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The aim of this investigation was to determine whether the antioxidant defences
protect resistant strains of Staphylococcus aureus against ciprofloxacin oxidative
damage. Reactive oxygen species (ROS) were determined by chemiluminescence and
nitric oxide (NO) was assayed by Griess reaction. The accumulation of ciprofloxacin
was examined by fluorometry and oxidation of protein, catalase, ferrous reduction
antioxidant potency (FRAP), carbonyls and advanced oxidation protein products
(AOPP), studied by spectrophotometry. Ciprofloxacin stimulated higher production of
ROS and NO in the susceptible strains than in the resistant ones. There was higher
accumulation of antibiotic in sensitive strains than in resistant ones, except for the
most resistant strain, which accumulated an elevated amount of antibiotic. The
FRAP/ciprofloxacin accumulation ratio of the antibiotic was lower in sensitive than
in resistant strains. The most resistant strain exhibited the highest FRAP and
presented a high catalase activity. There was oxidation of proteins in the presence of
ciprofloxacin, with the carbonyl residues increasing in sensitive and resistant
S. aureus. The degradation of carbonyls to AOPP in oxidized proteins was higher in
the resistant than in sensitive strains. In conclusion, an increase in antioxidant
capacity and a rapid oxidation of carbonyls to AOPP contributed to resistance to
ciprofloxacin.

INTRODUCTION

antibiotics in bacteria, including ciprofloxacin [4-6]. In
addition, it was previously shown that bacterial gyrase

The emergence of Staphylococcus aureus being resistant to
antibiotics is a problem that affects different countries,
with a notable increase in resistance to ciprofloxacin
occurring during the last decade [1]. The single most
common cause of resistance to fluoroquinolones is the
appearance of mutations in the genes encoding the
subunits of gyrase and topoisomerase IV [2]. However,
other mechanisms involved in the acquisition of quino-
lone-resistance have also been described, such as the
presence of efflux pumps [3].

The different aspects implicated in the effects of
antibiotics on bacteria should be taken into consider-
ation in order to understand the mechanism of action
and resistance. For example, we have described that
oxidative stress is associated with the actions of several

inhibitors such as synthetic quinolone antibiotics, pro-
moted the formation of hydroxyl radical that contributed
to cell death [7].

The vulnerability of the plasma protein to reactive
oxygen species (ROS) and nitric oxide (NO) has been
documented. Oxidative changes can lead to various
functional consequences, such as inhibition of enzy-
matic activity, susceptibility to proteolysis and aggrega-
tion. The use of advanced oxidation protein products
(AOPP) and carbonyls is important, as they provide
markers of oxidative stress in order to estimate the
degree of protein damage mediated by oxidants [8—10].
Related to this, it should be pointed out that the ability
of bacteria to overcome oxidative stress depends on their
antioxidant mechanisms, which may be able to reduce
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the generation of ROS and ‘NO to levels that are not
harmful [11].

The purpose of this work was to investigate the
oxidative stress generated by ciprofloxacin in the sensi-
tive and resistant strains of S. aureus, the significance of
the stimulus of ROS and NO in the oxidative damage of
proteins, and the antioxidant capacity to defend against
oxidative stress, with respect to the resistance to cipro-
floxacin.

MATERIALS AND METHODS

Bacterial strains and susceptibility determination
Clinical strains were provided by Hospital Transito
Caceres de Allende (Buchardo 1250, Coérdoba). Staphy-
lococcus aureus (107, 8816, 98, 73, 22, 61, 13) were
maintained by culture in trypticase soy broth (TSB) for
24 h at 37 °C. The minimum inhibitory concentration
(MIC) was determined by using the standard tube
dilution method. Strains coming from cultures of 24 h
in Mueller-Hinton medium were diluted to10° CFU/mL,
incubated for 10 min at 37 °C, and then ciprofloxacin
was added at different concentrations (0.25-128 mg/L).
Bacterial growth was observed at 24 h of incubation,
following the indications of the Clinical and Laboratory
Standards Institute [12]. The strains with MIC >4 mg/L
were considered resistant to ciprofloxacin.

Reactive oxygen species (ROS) determination by CL
The bacterial density of S. aureus cultured in TSB for
24 h at 37 °C, was adjusted to ODg(pl in phosphate
buffer (PBS) pH 7.8. Then, 0.1 mL of bacteria suspension
was incubated with 0.1 ml of 75 mg/L lucigenin and
0.1 mL of PBS, followed by 0.1 mL of ciprofloxacin
(0.45-1.8 mg/L), and the addition of 0.1 mL of dim-
ethylsulphoxide. Controls were performed with bacteria
in the absence of the antibiotic. The light emitted by ROS
in a BioOrbit luminometer was expressed as relative light
units (RLU) at different times in seconds, after subtrac-
tion of the background [13].

Nitric oxide

Bacterial suspension (0.25 mL) was added to 0.25 mL of
50 mmM carbonate buffer pH 9 and 0.15 g of granulated
cadmium for 30 min at room temperature. The reaction
was stopped with 40 pL of 3.5 M NaOH. Samples
were deproteinized with 0.4 mL 120 mm ZnSO, and
centrifuged at 4472 g for 10 min. Then, 0.1 mL of
the supernatant was mixed with 50 pL of 2% (w/v)
sulfanilamide in 5% HClI and 50 pL of 0.1% (w/v)
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N-(1-naphthyl) ethylenediamine dihydrochloride. Spec-
trophotometry was performed at 540 nm. A standard
curve was generated with sodium nitrite in concentra-
tions from 0.1-1 mwm [14].

Accumulation of ciprofloxacin

The strains (107, 8816, 98, 73, 22, 61, 13) grown on
trypticase soy agar (TSA) were suspended in 50 mM PBS
pH 7 (267 mg dry weight/mL). 0.1 mL of this suspen-
sion was diluted in 9.8 mL of PBS. Then, 0.1 mL of
ciprofloxacin was added and incubated for 10 min at
37°C. The final concentration of the antibiotic in the
sample was 10 mg/L. After 15 min of centrifugation at
10 000 x g, the supernatant was discarded. The pellet
was then washed and suspended in lysis buffer glycine—
HCI (pH 3). Ciprofloxacin was determined by spectroflu-
orometry at 278 nm of excitation and 448.5 nm of
emission [15].

Catalase determination

Bacterial suspension (0.1 mL) was added to the assay
mixture of 2 mL of 0.2 M H,0, and 2.5 mL of phosphate
saline buffer for 10 min. One millilitre of the samples was
taken periodically and mixed with 2 mL of the dichro-
mate-acetic acid mixture, heated at 100 °C for 10 min
and then maintained at 25 °C. The absorbance was
determined at 570 nm. The quantity of H,0, remaining
was determined by means of a standard curve. Activity
was expressed as units of CAT per mg of protein [16].

Ferrous reduction antioxidant potency
Staphylococcus aureus (0.080 mL) suspension was incu-
bated with 0.125 mL of 3.1 mg/mL 2,4,6-tripyridyl-
1,3,5-triazine (TPTZ) in 40 mMm HCI, 0.125 mL of
5.4 mg/mL FeCl5-6H,0 plus 1.25 mL of 300 mmM acetate
buffer (pH 3.6). Absorbances were read at 593 nm, and
results were expressed as Fe™ pmol/L x 10'" CFU/mL
[17,18].

Carbonyl residues

Staphylococcus aureus suspensions were prepared from
cultures of 18 h at 35 °C in triptein soya broth. Three
millilitres of the sample was incubated with 0.5 mL of
ciprofloxacin (at a sub-MIC concentration for each
strain) or phosphate saline buffer (control) for 2—4 h.
Then, 1 mL of the samples were treated with 1 mL of
0.1% 2,4-dinitrophenylhydrazine (2,4-DNPH) in 2 Mm
HCI for 1 h. The proteins were precipitated in 5%
trichloroacetic acid (TCA), centrifuged 20 min at
10 000 g, and the supernatant discarded. Samples were
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extracted three times with 1 mL ethanol-ethylacetate
(1:1, v/v) to remove any remaining residual of DNPH.
The precipitate was dissolved in 6 M guanidine hydro-
chloride solution in phosphate saline buffer pH 7.5 and
incubated for 30 min at 37 °C. The insoluble debris was
removed by centrifugation and the absorbance was
measured at 364.5 nm. Results were expressed as mm of
residues of carbonyl per mg protein and calculated using
a molar extinction coefficient of 22/mol/cm for aliphatic
hydrazones. All tests were performed in triplicate [19].

Determination of advanced oxidation protein
products

Staphylococcus aureus suspensions were prepared from
cultures of 18 h at 35 °C in triptein soya broth. 5 mL of
the sample were incubated with 0.5 mL of ciprofloxacin
(at a sub-MIC concentration for each strain) or phos-
phate saline buffer (control) for 2 and 4 h. Then, 1 mL of
the samples or 1 mL of 50 um chloramine T (standard)
was treated with 50 pL. of 1.16 M IK and 0.1 mL of
acetic acid. The blank contained 1 mL of phosphate
saline buffer, 50 pL of 1.16 m IK and 0.1 mL of acetic
acid.

The absorbance of the reaction mixture was immedi-
ately read at 340 nm. The chloramine-T absorbance at
340 nm was linear within the range 0-100 mM. AOPP
concentrations were expressed as micromoles per litre of
chloramine-T equivalents [19].

Protein determination
The quantity of protein in bacterial suspensions was
determined by the Folin-Ciocalteau assay [20].

RESULTS

The CL assays indicated a high degree of oxidative stress
in the three sensitive strains in the presence of cipro-
floxacin, with increases from 5- to 38-fold in the
production of ROS with respect to strains without
antibiotic, while the four resistant strains exhibited
0.7- to 2-fold increases in ROS. The response varied
according to the concentration used. There was stimu-
lation of ROS until the concentration of antibiotic
produced excessive stress which decreased the produc-
tion of ROS (Figure 1). Strain 98 suffered an important
oxidative stress, because the maximum stimulus was
obtained with 0.45 mg/L of antibiotic, while 107 and
8816 reached their maximum values (0.677 and 0.578
RLU, respectively) with 0.9 and 0.45 mg/L of ciproflox-
acin. The rise in ROS was immediate (1 s) when the
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Figure 1 Increase of ROS production in S. aureus sensitive to
ciprofloxacin. The strains were incubated at different concentra-
tions of ciprofloxacin (0-1.8 mg/L).

antibiotic was added, even at non-bactericidal concen-
trations.

The increase in ROS was lower in resistant strains
(Figure 2) than in sensitive ones, without an obvious
maximum value, even at the highest concentration of
the assayed antibiotic (1.8 mg/L).

The determination of NO in bacteria showed that the
mean + SEM was higher in sensitive (4.9 + 0.4 pm/mg
protein) than in resistant strains (2.1 £ 0.3 pm/mg
protein) (P < 0.05) (Figure 3).

Sensitive strains accumulated higher amounts of
ciprofloxacin than resistant ones (Figure 4), but strain
73 presented a singular behaviour. Although this strain
was the most resistant one, it accumulated a high
amount of antibiotic as in the case of the most sensitive
strains. The antioxidant capacity was investigated to try
to explain the low stimulus of ROS and NO in spite of the
high accumulation of ciprofloxacin in strain 73.
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Figure 2 Reactive oxygen species (ROS) production in S. aureus
resistant to ciprofloxacin. The strains were incubated at different
concentrations of ciprofloxacin (0-1.8 mg/L).
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Figure 3 Nitric oxide level in sensitive (white bars) and resistant
strains (black bars) in the presence of 0.45 mg/L of ciprofloxacin.
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Figure 4 Accumulation of ciprofloxacin in sensitive (white bars)
and resistant strains (black bars) of S. aureus.

The values of the antioxidant capacity of each strain
are shown in Table I. It was found that the mean ferrous
reduction antioxidant potency (FRAP) was 402 Fe'?
pM x 10"'CFU/mL in sensitive strains and 1446 Fe'
pM x 10" CFU/mL in resistant bacteria, with strain 73
exhibiting the highest FRAP (3074 Fe*? um x 10! CFU/
mL). The FRAP/ciprofloxacin accumulation ratio was
lower in sensitive (0.36 = 0.1) than in resistant strains
(52.3 £ 9.3), indicating that sensitive bacteria presented
a poor defence against the rise in ROS generated by the
accumulation of the antibiotic.

The CAT activity of sensitive strains (230 £ 1 U CAT/
mg protein) was lower than that of the resistant ones
(1071 £ 15 U CAT/mg protein), with strain 73 present-
ing one of the highest values of CAT activity (Table I).

Oxidation of proteins by ciprofloxacin was observed in
all strains. Carbonyl residues increased to a mean value
of 372 £ 5 mm/mg protein in sensitive S. aureus, within
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Table I Susceptibility to ciprofloxacin, antioxidant capacity, and
catalase activity in sensitive and resistant strains of S. aureus.

CAT catalase
+ SEM
(U/mg protein)

FRAP antioxidant
MIC capacity + SEM
ma/L (M Fe*?/10"" CFU/mL)

Sensitive strains

107 2 512 + 128 124.62 + 0.26
8816 2 175 + 81 500.49 + 0.26
98 1 303 64.55 + 0.65
Resistant strains
73 128 3074 + 1045 1733.24 + 44.58
22 32 1459 + 160 1940.11 + 1.85
61 32 817 + 91 468.05 + 12.77
13 8 434 + 35 144.48 + 0.58

2 h of incubation with ciprofloxacin (Table II), while the
mean value of carbonyls for the resistant strains was
lower (237 £ 5 mm/mg protein).

Advanced oxidation protein products (AOPP) also
increased in the presence of the antibiotic, with the
oxidation of carbonyl to AOPP being the most pro-
nounced in resistant strains. The AOPP/carbonyl ratio
was two- to sevenfold higher in resistant strains than in
susceptible ones, when these were incubated with
ciprofloxacin, with this ratio being time-dependent. The
degradation of carbonyls was also higher in resistant
strains than in sensitive ones.

DISCUSSION

The mechanisms involved in the resistance to ciproflox-
acin can best be interpreted by considering the different
aspects implicated in the antibacterial mechanism of
action. In this way, we have demonstrated that cipro-
floxacin, ceftazidime, piperacillin and chloramphenicol
can generate an increase of superoxide anion in bacterial
species with different degrees of defence against oxidative
metabolism [5]. Also, a relationship was observed
between resistance to oxidative stress and the concom-
itant resistance to antibiotics in biofilms of different
bacteria species [21].

It was demonstrated previously, that oxidative stress
was induced in bacteria exposed to rifampicin. This
activated a global regulator, the sigma factor, which
controls the general stress response and protects against
multiple stress conditions [22]. Moreover, resistance to
other antibiotics was found to be related to resistance to
oxidative stress by up-regulation of ¢® [23]. Recently, it
was postulated that antioxidants could contribute to the
higher resistance to antifungals observed in Candida [24].
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Table II Relationship between AOPP
and carbonyl levels in sensitive and Carbonyl ) ) )
resistant strains of S. aureus at subMIC (mm/mg protein) AOPP (mm chloramine T) Ratio AOPP/Carbonyl
concentrations of CIP determined at 2h 4 h 2h 4 h oh 2h 4 h
different times.
Sensitive strains
107 359 +7 146 + 3 432 + 2.5 413 +2.2 0.03 0.12 0.28
8816 540 + 5 291 + 3 254+ 1.3 74.6 £ 3.5 0.02 0.04 0.25
98 217 =3 187 + 2 53+0.8 1.1+0.1 0.08 0.02 0.01
Resistant strains
73 105+ 2 63+ 1 207 £ 2 196 = 4 0.08 1.97 3.11
22 186 + 3 141 + 3 139+ 3 129 + 2 0.01 0.75 0.91
61 364 + 5 258 + 3 98 + 1 101 + 2 0.03 0.27 0.40
13 292 £ 5 285+ 4 312+ 4 272 £ 3 0.10 1.06 0.95

On the basis of all these previous results, oxidative
stress and accumulation were investigated in the present
work by considering that micro-organisms develop
defences in response to oxidative injury. The results
obtained indicated that oxidative stress was associated
with the effect of ciprofloxacin, since the analysis of ROS
and NO demonstrated that resistant strains presented a
low stimulus of these two promoters of oxidative
damage. Although, resistant strains had a low accumu-
lation of ciprofloxacin; strain 73, the resistant strain with
highest MIC, accumulated antibiotic but did not increase
either ROS or NO as consequence of its elevated CAT and
FRAP. Therefore, as a simple analysis of accumulation of
ciprofloxacin could not explain the behaviour of all
strains, it was necessary to consider the antioxidant
defences in order to understand the resistance to
ciprofloxacin. Related to this, another investigation
reported a protective effect of antioxidants against the
antibacterial activity of fluoroquinolones and aminogly-
cosides in Escherichia coli [25].

In addition to the high antioxidant properties of
resistant strains, must be point out the fast degradation
of carbonyl to AOPP in these strains should be taken into
account. It is important to note that carbonyls are
intermediate products in the oxidation of proteins,
whereas AOPP are the products of the advanced oxida-
tion protein, which leads to renovation of the proteins.

The oxidative stress generated by ciprofloxacin pro-
voked an irreversible degradation of the vital macro-
molecules, such as the bacterial proteins. The formation
of carbonyl groups was higher in sensitive strains than
in resistant ones, because these after ones had a fast
turnover of proteins as a natural defensive mechanism
against oxidative damage. Related to this, there was a
correlation between the reduction of carbonyl groups
and an increase in AOPP.

In conclusion, the mechanisms of resistance to cipro-
floxacin implicate various factors. The concept of high
efflux as a cause of resistance to this fluoroquinolone
should be investigated, since resistant bacteria such as
strain 73 can counteract their low efflux of antibiotic by
means of high FRAP and CAT, which together protect
against oxidation by CIP and cause a fast and protective
conversion of carbonyl to AOPP. Finally, a better
understanding of the oxidative stress response of micro-
bial pathogens against oxidative injury caused by
antibiotics may aid the future development of anti-
microbial treatment and pharmacological strategies.
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