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Since levofloxacin at high doses was more active than levofloxacin at conventional doses and was the best
therapy alone in a rat model of staphylococcal foreign-body infection, in this study we tested how these
differences affect the activities of their respective combinations with rifampin in vitro and in vivo. In vitro
studies were performed in the log and stationary phases. By using this model, rifampin at 25 mg/kg of body
weight/12 h, levofloxacin at 100 mg/kg/day, levofloxacin at 100 mg/kg/day plus rifampin, levofloxacin at 50
mg/kg/day, levofloxacin at 50 mg/kg/day plus rifampin, or a control treatment was administered for 7 days; and
therapy with for levofloxacin at 100 mg/kg/day alone and rifampin alone was prolonged to 14 days. We screened
for the appearance of resistant strains. Killing curves in the log phase showed a clear antagonism with
levofloxacin at concentrations =2 X MIC and rifampin and tended to occur in the stationary phase. At the end
of 7 days of therapy, levofloxacin at 100 mg/kg/day was the best treatment and decreased the bacterial counts
from tissue cage fluid (P < 0.05 compared with the results for groups except those receiving rifampin alone).
At the end of 14 days of therapy with levofloxacin at 100 mg/kg/day, levofloxacin at 100 mg/kg/day plus rifampin,
and the control treatment, the bacterial counts on the coverslips were 2.24 (P < 0.05 compared with the results
with the combined therapy), 3.36, and 5.4 log CFU/ml, respectively. No rifampin or levofloxacin resistance was
detected in any group except that receiving rifampin alone. In conclusion, high-dose levofloxacin was the best
treatment and no resistant strains appeared; the addition of rifampin showed an antagonistic effect. The
efficacy of the rifampin-levofloxacin combination is not significantly improved by the dosage of levofloxacin.

Orthopedic prosthetic infections are difficult to treat be-
cause of the presence of bacterial biofilms. The definitive ther-
apy for such infections requires a combination of surgical and
medical approaches and the use of selected antibiotics active
against the microorganisms involved (11, 40, 48).

On the basis of previous experimental and clinical studies,
rifampin plays a main role in the treatment of staphylococcal
foreign-body infections (4, 45, 47, 49), while fluoroquinolones
are considered the best drugs for use in combination with
rifampin (14, 15, 46). Recent work recommended the use of a
combination of high doses of levofloxacin (750 to 1,000 mg/
day) plus rifampin for the treatment of staphylococcal pros-
thetic infections (48), even though the information available
from this setting is limited (3, 34, 39).

The rat model of staphylococcal tissue cage infection is a
well-standardized model of chronic foreign-body infection that
has provided relevant information in this regard (8, 9, 32, 44).
Using this model, we previously reported that high-dose levo-
floxacin (equivalent to 750 to 1,000 mg/day) was more active
than the conventional levofloxacin dose (500 mg/day) and that
it was the best therapy for use alone in comparison to therapy
with other antistaphylococcal drugs (34). The aim of the
present study was to test the extent to which these differences
in activity between conventional and high doses of levofloxacin
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affect the efficacies of their respective combinations with ri-
fampin in vitro and in vivo.

MATERIALS AND METHODS

Microorganism and antimicrobial agents. Methicillin-susceptible strain Staph-
ylococcus aureus ATCC 29213 was used for all experiments.

The antimicrobial agents (levofloxacin and rifampin) were kindly provided by
Sanofi-Aventis (Madrid, Spain).

In vitro studies. (i) Determination of MICs and MBCs. The MICs and the
minimal bactericidal concentrations (MBCs) were determined in the log phase
by the macrodilution method and by the methodology recommended previously
(10). The MICs were defined as the minimal concentration of antibiotic that was
able to inhibit macroscopic growth. The MBCs were defined as the minimal
concentration of antibiotic that was able to kill 99.9% of the bacteria from the
initial inoculum.

The MBCs were also determined in the stationary phase of growth. The
methodology used has been reported previously and proved to be a reliable
method for correlating in vivo efficacy in the rat tissue cage model of foreign-
body infection (34, 47). The MBCs were defined as described above.

(ii) Twenty-four-hour Kkilling curve assays in log and stationary phases. The
methodology used for the killing curve assays in the log phase followed previous
standardized recommendations (35), and that used for the 24-h killing curve
assays in the stationary phase was previously described in detail (34).

The concentrations of antibiotics selected for the log-phase killing curve stud-
ies were those that represented subinhibitory and clinically achievable levels
greater than the MIC, while the concentrations used for the stationary-phase
studies were equivalent to peak and trough levels in tissue cage fluid (TCF).

For all experiments, bactericidal activity was defined as a =3-log,, decrease in
the initial inoculum (in CFU/ml) at 24 h. The results of the combination treat-
ments were compared with the results with the most active single drug; synergy,
indifference, and antagonism were then defined as a =2-log increase in killing, a
<2-log change (increase or decrease) in killing, and a =2-log decrease in killing,
respectively.

To avoid carryover antimicrobial agent interference, the sample was placed on
the plate in a single streak down the center and was allowed to absorb into the
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agar until the plate surface appeared dry; the inoculum was then spread over the
plate.

Animal studies. The animal model was approved by the Ethical Committee for
Animal Experiments at the University of Barcelona.

The model was derived from that reported by Lucet et al. (32); we standard-
ized this model using the methodology reported in our previous study (34).
Briefly, two multiperforated Teflon tissue cages, each of which contained two
polymethyl methacrylate coverslips, were subcutaneously implanted in the flank
of a male Wistar rat. Three weeks later, a sample of TCF was obtained and
checked for sterility; 0.1 ml of saline solution containing S. aureus (0.2 X 10° to
2 X 10° CFU/ml) was then inoculated into the tissue cage. Three weeks after
inoculation (designated day 1), a sample of TCF was again recovered to quantify
the bacterial counts. A minimum of 10° CFU/ml was required to include the
sample in the therapeutic experiments; in all cases, each tissue cage was counted
separately. Animals were killed only if both tissue cages were not valid for further
use; thus, the rats used in the experiments had one or two valid tissue cages. The
mean of the bacterial inoculum from the TCF included at the beginning of
the experiments was 6.66 * 0.88 log CFU/ml (mean * standard deviation). The
animals were treated intraperitoneally for 7 days, and 24 h after the last dose
(designated day 8), a sample of TCF was recovered and the bacterial counts were
quantified. To avoid carryover, we proceeded as indicated above.

The therapeutic groups received the following: rifampin at 25 mg/kg of body
weight/12 h, levofloxacin at 100 mg/kg/day, levofloxacin at 50 mg/kg/day, levo-
floxacin at 100 mg/kg/day plus rifampin, levofloxacin at 50 mg/kg/day plus ri-
fampin, and a control treatment.

To investigate further the antimicrobial efficacy of high doses of levofloxacin
alone and in combination with rifampin, additional in vivo studies were per-
formed and treatment was continued for 14 days. We had previously analyzed the
spontaneous evolution of experimental foreign-body infection in our animal
model and found a chronic and stable infection until day 35 after inoculation
(34). Thus, for these specific 14-day treatment experiments, TCF was obtained
on day 8, as indicated above, and then the animals received the next dose of
antibiotic and were treated for a further 7 days; no dose was missed. Twenty-four
hours after the last dose (designated day 15), TCF was again obtained to quantify
the bacterial counts, and finally, the animals were killed and the coverslips were
recovered from the tissue cages. The therapeutic groups included in these ex-
periments for the double evaluation of efficacy were limited to the groups
receiving levofloxacin at 100 mg/kg/day plus rifampin, levofloxacin at 100 mg/kg/
day alone, and the control treatment.

The differences in the bacterial counts from TCF samples at the beginning and
end of treatment were used as the criteria for therapeutic efficacy; thus, we
determined differences between the beginning and day 8 for all therapeutic
groups and also between the beginning and day 15 exclusively for the three
groups mentioned above. Once the rats had been killed at the end of 14 days of
therapy, the coverslips were removed and processed to quantify bacterial counts.

All the procedures used to process the TCFs and coverslips have been re-
ported to be harmless to the bacteria (9, 32) and have previously been described
in detail (34).

Pharmacokinetic studies. Before the therapeutic experiments, the antibiotic
dosages were selected according to pharmacokinetic and pharmacodynamic pa-
rameters by using the methodology described in detail in our previous work (34).
On the basis of previous data, we selected the dose whose pharmacodynamic
parameters in TCF were close to those in human serum (12, 43); area under the
concentration-time curve (AUC) values were adjusted for each antibiotic to
allow similar ratios of AUC/MIC in both animals and humans (7, 27, 37). Peak
and trough levels in TCF were determined on day 4 for each drug to check the
equilibrium test concentrations during treatment.

The levels of antibiotics were determined by a bioassay method (6) with
antibiotic medium 1 (Difco); thus, the free drug concentrations were used in all
cases to make the comparisons more accurate. The microorganisms used were
Escherichia coli ATCC 35218 for levofloxacin (lower limit of detection, 0.5 p.g/ml;
for linearity of assay, > = 0.99) and Staphylococcus epidermidis ATCC 27626 for
rifampin (lower limit of detection, 0.25 wg/ml; for linearity of assay, r* = 0.98).

All main pharmacokinetic and pharmacodynamic parameters determined for
the selected doses were published in our previous report (34). We noted that the
peak levels in TCF, the trough levels in TCF, the AUC for serum, the AUC for
TCF, the AUC/MIC in TCF, and the maximum concentration (C,,,)/MIC in
TCF were 12 mg/liter, 1.1 mg/liter, 106 pg - h/ml, 117 wg - h/ml, 234, and 24,
respectively, for levofloxacin at 100 mg//kg/day; 6 mg/liter, 0.6 mg/liter, 77 ng - h/
ml, 68 g - h/ml, 136, and 13, respectively, for levofloxacin at 50 mg/kg/day; and
6.6 mg/liter, 3.8 mg/liter, 277 ug - h/ml, 304 g - h/ml, 20,260, and 440, respec-
tively, for rifampin.

For the combination of levofloxacin at 100 mg/day and rifampin, we deter-
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mined the C,,,, of levofloxacin after 4 days of therapy in order to screen for
potential interactions due to rifampin. The C,,,, was 11 mg/liter; thus, it did not
significantly differ from that obtained with levofloxacin at 100 mg/day alone.

Resistance to antimicrobial agents. All therapeutic groups were screened for
the development of levofloxacin and rifampin resistance at the end of therapy. In
all cases, 100 wl of TCF obtained directly and processed TCF from the coverslips
was cultured in plates containing 1 mg/liter of either levofloxacin or rifampin.
The results were expressed qualitatively as positive (with any macroscopic
growth) or negative (with no macroscopic growth) (limit of detection, 10
CFU/ml).

Statistical analysis. All bacterial counts are presented as log CFU/ml (means *+
standard deviations). The data were found to be normally distributed when the
Kolmogorov-Smirnov test was applied. The differences in the bacterial counts for
the treated and the untreated animals were analyzed for statistical significance by
analysis of variance. An unpaired Student’s ¢ test with the Bonferroni correction
was used to determine statistical significance. For all tests, differences were
considered statistically significant when P values were <0.05.

RESULTS

In vitro studies. The MICs of levofloxacin and rifampin in
the log phase were 0.5 and 1 pg/ml, respectively, and the MBCs
were 0.015 and 0.12 wg/ml, respectively. The MBCs of both
antibiotics in the stationary phase were 4 and >8 pg/ml, re-
spectively.

In the killing curve assays, levofloxacin proved to be bacte-
ricidal against both dividing and nondividing bacteria, although
higher concentrations were required in the stationary-phase
studies (8 X MIC) than in the log-phase ones (2X MIC).

In vitro studies with rifampin alone yielded a wide range of
results in killing activity that were related to differences in the
inoculum size and the appearance of resistance during the
studies. Rifampin showed bactericidal activity (at concentra-
tions 8X MIC) in the log phase, although a strictly adjusted
inoculum of 10° CFU/ml was required; in contrast, small in-
creases in inocula were associated with notorious decreases in
killing, which did not reach more than 3 log CFU/ml. Thus, the
MBC in the stationary phase, in which high inocula were
needed, was >8 pg/ml, yielding a high MBC/MIC ratio of 533.

The addition of rifampin to levofloxacin in the log phase
showed antagonism at levofloxacin concentrations as low as 2X
MIC. When subinhibitory concentrations of levofloxacin were
combined with rifampin, this antagonism was not seen. In
contrast, the combination of levofloxacin and rifampin in the
stationary phase showed an indifferent effect, although some
decrease in the efficacy (tending toward antagonism) was ob-
served when rifampin was added to levofloxacin at concentra-
tions higher than its MBC. Figure 1 shows the killing curves in
the log and stationary phases obtained with representative
concentrations of levofloxacin plus rifampin. Note that the
concentrations used in the stationary-phase studies were
higher than those used in the log-phase studies.

Animal studies. (i) Seven-day therapy. Ten rats were not
included because of inadequate bacterial counts. A total of 85
rats (170 tissue cages) were used, and among these rats, 7 rats
had only one valid tissue cage. There were no significant dif-
ferences between the groups in the bacterial counts from TCF
at the beginning of experiments; these counts (mean * stan-
dard deviation) were as follows: 6.9 = 0.8 log CFU/ml for
rifampin, 6.74 = 0.89 log CFU/ml for levofloxacin at 100 mg/
kg/day, 6.4 = 0.8 log CFU/ml for levofloxacin at 50 mg/kg/day,
6.74 = 1 log CFU/ml for levofloxacin at 100 mg/kg/day plus
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FIG. 1. Time-kill curves for strain in the log phase obtained with
subinhibitory and clinically available concentrations (ug/ml) (A) and in
the stationary phase obtained with the trough and peak concentrations
(B) in TCF of rats treated with levofloxacin (LVX) alone and in
combination with rifampin (RIF). Note that the levofloxacin concen-
trations used in the log-phase studies were lower than those used in the
stationary-phase studies. In the stationary-phase studies, the trough
concentrations of levofloxacin were equivalent to the subinhibitory
ones in the log phase, whereas two peak concentrations of levofloxacin
are represented as being equivalent to the peak levels of both dosages.
The antagonistic effect obtained with the combination of levofloxacin
and rifampin in the log phase was observed with levofloxacin at con-
centrations of 1 and 4 pg/ml (LVX 1 and LVX 4, respectively),
whereas the combination of levofloxacin at 12 pg/ml (LVX 12) and
rifampin in the stationary phase decreased the efficacy of levofloxacin
at 12 pg/ml alone by more than 1 log CFU/ml. Errors bars indicate
standard deviations; in some cases, the bars are smaller than the
symbols and so cannot be seen.

rifampin, 6.7 = 1 log CFU/ml for levofloxacin at 50 mg/kg/day
plus rifampin, and 6.8 = 0.8 log CFU/ml for the controls.

At the end of the therapy, the counts for all therapeutic
groups were better than those for the controls. Levofloxacin at
high doses was the best treatment; it was significantly better
than levofloxacin at 50 mg/kg/day (P < 0.03) and the combi-

EFFECT OF RIFAMPIN ON HIGH-DOSE LEVOFLOXACIN 3683

nations of levofloxacin at 50 mg/kg/day plus rifampin and levo-
floxacin at 100 mg/kg/day plus rifampin (P < 0.05). The counts
for the groups treated with rifampin alone did not show sig-
nificant differences compared with those for the two groups
treated with one of the levofloxacin doses plus rifampin.

Resistance to rifampin appeared in 90% of the rats treated
with rifampin alone, whereas no rifampin- or levofloxacin-
resistant strains appeared in the remaining groups.

A comparison of the final decreases in the log numbers of
CFU/ml between the groups is shown in Fig. 2.

(ii) Fourteen-day therapy. At the end of 14 days of therapy,
the bacterial counts were 2.9 * 1.2 log CFU/ml for the group
treated with levofloxacin at 100 mg/kg/day (n = 21), 3.37 £ 1.3
log CFU/ml for the group treated with levofloxacin at 100
mg/kg/day plus rifampin (n = 21), and 7.2 * 0.6 log CFU/ml
for the control group (n = 15). Levofloxacin alone was more
active than levofloxacin in combination with rifampin, and the
final efficacy for both groups was higher than that at the end of
7 days of therapy. The differences in the decrease in TCF
bacterial counts (Fig. 2) between the two therapeutic groups
that included levofloxacin alone and in combination with ri-
fampin (0.5 log CFU/ml) were maintained over time, and levo-
floxacin alone was more active than levofloxacin in combina-
tion with rifampin, however; and probably because of the
smaller number of animals, the differences in efficacy at the
end of 14 days of therapy were not statistically significant. In
contrast, analysis of the bacterial counts from the coverslips
showed that the counts were significantly better for the group
treated with levofloxacin alone (P < 0.05); these counts were
2.24 = 1.3 log CFU/ml for the group treated with levofloxacin
at 100 mg/kg/day, 3.3 = 1.1 log CFU/ml for the group treated
with levofloxacin at 100 mg/kg/day plus rifampin, and 5.4 log
CFU/ml = 1 for the control group.

At the end of 14 days of therapy, there were no rifampin- or
levofloxacin-resistant strains in either TCF or coverslips.

DISCUSSION

The present study with a standardized rat model of S. aureus
foreign-body infection provides information on the compara-
tive efficacies of conventional and high doses of levofloxacin
alone, and it is the first to test the differences in activity when
both doses were combined with rifampin.

In our in vitro studies, we found that levofloxacin was bac-
tericidal against S. aureus in both the log and the stationary
phases, in agreement with the findings presented in previous
reports (19, 28, 31, 34). In contrast, the efficacy of rifampin
alone was greatly influenced by the inoculum size, as well as by
the emergence of resistant strains. While rifampin has gener-
ally been considered an antimicrobial that is bactericidal for S.
aureus (33, 38), contradictory results in this regard can often be
found in the literature (1, 9, 18, 25). In our stationary-phase
studies, where the presence of a high inoculum was needed,
rifampin showed a moderate killing effect, but it was not
strictly bactericidal. The bactericidal activity of rifampin
against stationary-phase bacteria has been considered the basis
for its main role in the treatment of staphylococcal foreign-
body infections, although the MBC reported in the previous
studies was always relatively high (between 3 and 4 pg/ml),
with a very high stationary-phase MBC/MIC ratio (42, 47).
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FIG. 2. Between-group comparisons of the decreases in bacterial counts from TCF (mean log CFU/ml) at the end of 7 days and 14 days of
therapy. The n values represent the number of TCF samples and not the number of animals for each group. Note that the number of samples used
for the two groups treated with levofloxacin at 100 mg/kg/day and levofloxacin at 100 mg/kg/day plus rifampin for the studies with 7 days of therapy
was larger than that for the remaining therapeutic groups because the animals were maintained for a longer period. Differences in efficacy between
the two therapeutic groups were maintained over time, although the number of samples included in the study with 14 days of therapy was less than
that in the study with 7 days of therapy. Errors bars indicate standard deviations. Abbreviations and symbols: 7d, 7 days of therapy; 14d, 14 days
of therapy; LVX, levofloxacin; RIF, rifampin; CTRL, control; %, P < 0.05 versus the results for the control; **, P < 0.05 versus the results for the
groups treated with levofloxacin at 50 mg/kg/day (LVX 50) plus rifampin and levofloxacin at 100 mg/kg/day (LVX 100) plus rifampin and P < 0.03
versus the results for the groups treated with levofloxacin at 50 mg/kg/day and the controls.

The in vitro activity of the combination of fluoroquinolones
plus rifampin, mainly in the log phase, is usually reported to be
antagonistic (22, 24, 26). The inhibition of RNA synthesis by
rifampin is responsible for abolishing the bactericidal killing
activities of quinolones, which is related to the activity against
DNA supercoiling (29, 30). However, the extent to which this
activity of rifampin affects the activities of newer fluoroquino-
lones and its efficacy against nongrowing bacteria is not yet well
known (21, 28). In this regard, Bahl et al. previously reported
how the combination of ciprofloxacin and rifampin showed
antagonism against growing S. aureus strains but only indiffer-
ence against nongrowing strains (1). In our study, it should be
noted that a decrease in the bactericidal activity of levofloxacin
was also observed when rifampin was added to high concen-
trations of levofloxacin (>8x MIC) in the stationary phase. In
contrast, levofloxacin did not antagonize the activity of ri-
fampin.

The clinical significance of the in vitro antagonism observed
for the combination of rifampin plus fluoroquinolones has
been of great concern. In fact, the combination of either cip-
rofloxacin or levofloxacin plus rifampin in animal models of
staphylococcal endocarditis has been reported to produce an
antagonistic effect (5, 24), whereas clinical studies have re-
ported that the combination of ciprofloxacin and rifampin has
beneficial effects (17). The combination of rifampin and cip-
rofloxacin or ofloxacin has demonstrated good efficacy in ab-
scess, osteomyelitis, and foreign-body infection models; and
accordingly, these combinations have been considered refer-
ence treatments for these human infections (2, 15, 16, 47, 49).

Currently, the use of high doses (750 to 1,000 mg/day) of

levofloxacin in combination with rifampin has been incorpo-
rated into clinical practice for the treatment of staphylococcal
orthopedic prosthetic infections (48), although very limited
information is available (3, 39). Thus, a recent study by Tram-
puz et al. described results similar to those previously reported
with the combination of rifampin and classical fluoroquinolo-
nes when rifampin and levofloxacin were used at very low doses
(Caxo 0.97 pg/ml) in a guinea pig model of staphylococcal
foreign-body infection (42).

In the present study, we confirmed the high level of efficacy
of levofloxacin alone against staphylococci when it is used at
high doses and that it is the best therapy, as we reported
previously (34). The results obtained for the combined thera-
pies showed that they have different activities, depending on
the dose of levofloxacin used. While the addition of rifampin
was beneficial with conventional doses of levofloxacin (C,,.y, 6
pg/ml; AUC, 68 pg - h/ml), as reported in classical studies of
fluoroquinolones plus rifampin (45, 47), the combination of
rifampin with high doses of levofloxacin (C,,,, 12 pg/ml; AUC,
117 g - h/ml) diminished the efficacy of the most active treat-
ment, which was levofloxacin alone. The antagonistic effect of
adding rifampin to high doses of levofloxacin was observed in
TCF with treatment for the usual 7-day period and also in the
coverslips with treatment for the prolonged 14-day period. It
should be of interest that no differences in efficacy were found
between the combination of rifampin with a conventional dose
or a high dose of levofloxacin. With respect to the efficacy of
rifampin alone, both combination therapies protected against
the emergence of resistance, and no significant differences in
final efficacies were noticed. Furthermore, no strains resistant
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to levofloxacin or rifampin were detected by use of this 14-day
treatment period, supporting the good safety profile against
resistance development achieved with levofloxacin (13, 20), in
contrast to that observed for classical quinolones (i.e., cipro-
floxacin) (23). While some interaction between moxifloxacin
and rifampin has been reported anecdotally (36), quinolone
concentrations are not significantly altered by the addition of
rifampin (41), as we noticed for the particular case of levo-
floxacin.

In conclusion, because of treatment efficacy and the safety
profile against staphylococcal resistance, our results provide
strong support for the potential use of levofloxacin at high
doses alone as treatment for foreign-body infections. The clin-
ical relevance of the antagonistic effect of adding rifampin in
this setting should be further evaluated in patients receiving
long-term therapy because of osteoarticular device infections.
When use of the rifampin-levofloxacin combination is consid-
ered, the use of a high dosage of levofloxacin seems to offer a
nonsignificant contribution to the efficacy of the combined
therapy.
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