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Abstract—Exposure to -lactam, fluoroquinolone, and aminoglycoside antibiotics caused an increase in the
production of hydrogen peroxide and the expression of OxyR-regulon of the oxidative stress response in
Escherichia coli cells. Under the conditions of microaeration, the attenuation of secondary oxidative stress
due to the addition of the antioxidant thiourea influenced the antibacterial effect of fluoroquinolones.
Thiourea potentiated the effect of sublethal (not decreasing the number of colony-forming units below
103/mL) doses of the antibiotic and increased the viability of cells exposed to lethal doses. The addition of
thiourea reduced the expression of OxyR-regulon activated by the sublethal action of the antibiotic to the
level of antibiotic-free culture. When exposed to lethal doses, a decrease in the antibiotic-mediated expres-
sion of oxidative stress response genes in the presence of thiourea was also observed; however, the expression
level remained higher compared to antibiotic-free culture. This may indicate the dual role of ROS under anti-
biotic treatment as the damaging agents contributing to cell death and as signal molecules activating stress
responses.
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One of the problems facing modern medicine is the
reduced efficacy of antibiotic therapy for bacterial
infections due to the drastic increase in the number of
resistant forms of microorganisms. This problem can
be solved by searching for compounds with new mech-
anisms of antibacterial action and for factors enhanc-
ing the antimicrobial activity of the known drugs as
well as by studying the mechanisms of formation of
antibiotic resistance in order to prevent the emergence
of resistant forms.

It has previously been demonstrated that the oxida-
tive stress markers, such as elevated intracellular levels
of reactive oxygen species (ROS), activation of antiox-
idant protection systems, or oxidative damage to mac-
romolecules, appear in bacterial cells exposed to dif-
ferent antibacterial agents [1, 2]. In view of the
increase in antibiotic resistance, the potential involve-
ment of ROS in bactericidal effects of antibiotics
attracts special attention and has been widely dis-
cussed throughout the past decade. It is supposed that
antibacterial effects of the known drugs can be
enhanced due to potentiation of intracellular ROS
production or attenuation of bacterial antioxidant
defense.

The active discussion of this issue was initiated by
the work of Collins et al., who demonstrated the
increased ROS production in bacterial cells exposed to

bactericidal antibiotics, including fluoroquinolones,
aminoglycosides, and [-lactams. Attenuation of the
accompanying oxidative stress on the addition of anti-
oxidants resulted in the higher survival rate of bacteria
[3]. Hence, Collins’ team supposed that bacterial
death caused by bactericidal antibiotics was deter-
mined, apart from specific effects of drugs on the tar-
get, by a common mechanism based on oxidative
damage to cell components.

In spite of the great number of works devoted to this
subject, the role of ROS in bactericidal effects of anti-
biotics, in particular, under natural conditions of exis-
tence of microorganisms, remains a subject of debate
[4—6]. Taking into account the limitations of each of
the methods used in these studies, including the com-
parative evaluation of bacterial viability under aerobic
and anaerobic conditions, with the addition of chemi-
cal antioxidants and in the presence/absence/overex-
pression of antioxidant genes [3, 7—9], it can be con-
cluded that ROS are involved in cell death caused by
antibiotics, at least under laboratory conditions.

As a rule, the contribution of ROS to bacterial
death under antibiotic exposure has been demon-
strated for fast-growing cells cultivated under condi-
tions of intense aeration [3, 8, 9], while natural habi-
tats are rather characterized by microaeration and slow
growth. Activation of antioxidant protection systems
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Fig. 1. Effects of antibiotics on hydrogen peroxide produc-
tion by the E. coli BGF931 cells. Bacterial cells were culti-
vated in the absence of antibiotics (control) and in the
presence of 15 ug/mL of Amikacin, 0.02 ug/mL of Levo-
floxacin, or 3 ug/mL of Cefotaxime. The data are pre-
sented as the mean + standard error. DW is absolutely dry
weight. *Statistically significant difference between the
culture with Cefotaxime and the control; **statistically
significant difference between the culture with Levofloxa-
cin and the control; ***statistically significant difference
between the culture with Amikacin and the control (#-test,
p <0.05).

under microaeration conditions in response to antibi-
otics [10], as well as the elevated levels of ROS in bio-
film cells in the presence of the latter [11], also sug-
gests the involvement of the common mechanism of
oxidative damage in bactericidal effects of antibiotics
under these conditions.

At the same time, it has been shown that endoge-
nous oxidative stress promotes genetic diversity in bio-
film cells, which may enhance the adaptive capacity of
a bacterial population exposed to antibiotics [12]. A
similar case scenario was observed under the sublethal
antibiotic exposure [13]. In addition to mutagenic
effects, ROS can also perform the signaling function
by activating the systems of adaptive responses. In
Escherichia coli, most antioxidant genes are combined
into two regulons: the SoxRS-regulon, with its expres-
sion being induced in response to the high level of
superoxide anions and the effects of redox-cycling
compounds, and the OxyR-regulon activated in
response to the increasing concentration of hydrogen
peroxide [14].

One of the proofs for the involvement of ROS in
bactericidal effects of antibiotics under natural condi-
tions is the fact that the basal level of expression of the
SoxRS-regulon genes increases in some clinical iso-
lates of enterobacteria resistant to fluoroquinolones
[15]. However, the mechanisms of limitation of antibi-
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otic influx and the activity of multidrug efflux pumps,
which is also under control of this regulon, can also
make their contributions here, together with the activ-
ity of antioxidant enzymes. In addition, it has been
shown that the clinical isolates of Acinetobacter bau-
manii characterized by multiple drug resistance exhibit
the enhanced activity of catalase responsible for the
decomposition of hydrogen peroxide [16].

Thus, the role of ROS in bactericidal effects of
antibiotics is not so unambiguous and depends on
conditions, drug dose, and the state of a microorgan-
ism.

In the present work, we have studied the level of
hydrogen peroxide production and expression of the
genes comprising the OxyR-regulon and assessed the
contribution of ROS to the death of E. coli cells
exposed to B-lactam, fluoroquinolone, and aminogly-
coside antibiotics under microaeration conditions.

MATERIALS AND METHODS

Microorganisms and cultivation conditions. E. coli
BGF931 (MC4100 A katG’:lacZ) and BGF940
(MC4100 A oxyR’::lacZ) were kindly provided by Pro-
fessor B. Demple [17].

The cells of E. coli maintained on LB agar slants
(Sigma, United States) were placed into the tubes with
5 mL of LB broth (Amresco, United States) and culti-
vated for 4—6 h at 37°C without stirring. Bacterial cells
were then transferred (1 : 1000) to Erlenmeyer flasks
containing 50 mL of the M9 medium with 0.4% glu-
cose and cultivated at 37°C with stirring at 100 rpm
(thermostatic shaker 1092 (GFL, Germany)) for 14—
16 h. An overnight culture was diluted in a fresh
medium to the optical density of 0.1 and cultivated
under the conditions described above. The tested anti-
biotics were added after the culture had reached an opti-
cal density Agy, = 0.3 (Figs. 1, 2).

In experiments aimed at studying the effect of
thiourea (Sigma, United States), an overnight culture
was diluted in a fresh M9 medium with the addition of
0.4% glucose (50 mL) to optical density Agy, = 0.1 and
cultivated without stirring until the culture reached
Ago = 0.3. Equal volumes of the culture were then
transferred into the tubes with thiourea/water, where
the tested antibiotics (at a final volume of 5 mL) were
added after 10-min incubation. The tubes were incu-
bated at 37°C without stirring (Table 1).

The optical density of bacterial cultures (Agyg)
was measured by absorption at 600 nm with an UV-
1650PC spectrophotometer (Shimadzu, Japan).

Gene expression. The level of gene expression was
assessed by the activity of 3-galactosidase in the cells
carrying the fusion of the promoter of the gene under
study and the structural part of the lacZ gene. Activity
was measured in the cells pretreated with a sodium
dodecyl sulfate and chloroform mixture, with the
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addition of ortho-nitrophenyl-B-galactopyranoside
(Sigma, United States) as a substrate [18].

Bacterial viability. Several serial dilutions of the
bacterial culture in normal saline solution were pre-
pared and the cell suspension was inoculated by 10 uLL
onto LB agar in Petri dishes. The dishes were incu-
bated at 37°C for 16—18 h and then the colony-form-
ing units (CFU) were counted.

H,O0, production by bacterial cells. The amount of
H,0, in the cultivation medium was determined using
the Amplex red fluorescent dye (Invitrogen, United
States) in the reaction with horseradish peroxidase
(Sigma, United States). 0.5 mL of the culture was cen-
trifuged at 16 000g for 2 min, and the supernatant
was frozen. The reaction was reproduced accord-
ing to the manufacturer’s instructions. Fluores-
cence (530/590 nm) was measured with an Infinity
M200 multimode plate reader (Tecan, Switzerland).

Statistical processing of the results was performed
with Statistica 6.0 (StatSoft Inc., United States). Sta-
tistical significance of the differences between the
mean values of the compared groups was assessed by
the unpaired Student’s r-test. The differences were
considered significant at p < 0.05.

RESULTS

Antibiotics cause an increase in hydrogen peroxide
production and expression of the katG gene in bacterial
cells. Oxidative stress markers were studied in F. coli
cultures exposed to the sublethal action of B-lactam,
fluoroquinolone, and aminoglycoside antibiotics,
including the expression of the OxyR-regulon genes
and the amount of hydrogen peroxide in the cultiva-
tion medium. As is known, B-lactams (Cefotaxime)
inhibit cell wall synthesis, fluoroquinolones (Levo-
floxacin) influence DNA synthesis and integrity, and
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Fig. 2. Effects of antibiotics on the katG gene expression in
the E. coli BGF93I1 cells. The level of expression was deter-
mined 4 h after the addition of antibiotics. The data are
presented as the mean =+ standard error. n.s. is the absence
of statistically significant difference from the control
(t-test, p < 0.05).

aminoglycosides (Amikacin) inhibit protein synthesis.
In addition, the oxidation of bacterial cell components
as a result of increased ROS production is considered
to be the common mechanism of antibacterial action
for all three groups of antibiotics [3]. The sublethal
doses of the antibiotics (sublethal action) are antibi-
otic concentrations not causing the death of all cells of
bacterial culture (in particular, the decrease in optical
density of the culture compared to the starting point at
the moment of antibiotic addition and/or decline in
CFU number below 103/mL). The subsequent experi-

Table 1. Effect of thiourea on the oxyR gene expression and antibiotic susceptibility of E. coli

IgCFU/mL [oxyR, Miller units]
Conditions 1 2 3

l1h 4h 24 h 1h 4h 24 h 1h 4h 24 h
Cont 8.00 8.34 [107] 8.49
Cont +TU 8.00 8.17 [90] 8.39
LFC 7.68 6.53 [186] 6.24 6.62 | 3.46 [270] 5.81 5.12 3.52 [632] 1.33
LFC +TU 7.49 5.90 [93] 6.20 6.95 |4.02[138] 3.94 497 |3.98[292] 2.54
CFT 8.01 7.48 [217] 4.95 7.34 | 5.07[1293]| 2.04 6.98 | 3.96[868] 0.7
CFT +T™M 7.84 7.17 [230] 3.63 7.36 | 4.82[800] 1.44 7.48 | 4.21[1109] 0
AMK 7.82 7.63 [86] 6.58 7.69 | 6.22[80] 3.10 7.47 3.72 [69] 0
AMK +T™M 7.70 7.28 [62] 5.81 7.51 5.38 [67] 3.44 7.28 | 3.96 [61] 0

Data represent the mean of no less than three independent experiments. Cont (control) is the culture without antibiotics; LFC is the
culture with (1) 0.01, (2) 0.1, and (3) 0.3 ug/mL of Levofloxacin; CFT, (1) 0.5, (2) 2.0, and (3) 5.0 ug/mL of Cefotaxime; AMK, (1) 20,
(2) 40, and (3) 60 ug/mL of Amikacin; +TU, 50 mM of thiourea. Statistically significant differences from the culture without thiourea

are in bold (#-test, p < 0.05).
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ments were also carried out with inhibitory doses,
when CFU number in the culture was maintained at
the same level as at the moment of adding the antibi-
otic, and lethal doses causing a decline in CFU num-
ber below 103/mL.

The increase in the density of E. coli batch culture
in the absence of antibiotics (control conditions) was
accompanied by H,0, accumulation in the cultivation
medium followed by an increase (by approximately
15%) in the level of expression of the karG gene encod-
ing catalase, which catalyzes the decomposition of
hydrogen peroxide. Activation of/Growth of expres-
sion of katG was recorded after the concentration of
H,0, in the medium had exceeded 0.1 uM. Further
increase in the H,0, concentration (to 0.7 uM) was
not accompanied by an increase in gene expression.
The decrease in the growth rate as the culture began to
enter the stationary phase was accompanied by stabili-
zation of H,O, concentration in the medium and
decrease in the katG expression to the initial level. The
increase in H,0, concentration with the culture
growth could be due to the increase in population den-
sity but not in ROS production by bacterial cells. In
order to eliminate this point when measuring ROS
generation by the cells exposed to antibiotics, the rate
of H,0, production was calculated with allowance for
the parameters of biomass.

After 90-min exposure to B-lactam and fluoro-
quinolone antibiotics, the H,0, content in the
medium was above 0.1 uM; in the culture exposed to
aminoglycoside, this limit was not exceeded through-
out the whole time of observation. Nevertheless, in the
first hour of exposure to Amikacin, the level of ROS
production was 5—10-fold higher compared to the
control (Fig. 1). A considerable increase in the level of
H,0, production by the cells exposed to -lactam and
fluoroquinolone was observed 2 h after the addition of
antibiotics (Fig. 1).

The sublethal actions of the fluoroquinolone
Levofloxacin and the B-lactam Cefotaxime caused an
increase in expression of the katG gene by the dose-
dependent manner, though the stimulating effect was
observed to decrease after reaching a certain threshold
(Fig. 2). The higher level of expression of the genes of
the OxyR-regulon occurred during the cultivation
both under conditions of more intense aeration (with
stirring) (Fig. 2) and under conditions of microaera-
tion (without stirring) (Table 1). The comparatively
lower doses of Amikacin (5 ug/mL) caused a decrease
in the level of the katG gene expression relative to the
control; the minor excess of the control level under the
exposure to higher concentrations is determined by
the decrease in katG expression in the control culture
rather than by the increase of it in response to an anti-
biotic (Fig. 2).
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Decrease in the intensity of secondary oxidative stress
due to addition of the antioxidant thiourea changes the
susceptibility of E. coli to fluoroquinolone. One of the
approaches to evaluation of the involvement of ROS in
antibacterial action is to compare the sensitivity of
bacterial cells to antibiotics in the presence and
absence of an antioxidant. Since this study is focused
on the peroxide-induced oxidative stress, the antioxi-
dant was thiourea capable of H,0, neutralization [19].
In addition, thiourea was used in the previous works
devoted to elucidation of the role of ROS in bacteri-
cidal effects of antibiotics [3, 4].

In preliminary experiments, we selected the con-
centration of thiourea sufficient to neutralize the
lethal effect of exogenous hydrogen peroxide (6 mM)
but having no effect on the growth rate and CFU num-
ber during the cultivation under control conditions.
Under microaeration conditions, the addition of
thiourea changed the susceptibility of £. coli to fluoro-
quinolones but had no statistically significant effect on
the antibacterial effects of B-lactam and aminoglyco-
side (Table 1). The antioxidant did not influence the
inhibitory effect of fluoroquinolone, intensified its
sublethal effect, and reduced the effects of lethal
doses.

Together with the influence on bacterial cell viabil-
ity, thiourea exerted an effect on the level of expression
of the OxyR-regulon genes. The antioxidant effect of
thiourea was manifested by a decrease in the oxyR
gene expression activated by the antibiotic (Table 1).

DISCUSSION

The present work has shown the intensification of
intracellular production of H,0, under conditions of
medium-intensity aeration and microaeration in bac-
terial cells treated by antibiotics. In case of exposure to
the fluoroquinolone Levofloxacin and the -lactam
Cefotaxime, the elevated level of hydrogen peroxide
production was maintained throughout the entire time
of observation and was accompanied by the activation
of expression of the genes comprising the OxyR-regu-
lon (Figs. 1, 2). Our results differ from the previously
published data demonstrating that the effects of the B-
lactam Ampicillin and the fluoroquinolone Norfloxa-
cin do not cause accumulation of H,0, in the amount
sufficient for activation of the OxyR-regulon [4].
Divergence of results may be associated both with the
limited period of observation in the cited work (2 h)
and with different cultivation conditions, including
the higher aeration intensity and cell death rate com-
pared to the respective parameters in our experiments.

The involvement of endogenous ROS in the bacte-
ricidal effects of antibiotics can be assessed using anti-
oxidants. If ROS production contributes to antibiotic-
induced cell death, an antioxidant is supposed to
enhance the viability of bacteria by neutralizing ROS.
The antioxidant effect of thiourea used in the present
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work is based on its ability to neutralize hydrogen per-
oxide [19]. It has also been shown that thiourea can
reduce hydroxyl radical production in vitro and in vivo
[3, 20], probably due to its ability to interact with
H,0,, which is a substrate in the Fenton reaction
resulting in the production of hydroxyl radicals. In
addition, it has been demonstrated that thiourea is
able to neutralize superoxide anions [21].

In contrast to the approaches used in the previously
published works, our experiments aimed at studying
the effect of thiourea on the antibiotic sensitivity of
E. coli were performed under microaeration condi-
tions similar to the conditions of natural habitats of
these bacteria, where they are exposed to antibiotics.
The protective effect of thiourea was observed only in
the cells treated with the fluoroquinolone antibiotic
(Table 1). It has been shown previously that the addi-
tion of thiourea under conditions of intense aeration
protects bacterial cells from the lethal doses of both
fluoroquinolones and [-lactams/aminoglycosides
[3]. This can be regarded as confirmation of the fact
that the contribution of secondary oxidative stress to
antibacterial action is proportional to oxygen avail-
ability (intensity of aeration of the medium). The latter
is true for both antibacterial agents and other stresses
[22]. In addition, it can be supposed that ROS gener-
ation makes the greatest contribution to the antibacte-
rial effect of fluoroquinolones among the three groups
of antibiotics under study.

It should be noted that the effect of thiourea
depended on the concentration of the antibiotic
(severity of antibiotic stress). The antioxidant did not
influence the inhibitory effect of the antibiotic but
increased and decreased its sublethal and lethal
action, respectively. The measurement of the level of
gene expression under these conditions has shown that
the addition of thiourea reduces the response of the
antioxidant protection system (OxyR-regulon) acti-
vated by the antibiotic (Table 1). In case of moderate
sublethal action, the oxyR expression upon the addi-
tion of thiourea decreased almost to the control level;
in the cells exposed to the higher doses of antibiotics,
the expression of the antioxidant regulon remained at
a comparatively high level. This is evidence of the
important role of activation of the OxyR-regulon in
the protection of bacterial cells from antibiotic-
induced secondary oxidative stress. In addition, the
findings can be interpreted as evidence of not only the
damaging activity but also the signaling role of ROS
under stress conditions. At the same time, such a role
is not confined to activation of the oxidative stress
response/antioxidant defense mechanisms but can
also extend to the general stress response regulator
rpoS, the multidrug efflux pumps, the regulation of
cell wall permeability, etc. [23—25].

Thus, ROS, the accumulation of which accompa-
nies the effects of 3-lactam, aminoglycoside, and flu-
oroquinolone antibiotics, only influence the antibac-
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terial effect of fluoroquinolones under conditions of
micraeration. The decrease in the intensity of second-
ary oxidative stress and, accordingly, the response of
antioxidant protection systems due to addition of the
antioxidant (thiourea) increases the sublethal action
of the antibiotic and reduces the efficacy of its lethal
doses.
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