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In vitro activity of ciprofloxacin against 27 strains of enterococci was inoculum dependent. Using inocula of
10° to 10° or 107 to 10° CFU of enterococci per ml, the MICs for 50 and 90% of strains tested increased from
1 to =128 pg of ciprofloxacin per ml with the higher inoculum compared with the lower inoculum. The MBC
for 50% of strains tested increased from 2 to >128 pg/ml and the MBC for 90% of strains tested increased from
8 to >128 pg of ciprofloxacin per ml with the lower and higher inocula, respectively. The combination of
penicillin-gentamicin was more effective in vitro than the combination of ciprofloxacin-gentamicin against the
low or high inoculum of enterococci. Using two strains of enterococci, we studied the efficacy of ciprofloxacin
in the treatment of enterococcal experimental endocarditis in rabbits. Ciprofloxacin used alone or combined
with gentamicin was significantly less effective (P < 0.01) than procaine penicillin alone or procaine penicillin
combined with gentamicin for the treatment of enterococcal experimental endocarditis. The combination of
ciprofloxacin-procaine penicillin was not a more effective therapy than procaine penicillin alone.

Enterococci are the third leading cause of infective
endocarditis, accounting for 10 to 15% of the cases (14).
Current antimicrobial therapy for patients with enterococcal
endocarditis consists of penicillin or vancomycin combined
with an aminoglycoside administered for 4 to 6 weeks. In our
experience with the management of patients with enterococ-
cal endocarditis, the frequency of streptomycin-associated
vestibular toxicity was 19%, and the frequency of gentami-
cin-associated nephrotoxicity was 60% (15). High-level
streptomycin resistance occurs in approximately 20 to 80%
of enterococcal isolates, and high-level resistance to genta-
micin may be increasing in frequency (8, 9, 11; D. Schaberg,
S. Dembinski, M. Kish, and G. Power, Program Abstr. 24th
Intersci. Conf. Antimicrob. Agents Chemother., abstr. no.
510, 1984). Enterococci that are resistant to high concentra-
tions of gentamicin are not Kkilled synergistically by
combinations of penicillin and the currently available ami-
noglycosides. Plasmid-mediated B-lactamase production by
enterococci has been reported (10). These factors suggest
that a less-toxic, alternative therapy for patients with
enterococcal endocarditis needs to be evaluated.

Ciprofloxacin, a carboxyquinolone, is active in vitro
against a wide array of aerobic and anaerobic bacteria and is
reportedly bactericidal against enterococci (1, 3, 5, 7, 12; A.
Weber, R. Scribner, W. Rollerson, and M. 1. Marks, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1984, A62, p. 11). Accord-
ingly, ciprofloxacin might be useful as a single-drug therapy
for patients with enterococcal endocarditis. The purpose of
this study was to determine the bactericidal effect of
ciprofloxacin against enterococci in vitro and its efficacy in
the treatment of enterococcal experimental endocarditis in
rabbits.

(This study was presented in part at the 24th Interscience
Conference on Antimicrobial Agents and Chemotherapy,
8-10 October 1984 [24th ICAAC, abstr. no. 275, 1984].)
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MATERIALS AND METHODS

In vitro studies. A total of 27 strains of enterococci isolated
from patients with infective endocarditis were studied; 23 of
these strains were Streptococcus faecalis, 3 strains were
Streptococcus faecium, and 1 strain was Streptococcus
durans. The enterococci were stored in defibrinated sheep
blood at —70°C. Before testing each strain was thawed and
subcultured on Trypticase (BBL Microbiology Systems,
Cockeysville, Md.) soy agar containing 5% sheep blood. A
total of 19 strains (70%) were susceptible to streptomycin,
with a MIC of =2,000 pg/ml; 8 strains (30%) were highly
resistant to streptomycin (MIC, >2,000 pg/ml). All strains
were susceptible to <16 pg of gentamicin per ml.

A macrodilution method was used for susceptibility test-
ing (13). Inocula were prepared from overnight broth cul-
tures to yield a low inoculum (10° to 10° CFU/ml) or a high
inoculum (107 to 10® CFU/ml) and inoculated into serial
twofold dilutions of ciprofloxacin in dextrose-free Todd-
Hewitt broth (pH 7.4) containing 0.1% L-cysteine. Subcul-
tures were made for comfirmation of purity and for quanti-
tation of the inoculum sizes. Tubes containing the inocula in
serially diluted concentrations of ciprofloxacin were incu-
bated for 24 h at 35°C in room air. The MIC was defined as
the lowest concentration of ciprofloxacin in broth without
visible growth of enterococci. The MBC was determined by
subculturing 10 pl of broth from the control tube, with the
first tube containing growth, and from all tubes without
visible growth and was defined as the lowest concentration
of antibiotic that killed =99.9% of the original inoculum.
Tests for in vitro synergy were performed in triplicate by
using the time-kill method with antibiotics singly or in
combination with a low and a high inoculum with the two
strains used for animal experimental endocarditis (12). Syn-
ergy was defined as at least a 100-fold increase in Kkilling of
enterococci by a combination of antibiotics compared with
that achieved by an antibiotic singly.
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TABLE 1. In vitro activity of ciprofloxacin combined with penicillin or gentamicin compared with penicillin combined with gentamicin

Logjo CFU of enterococci per ml for:

e . Strain 1 Strain 2
Antibiotic (concn
[wg/ml]) Low inoculum High inoculum Low inoculum High inoculum
Oh 4h 24 h Oh 4h 24 h Oh 4h 24 h Oh 4h 24 h
Control 5.8 6.4 7.8 7.7 8.2 9.0 6.1 6.9 8.0 7.9 8.4 8.9
Gentamicin (3) 5.8 6.7 8.1 7.7 8.5 8.9 6.1 6.3 7.9 7.9 8.1 9.0
Penicillin (20) 5.8 5.5 49 7.7 7.5 7.2 6.1 5.5 4.9 7.9 7.8 7.8
Ciprofloxacin (1) 5.8 5.6 5.9 7.7 8.0 8.3 6.1 5.9 5.9 79 8.0 8.2
Ciprofloxacin (1)- 5.8 5.2 5.0 7.7 7.9 8.0 6.1 5.7 5.2 7.9 8.1 7.6
penicillin (20)
Ciprofloxacin (1)- 5.8 4.9 3.1 7.7 7.5 7.5 6.1 5.0 34 79 7.3 7.1
gentamicin (3)
Penicillin (20)- 5.8 4.2 Sterile 7.7 5.2 3.9 6.1 4.1 2.8 7.9 5.7 4.9

gentamicin (3)

Animal studies. Experimental aortic valve endocarditis
was established in 132 New Zealand white rabbits (weight,
>2 kg) by modifications of the methods described by Garri-
son and Freedman (4). Briefly, animals were anesthetized
with a mixture of ketamine-xylazene injected intramuscu-
larly. An incision was made in the neck, and the right carotid
artery was exposed. The artery was ligated distally, and a
sterile polyethelene catheter (PE 90; Clay Adams) was
inserted into the artery through a small incision and ad-
vanced proximally across the aortic valve into the left
ventricle. A pressure-sensitive monitoring device was at-
tached to the distal end of the catheter to ensure that the
catheter tip crossed the aortic valve and entered the left
ventricle. The end of the catheter was sealed and tied to the
carotid artery, and the wound was closed over the catheter
with surgical clips.

Two strains of S. faecalis were selected for experimental
endocarditis from among the 27 strains studied. For strain 1
the MIC/MBC ratio with the lower or the higher inoculum
was 0.5/1 and 128/>128 ng of ciprofloxacin per ml, respec-
tively. For strain 2 the MIC/MBC with the lower inoculum
was 1/4 pg of ciprofloxacin per ml, and with the higher
inoculum the MIC/MBC was >128/>128 ug of ciprofloxacin
per ml. Enterococci were inoculated into Todd-Hewitt

broth, incubated overnight, and diluted 1:10. A 1-ml broth
sample containing 107 to 108 CFU of enterococci per ml was
injected into a peripheral ear vein 24 h after the insertion of
the catheter. The presence of endocarditis was confirmed by
a blood culture yielding enterococci obtained before the
initiation of antimicrobial therapy.

Antimicrobial therapy was started 24 h after intravenous
injection of enterococci and was administered for 3 days.
After day 3 of treatment and at least 12 h after administration
of the last dose of antimicrobial agent(s), animals were
sacrificed by intravenous injection of sodium pentobarbital.
The chest was opened, the heart was excised and opened,
and the aortic valve vegetations were removed aseptically.
The vegetations were weighed and homogenized with a
sterile mortar and pestle. The entire vegetation was cultured,
and the number of CFU of enterococci per gram of vegeta-
tion was quantitated by using a pour-plate method with agar
containing bile and esculin as indicators. The results were
expressed as the log;o CFU of enterococci per gram of valve
vegetation.

Animals were placed into the following treatment groups:
(i) control (10 animals that received no antimicrobial ther-
apy), (ii) low-dose ciprofloxacin (20 animals that received
ciprofloxacin [30 mg/kg] intramuscularly [i.m.] three times

TABLE 2. Results of treatment of enterococcal experimental endocarditis in rabbits

Strain 1 Strain 2
Antimicrobial agent Mean lo Mean lo
(dose) No. of CFU/g of No. of CFU/g of
animals vegetation = SD ammals vegetation * SD
Control S 10.4 = 0.1 S 10.0 £ 0.1
Ciprofloxacin (30 mg/kg, i.m., TID) 10 8.4 + 0.8%* 10 8.8 + 0.8+
Ciprofloxacin (50 mg/kg, i.m., TID) 12 8.8 = 0.44* 12 8.5 + 0.7¢¢
Procaine penicillin (1.2 X 10° U, i.m., TID) 10 5.2 = 1.0b4 10 6.2 + 1.16c4
Procaine penicillin (1.2 X 10° U, i.m., TID) S 6.3 = 0.9°¢ 5 6.2 = 0.8
plus ciprofloxacin (30 mg/kg, i.m., TID)
Ciprofloxacin (30 mg/kg i.m., TID) plus 12 55+ 1.5 12 7.9 *+ 0.4%4
gentamicin (1.05 mg/kg, i.m., TID)
Procaine penicillin (1.2 x 10° U, i.m., TID) 12 3.9 £ 1.3¢ 12 4.2 * 1.0¢

plus gentamicin (1.05 mg/kg, i.m., TID)

@ P < 0.05 for ciprofloxacin (30 or 50 mg/kg, i.m., TID) versus control.

b P < 0.01 for procaine penicillin (1.2 X 10° U, i.m., TID) versus ciprofloxacin (30 or 50 mg/kg, i.m., TID) or ciprofloxacin (30 mg/kg i.m.)-gentamicin (1.05

mg/kg, i.m., TID; strain 2).

< P is not significant for procaine penicillin (1.2 x 10° U, i.m., TID) versus procaine penicillin (1.2 X 10° U, i.m., TID)-ciprofloxacin (30 mg/kg, i.m., TID) or

ciprofloxacin (30 mg/kg, i.m., TID)-gentamicin (1.05 mg/kg, i.m., TID; strain 1).

4 P < 0.01 for procaine penicillin (1.2 x 10° U, i.m., TID)-gentamicin (1.05 mg/kg, i.m., TID) versus procaine penicillin (1.2 X 10° U, i.m., TID) or ciprofloxacin
(30 mg/kg, i.m., TID)-gentamicin (1.05 mg/kg, i.m., TID) or procaine penicillin (1.2 x 10¢ U, i.m., TID)-ciprofloxacin (30 mg/kg, i.m., TID; 1.05).
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daily [TID]), (iii) high-dose ciprofloxacin (24 animals that
received ciprofloxacin [S0 mg/kg] TID), (iv) penicillin alone
(20 animals that received procaine penicillin [1.2 X 10° U]
i.m. TID), (v) penicillin plus ciprofloxacin (10 animals that
received procaine penicillin [1.2 X 10° U] i.m. TID plus
ciprofloxacin [30 mg/kg] i.m. TID), (vi) ciprofloxacin plus
gentamicin (24 animals that received ciprofloxacin [30
mg/kg] i.m. TID plus gentamicin [1.05 mg/kg] i.m. TID), (vii)
penicillin plus gentamicin (24 animals that received procaine
penicillin [1.2 x 10° U] i.m. TID plus gentamicin [1.05
mg/kg] i.m. TID).

Because of the large number of treatment groups, it was
not possible to have an equal number of rabbits treated with
each therapeutic regimen during each day of experiments.
An effort was made to distribute the animals equally among
the respective therapeutic regimens throughout the study
period. The dosages of antimicrobial agents were selected
because administration resulted in concentrations in serum
in rabbits that were similar to those used to treat infections
in humans.

On day 2 of therapy, 0.5 h after the administration of the
fourth dosage of antibiotic, blood samples were obtained
through a peripheral ear vein from all rabbits included in the
study for measurement of antimicrobial concentrations in
serum. Concentrations of penicillin in serum were deter-
mined by bioassay, concentrations of gentamicin in serum
were measured by fluorescence polarization (6), and concen-
trations of ciprofloxacin in serum were meaured by bioassay
by using Klebsiella pneumoniae ATCC 10031 (12). The mean
concentration of gentamicin in serum at 0.5 h was 1.97 + 0.3
wg/ml. In animals treated with 30 or 50 mg of ciprofloxacin
per kg, the mean concentrations in serum at 0.5 h were 2.8 +
0.4 and 5.9 = 0.5 pg/ml, respectively. The mean concentra-
tion of penicillin in serum at 0.5 h was 15.6 * 4.3 pg/ml.

Analysis of results. Differences in mean logyy CFU of
enterococci per gram of vegetation were analyzed statisti-
cally by using the Kruskall-Wallis test and the Wilcoxon
two-sample test, and the results were corrected for multiple
comparisons (2).

RESULTS

By using an inoculum size of 10° to 10 CFU of entero-
cocci per ml, the MIC of ciprofloxacin for 50% (MICs) and
90% (MICgp) of strains tested was 1 pg/ml (range, 0.5 to 4
pg/ml); the MBCso and MBCy were 2 and 8 pg/ml, respec-
tively (range, 1 to 16 pg/ml). With the larger inoculum size
(107 to 108 CFU/ml), the MICsy and MICy were 128 and
>128 pg/ml, respectively (range, 16 to >128 pg/ml); the
MBCs, and MBCy, were >128 pg/ml (range, 32 to >128
pg/ml). : :

The in vitro effect of the inoculum size of the two strains
of enterococci used in the animal experiments on the effects
of synergy testing is shown in Table 1. With the smaller
inoculum the Kkilling effect of ciprofloxacin in vitro was
similar to that of penicillin, and both strains were Kkilled
synergistically by a combination of ciprofloxacin-gentami-
cin. The combination of ciprofloxacin-penicillin was no more
effective in vitro than either antimicrobial agent alone.

With the larger inoculum, the activity of penicillin or
ciprofloxacin in vitro was similar, but the magnitude of
killing by either drug was less than that achieved against the
smaller inoculum. While the combination of ciprofloxacin-
gentamicin did not act synergistically in vitro against either
strain of enterococci, the combination of penicillin-gentami-
cin killed both strains synergistically.
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The results of treatment of enterococcal experimental
endocarditis are shown in Table 2. Ciprofloxacin alone at
either dosage or in combination with gentamicin (strain 2
only) was significantly less effective (P < 0.01) than that of
procaine penicillin alone or the combination of procaine
penicillin-gentamicin.

DISCUSSION

The in vitro bactericidal effect of ciprofloxacin in our
study was highly inoculum dependent. Bauernfeind and
Petermuller (1) found that the MICs of enterococci increased
fourfold when tested with an inoculum of 5 x 10 CFU/ml
compared with those obtained with an inoculum of 5 x 103
CFU/ml. In our study with an inoculum size similar to the
larger inoculum used by Bauernfeind and Petermuller (1),
ciprofloxacin was bactericidal at a concentration that was
four times that of the MICy. When the inoculum size was
increased to 107 to 108 CFU/ml, however, the MBC was =32
wg of ciprofloxacin per ml for all 27 strains tested. With the
exception of enterococci, the inoculum size exerts a minimal
effect on the in vitro activity of ciprofloxacin against other
gram-positive or gram-negative microorganisms (3). The in
vitro activity of ciprofloxacin against enterococci may also
be strain dependent. The magnitude of killing in vitro by a
combination of ciprofloxacin-gentamicin was greater against
strain 1 than against strain 2.

It is possible that an in vivo inoculum effect occurred in
our study of enterococcal experimental endocarditis. The
number of enterococci in cardiac valve vegetations in un-
treated animals was approximately 10'° microorganisms per
g of valve vegetation. This high concentration of enterococci
may explain in part the relatively poor in vivo activity of
ciprofloxacin alone or combined with gentamicin against
enterococcal experimental endocarditis. The possibility is
supported by the results of in vitro tests which demonstrated
synergy with the combination of ciprofloxacin-gentamicin
against a low inoculum of enterococci but no synergistic
effect of this combination against a high inoculum of entero-
cocci. The penetration of ciprofloxacin into experimental
cardiac valve vegetations also may have influenced the in
vivo activity of ciprofloxacin in our study. Additional data
are necessary to clarify the role of these factors.

The results of our study suggest that the use of
ciprofloxacin alone or combined with gentamicin or penicil-
lin may be inferior to the use of penicillin combined with
gentamicin for the treatment of enterococcal endocarditis.
At this time we suggest that ciprofloxacin not be used for the
treatment of enterococcal infections in humans. Because
ciprofloxacin has variable activity against enterococci, how-
ever, additional studies of the efficacy of ciprofloxacin
treatment of experimental infections with enterococci are
justified to clarify the role of ciprofloxacin in the treatment of
less severe infections caused by this microorganism.
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