
exposed to different concentrations of HlyA (0.4, 0.2 or 0.1 hemolytic activity
(HU)/ml) or PBS as negative control. Then, the production of ROS at various
time points (0–120 s) was measured using luminol-dependent chem-
iluminescence. The results are expressed as relative light units (RLU). Data
shown are the mean � SEM from at least three independent experiments.
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(1.16 M) in test tubes. The final product of the reaction was
evaluated by spectrophotometry at 340 nm, with
Chloramine-T being used as the standard. The concentra-
tions of AOPP were expressed as mmol/L of chloramine-T
equivalents (Capeillere-Blandin et al., 2004).

2.7. Determination of carbonyl residues

Plasma (0.35 ml) was treated for 1 h with 1 ml of 0.1%
2,4-dinitro-phenylhydrazine solution in HCl 2 M. Then,
proteins were precipitated from the solution by the use of
trichloroacetic acid (10%), and the protein pellet was
washed three times with ethanol and ethyl acetate (1:1)
before being resuspended in 1 ml of 6 M guanidine at 37 �C
for 30 min. The carbonyl content was determined by
spectrophotometry from the absorbance at 364 nm (molar
absorption coefficient, 22 mM�1 cm�1) (Páez et al., 2011).
The concentrations of carbonyl residues were expressed as
nmol per mg of proteins, determined by the Bradford assay.

2.8. Ferric reducing antioxidant power (FRAP) assay

The total antioxidant capacity of plasma samples was
evaluated by the FRAP assay. Briefly, 100 ml of plasma
sample was mixed with 3 ml of the following mix work
(10:1:1): (a) 300 mM acetate buffer pH: 3.6; (b) 10 mM
2,4,6-tripyridyl-s-triazine in 40 mM HCL; and (c) 20 mM
FeCl3$6H2O. Then, the absorbancewas measured at 593 nm
after 4 min of incubation. The FRAP values were calculated
using a FeSO4 calibration curve and expressed as mmol/L
(Benzie and Strain, 1996).

2.9. Assay of superoxide dismutase (SOD) activity

Total SOD activity was assayed photochemically based
on the inhibition of nitro blue tetrazolium (NBT) reduction
(Aiassa et al., 2010). The ability of SOD to inhibit the
reduction of NBT by the O2

� generated by the illumination
of riboflavin in the presence of oxygen and the electron
donor methionine, was evaluated in the plasma samples.
One unit of SOD (U) was defined as the amount of enzyme
required to inhibit the reduction of NBT by 50% under the
specified conditions. The results were expressed as U/ml.

2.10. Statistical analysis

Data were expressed as means � standard errors of the
means (SEMs), and were analyzed by a one-way analysis of
variance with Tukey’s post hoc test to determine the sta-
tistical significance for all pairwise multiple comparison
procedures. A p value of <0.05 was considered significant.
All experiments were repeated, and equivalent results were
obtained for each experiment.

3. Results

3.1. ROS production in whole blood cultures

The generation of ROS in WBCs in response to HlyA was
measured using a luminol-dependent chemiluminescence
assay. This assay allowed the detection of oxidative stress in
blood cells in the presence of plasma. Whole blood was
cultured at 37 �C in the presence of sublytic concentrations
of HlyA (0.4, 0.2 or 0.1 HU/ml) or PBS, and the production of
free radicals was studied. Fig. 1 show that either the
treatment of whole blood cells with 0.4 or 0.2 HU/ml of
HlyA induced a significant increase in the levels of ROS
production in these cells in comparison to the cell cultures
exposed to PBS, although the highest levels of ROS were
induced by the treatment with 0.2 HU/ml. These results
indicate that this effect is not dependent of toxin concen-
tration. On the other hand, WBCs in the presence of 0.1 HU/
ml of HlyA did not trigger a significant increase in the
generation of ROS with respect to the culture controls.
Therefore, for our next experiments, only the concentra-
tions of 0.4 and 0.2 HU/ml of HlyA were used.

3.2. Malondialdehyde (MDA) levels

To investigate the effect of HlyA on plasma lipid per-
oxidation, the levels of MDA in the WBCs subjected to
different concentrations of this toxin were evaluated. As
shown in Fig. 2, the treatment of blood cells with 0.2 HU/ml
of HlyA induced a significant increase in the plasma MDA
levels in comparison with those found in the cell cultures
exposed to PBS. On the other hand, there were no signifi-
cant statistical differences between the levels of MDA
observed in cultures exposed to 0.4 HU/ml of HlyA or PBS.

3.3. Protein oxidation

In addition to lipid peroxidation, the overproduction of
ROS can also lead to protein damage. Therefore, we inves-
tigated the presence of the two markers of protein oxida-
tion, carbonyl residues and AOPP, in WBCs. In a similar way
to MDA levels, a significantly greater level of carbonyl res-
idues was detected in plasma from cultures subjected to
0.2 HU/ml of HlyA than in plasma from control cultures. In



Fig. 2. Lipid peroxidation levels in plasma. Whole blood was exposed to
different concentrations of HlyA (0.4 or 0.2 hemolytic activity (HU)/ml) or
PBS for 4 h at 37 �C. After incubation, the levels of malonyldialdehyde (MDA)
in the plasma were determined. The results are presented as the
mean � SEM from three separate experiments. &p < 0.05 (0.2 HU/ml vs.
PBS).

Fig. 3. Effect of HlyA on protein oxidation. Whole blood was exposed to
different concentrations of HlyA (0.4 or 0.2 hemolytic activity (HU)/ml) or
PBS for 4 h at 37 �C. After incubation, the levels of carbonyl residues (A) and
advanced oxidation protein products (B) present in the plasma were deter-
mined. Each column shows the mean � SEM and the results are represen-
tative of three independent experiments. A) &p < 0.006 (0.2 HU/ml vs. PBS);
B) &p < 0.009 (0.4 HU/ml vs. PBS), *p < 0.002 (0.2 HU/ml vs. PBS).
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contrast, no differences in the level of this marker were
observed between plasmas from WBCs treated with
0.4 HU/ml of HlyA and those from control cultures (Fig. 3A).
On the other hand, with respect to AOPP, the levels found in
plasma from WBCs stimulated with 0.2 or 0.4 HU/ml of
HlyA were higher than those observed in control cultures,
with the treatment of blood cells with 0.2 HU/ml of HlyA
resulting in a slightly greater increase in AOPP levels than
in WBCs subjected to 0.4 HU/ml of HlyA (Fig. 3B).

3.4. Antioxidant system

As a reduction in the oxidative defenses can result in
oxidative stress; the total antioxidant capacity of plasma
and the SOD activity was evaluated in our system. The FRAP
values found in WBCs treated with 0.2 and 0.4 HU/ml of
HlyA were lower than those from cultives exposed to PBS
(Fig. 4A). Similarly, the treatment of blood cells with 0.2 and
0.4 HU/ml of HlyA also resulted in a decrease in the activity
of SOD (Fig. 4B).

4. Discussion

Under physiological conditions, a critical balance be-
tween the production of ROS and the antioxidant system
exists (Aiassa et al., 2011). However when this balance is
broken, through an increase in the ROS production or, a
reduction in the antioxidant defenses (or by both), an
overproduction of ROS is induced resulting in a process
denominated oxidative stress. A link between oxidative
stress and different diseases has been previously demon-
strated since ROS overproduction was able to induce
damage in important macromolecules, such as lipids, pro-
teins and DNA (Moreira et al., 2005; Gonsette, 2008; Hakim
and Pflueger, 2010; Gupta et al., 2009; Kastenbauer et al.,
2002; Pal et al., 2010).
E. coli infections such as pyelonephritis and septicemia
have been shown to be related to oxidative stress. In a
model of pyelonephritis in rats, the infection of these ani-
mals with E. coli resulted in an oxidative injury to renal
tissue, with elevated levels of ROS and MDA (Sener et al.,
2006). Furthermore, the induction of septicemia by the
intracecal injection of rats with E. coli suspension also
produced in oxidative stress (Ninkovi�c et al., 2006), with
the cerebral capillaries of these animals showing in an in-
crease in the levels of lipid peroxidation, NO and O�

2 pro-
duction, but a lower activity of SOD with respect to control
group.

An important virulence factor secreted by the bacteria
involved in these two diseases is a pore-forming cytotoxin
called HlyA (Cavalieri et al., 1984; Smith et al., 2007), and it
has been estimated that approximately 50% of all cases of
pyelonephritis are caused by infection with HlyA-
producing E. coli (Siegfried et al., 1994). In agreement



Fig. 4. Total antioxidant capacity of plasma and SOD activity. Whole blood
cultures in the absence (PBS) or presence of HlyA (0.4 or 0.2 hemolytic ac-
tivity (HU)/ml) were incubated for 4 h at 37 �C. Then, the plasma was ob-
tained by centrifugation and the total antioxidant capacity of plasma (A) and
the activity of SOD (B) were determined. Each column shows the
mean � SEM of three independent experiments. A) &p < 0.006 (0.4 and
0.2 HU/ml vs. PBS); B) &p < 0.05 (0.4 and 0.2 HU/ml vs. PBS).
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with this, Trifillis et al. reported that E. coli strains mutants
unable to express hemolysin activity induced significantly
less damage in the human renal proximal tubular epithelial
cells (HRPTEC), target cell in the pyelonephritis, than the
pyelonephritogenic parent strain (Trifillis et al., 1994).
Moreover, purified HlyA has been shown to stimulate the
production of oxidative stress-related products, such as
O2

� and NO (Bhakdi and Martin, 1991; Suttorp et al., 1993;
Valeva et al., 2005).

In agreement with these data, the results of our studies
clearly show that HlyA exposure led to an oxidative stress
response in blood cells, with the induction of different
oxidative damage biomarkers.

In WBCs, where plasma and different types of cells are
present, the presence of HlyA resulted in a rise in the
production of ROS. For the range of concentrations tested in
this study (0.1–0.4 HU/ml), both the treatments with
0.4 HU/ml or 0.2 HU/ml of HlyA induced an increase in ROS
production, although the highest levels were observed
using of 0.2 HU/ml. On the other hand, no significant dif-
ferences in the production of these species were found
between WBCs exposed to 0.1 HU/ml of HlyA and control
cultures. This behavior has also been previously observed in
the production of other substances by the stimulation with
HlyA. For example, the dose-dependent liberation of lip-
oxygenase products by human neutrophils subjected to
HlyA is similar to that observed in our study (Grimminger
et al., 1991).

Elevated levels of ROS production are known to promote
oxidative damage in different molecules. Therefore, the
presence of these modified molecules has been used as
biomarkers of oxidative stress. In this way, MDA levels are
routinely used as an index of the peroxidation of lipids
induced by the overproduction of ROS. In the present study,
the plasma MDA levels were significantly increased in
cultures treatedwith 0.2 HU/ml of HlyA in comparisonwith
those found in control cultures. However, the exposition of
WBC to 0.4 HU/ml of HlyA did not induce significant
changes in the levels of this biomarker with respect to the
cultures controls. Other macromolecules affected by an
excess in ROS production are the proteins. In our system,
the oxidative stress generated by the treatment with HlyA
also resulted in damage to these molecules. The levels of
carbonyl residues and AOPP in plasma fromWBCs exposed
to 0.2 HU/ml of HlyA were higher than those observed in
cultures incubated in the presence of PBS. In addition, the
treatment with 0.4 HU/ml of HlyA also resulted in an in-
crease in the plasma values of AOPP. However, this con-
centration of HlyA did not induce a significant change in
the plasmatic levels of carbonyl residues in comparison to
the culture controls. It is known that, oxidative stress can
also result from a decrease in the antioxidant levels. In this
study, a reduction in the total antioxidant capacity of
plasma and in the activity SOD was observed in plasma
from blood treated with 0.2 or 0.4 HU/ml of HlyA.

In summary, we have shown that HlyA from E. coli in-
duces an oxidative imbalance in WBCs, with an over-
production of ROS and a decrease in the antioxidant
defenses. Moreover, this oxidative stress generated in the
cultures resulted in oxidative damage to macromolecules
such as proteins and lipids. This oxidative phenomenon,
without being the main mechanism, could contribute to a
better understanding of the infections by E. coli.
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