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The purpose of this study was to quantitatively compare, in a rabbit keratitis model, the levels of effectiveness
of moxifloxacin, levofloxacin, and ciprofloxacin for the treatment of Staphylococcus aureus isolates of diverse
antibiotic susceptibilities. Rabbit eyes were intrastromally injected with approximately 100 CFU of methicillin-
sensitive or methicillin-resistant S. aureus (MSSA or MRSA, respectively) organisms that were either sensitive
or resistant to ofloxacin. One drop of moxifloxacin (0.5%), levofloxacin (0.5%), or ciprofloxacin (0.3%) was
topically applied hourly from 4 to 9 (early) or 10 to 15 (late) h postinfection. At 1 h after cessation of therapy,
the corneas were harvested, and the number of CFU per cornea was determined. For the ofloxacin-sensitive
strains, early treatment of MSSA or MRSA with moxifloxacin, levofloxacin, or ciprofloxacin produced approx-
imately a 5-log decrease in CFU per cornea relative to that in untreated eyes (P < 0.0001). For late therapy of
ofloxacin-sensitive strains, moxifloxacin, levofloxacin, and ciprofloxacin produced approximately 5-, 4-, and 2-
to 3-log reductions in CFU per cornea, respectively (P < 0.0001). Early treatment of the ofloxacin-resistant
strains with either moxifloxacin or levofloxacin produced a >4-log or >3-log decrease, respectively, in the
MSSA or MRSA strains (P < 0.0001), whereas ciprofloxacin treatment produced a 1-log decrease in CFU per
cornea relative to that in untreated eyes (P � 0.1540). For late treatment of ofloxacin-resistant strains,
levofloxacin and ciprofloxacin failed to significantly reduce the number of CFU per cornea (P > 0.3627),
whereas moxifloxacin produced a significant reduction in CFU per cornea of approximately 1 log (P < 0.0194).
Therefore, for three of the four treatments tested, moxifloxacin demonstrated greater effectiveness than either
levofloxacin or ciprofloxacin.

Staphylococcus aureus is a major cause of bacterial keratitis
(2, 15, 21). S. aureus ocular infections can cause severe inflam-
mation, pain, corneal perforation, scarring, and loss of visual
acuity (6, 15). S. aureus has a long history of evolving to more
resistant states, and this trend is expected to continue (13, 22).
Therefore, new antibiotics and new antibiotic formulations are
needed to manage future cases of S. aureus-induced keratitis.

Throughout the 1990s, S. aureus acquired more resistance to
the commonly prescribed antibiotics (15; K. R. Wilhelmus and
R. L. Penland, Investig. Opthalmol. Vis. Sci. 37:S877, 1996). Of
particular concern is that S. aureus strains resistant to multiple
antibiotics, including methicillin-resistant S. aureus (MRSA),
have become more prevalent in the hospital setting, dictating
the empirical use of vancomycin for nosocomial Staphylococcus
infections (13, 22). Additionally, MRSA strains have been iso-
lated in increasing numbers among nonhospitalized individuals
who have no recent history of antibiotic usage or a hospital stay
(18). Of potential importance to treating bacterial keratitis is
the finding that MRSA strains are typically resistant to ceph-
alosporins and aminoglycosides and are more frequently resis-
tant to the extended-spectrum and broad-spectrum fluoro-
quinolones in use today (Wilhelmus and Penland, Investig.
Opthalmol. Vis. Sci. 37:S877, 1996). The distribution of such
MRSA strains among the outpatient population implies that

drug-resistant forms of S. aureus will become more common
causes of ocular infections. Moreover, there is a long-term
concern that rare strains expressing intermediate resistance to
vancomycin may become more prevalent (13). These changes
in S. aureus itself and in the distribution of MRSA into the
outpatient population imply that the future treatment of ker-
atitis may be considerably more challenging.

Moxifloxacin and gatifloxacin are “fourth generation” fluo-
roquinolone antibiotics that target bacterial DNA gyrase (to-
poisomerase II) and topoisomerase IV (1, 4, 11, 14, 23, 26).
These fourth generation fluoroquinolones have in vitro activity
similar to that of ciprofloxacin and ofloxacin (extended-spec-
trum fluoroquinolones) against gram-negative bacteria but en-
hanced activity against gram-positive bacteria, including S. au-
reus (3, 8, 9). Levofloxacin (a broad-spectrum fluoroquinolone)
is the optically active L isomer of the racemate ofloxacin. Levo-
floxacin has activity against gram-negative bacteria similar to
that of ciprofloxacin or ofloxacin and has a greater potency in
vitro against gram-positive bacteria (8, 10, 24).

This study compares ciprofloxacin, levofloxacin, and moxi-
floxacin for their in vivo effectiveness in treating experimental
S. aureus keratitis. The four S. aureus strains used in this study
were selected for their differences in susceptibility to antibiot-
ics, including strains with established resistance to ofloxacin.
Treatment times were chosen to compare the effectiveness of
fluoroquinolones during both a period of active bacterial rep-
lication (early therapy) and a subsequent phase with reduced
bacterial replication (late therapy) in the cornea (5). The re-
sults demonstrate the potency of these antibiotics and reveal
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the enhanced value of moxifloxacin as a potential new ocular
therapy.

MATERIALS AND METHODS

Rabbits. New Zealand White rabbits (2.0 to 3.0 kg) were treated and main-
tained in accordance with the tenets of the ARVO Resolution on the Use of
Animals in Ophthalmic and Vision Research. Rabbits were anesthetized by
subcutaneous injection of a 1:5 mixture of xylazine (100 mg/ml; Rompum; Miles
Laboratories, Shawnee, Kans.) and ketamine hydrochloride (100 mg/ml; Ketaset;
Bristol Laboratories, Syracuse, N.Y.). Proparacaine hydrochloride (0.5% Al-
caine; Alcon Laboratories, Fort Worth, Tex.) was topically applied to each eye
before intrastromal injection.

Bacteria and corneal inoculation. S. aureus strains 8325-4 (methicillin and
ofloxacin sensitive), MRSA 301 (methicillin resistant and ofloxacin sensitive),
60171 (methicillin sensitive and ofloxacin resistant), and 30155 (methicillin and
ofloxacin resistant) were incubated overnight in tryptic soy broth (TSB; Difco,
Detroit, Mich.) at 37°C. This culture was diluted (1:100) in fresh TSB, and a
log-phase culture was grown to an optical density of 0.325 at 650 nm and then
diluted in TSB to approximately 10,000 CFU per ml. Each cornea was intra-
stromally injected with a 10-�l volume containing approximately 100 CFU as
previously described (5). MRSA 301 is a clinical isolate that has previously been
used in antibiotic studies (5, 7). Strains 60171 and 30155 are clinical isolates that
were provided by David Stroman (Alcon Laboratories).

Treatment schedule. Rabbits were topically treated every hour from 4 to 9
(early) or 10 to 15 (late) h postinfection (p.i.) with a single topical drop of
ciprofloxacin (0.3% ophthalmic solution; Ciloxan; Alcon Laboratories), moxi-
floxacin (0.5% ophthalmic solution; Alcon Laboratories), or levofloxacin (0.5%
ophthalmic solution; Quixin; Santen Oy, Tampere, Finland). At 4 h p.i., when
early therapy started, the eyes contained approximately 4.7 log CFU per cornea,
and at 10 h p.i., when late therapy started, the eyes contained approximately 6.6
log CFU per cornea. Rabbits were sacrificed 1 h after the final treatment by an
intravenous injection of sodium pentobarbital solution (100 mg/ml; The Butler
Co., Columbus, Ohio).

Antibiotic susceptibility. The MICs of ciprofloxacin, moxifloxacin, and levo-
floxacin were determined by the tube broth dilution method with Mueller-
Hinton broth (Difco) supplemented with 5% sodium chloride as previously
described (7).

Bacterial quantification. Corneas were aseptically removed, dissected, and
homogenized in sterile phosphate-buffered saline with a tissue homogenizer
(Tekmar, Cincinnati, Ohio). Aliquots of corneal homogenates were serially di-
luted in buffered saline, plated in triplicate on tryptic soy agar (Difco), and
incubated for 24 h at 37°C. The number of viable S. aureus organisms per cornea
was expressed as base 10 logarithms.

Statistical analysis. Data were analyzed by using the Statistical Analysis Sys-
tem program for personal computers. For CFU determinations, analysis of
variance and Student’s t tests between least-squared means from each group
showing statistical variances were performed. P values of �0.05 were considered
significant.

RESULTS

In vitro susceptibility of S. aureus strains to fluoroquino-
lones. The MICs for the four strains of S. aureus analyzed are
presented in Table 1.

Treatment of ofloxacin-sensitive S. aureus keratitis. Early
treatment of rabbit eyes infected with ofloxacin-sensitive S.
aureus strain 8325-4, a methicillin-sensitive S. aureus strain
(MSSA), or MRSA 301 from 4 to 9 h p.i. with moxifloxacin,
levofloxacin, or ciprofloxacin reduced the number of S. aureus
organisms by approximately 5 log CFU/cornea compared to
that of the untreated control group (P � 0.0001) (Fig. 1A and
B). There were no significant differences in numbers of CFU
per cornea among the antibiotic-treated groups (P � 0.0709).

Late treatment of eyes infected with the ofloxacin-sensitive
strains with any of the three antibiotics from 10 to 15 h p.i.
produced a significant decrease in the number of CFU per
cornea relative to that of the untreated control (P � 0.0001).

Moxifloxacin produced approximately a 5-log reduction in
CFU per cornea, while levofloxacin produced approximately
4-log reductions in CFU per cornea relative to that of the
control (P � 0.0001) (Fig. 1C and D). Ciprofloxacin was less
effective than either of the other drugs, producing 2- to 3-log
reductions in CFU per cornea (P � 0.0051). Levofloxacin and
ciprofloxacin were not as effective during late therapy as they
were during early therapy, but moxifloxacin demonstrated its
effectiveness in both the early and late treatments.

Treatment of ofloxacin-resistant S. aureus keratitis. For
early treatment (4 to 9 h p.i.) of rabbit eyes infected with S.
aureus strains resistant to ofloxacin, 60171 (an MSSA strain)
and 30155 (an MRSA strain), moxifloxacin produced approx-
imately 4- to 5-log reductions in the number of CFU per
cornea relative to that of the untreated eyes (P � 0.0001) (Fig.
2A and B). Early treatment with levofloxacin produced 3- to
4-log reductions (P � 0.0001), and treatment with ciprofloxa-
cin produced 0.5- to 1-log reductions in CFU per cornea com-
pared to that of the untreated group (P � 0.1540). Moxifloxa-
cin had significantly greater effectiveness than levofloxacin or
ciprofloxacin for these ofloxacin-resistant strains during the
early therapy (P � 0.0132).

Late therapy (10 to 15 h p.i.) of the eyes infected with the
ofloxacin-resistant strains (60171 and 30155) with either levo-
floxacin or ciprofloxacin did not produce significant reductions
in the number of CFU per cornea relative to that of the
untreated control (P � 0.3627) (Fig. 2C and D). Late therapy
of these two ofloxacin-resistant strains with moxifloxacin sig-
nificantly reduced the number of CFU per cornea by approx-
imately 1 log compared to that of the untreated group (P
values of 0.0194 and �0.0001 for strains 60171 and 30155,
respectively). Moxifloxacin was significantly more effective
than levofloxacin or ciprofloxacin in treating eyes infected with
strain 30155 (P � 0.0103).

DISCUSSION

The present study demonstrates the effectiveness of each of
the spectrum types of fluoroquinolones tested for treating ex-
perimental keratitis caused by S. aureus isolates of diverse
antibiotic susceptibilities. Typically, early therapy was signifi-
cantly more effective than late therapy; however, moxifloxacin
retained greater activity in late therapy, especially against the
fluoroquinolone-sensitive S. aureus strains. Moxifloxacin ther-

TABLE 1. Determination of the MICs of ciprofloxacin,
moxifloxacin, and levofloxacin for S. aureus strainsa

Strain
Drug sensitivity MIC (�g/ml)

Methicillin Ofloxacin Ciprofloxacin Levofloxacin Moxifloxacin

8325-4 Sensitive Sensitive 0.12 0.07 0.06
MRSA 301 Resistant Sensitive 0.25 0.24 0.07
60171 Sensitive Resistant 29.17 9.38 4.26
30155 Resistant Resistant 16.88 7.81 2.20

a MICs of ciprofloxacin, moxifloxacin, and levofloxacin for the S. aureus strains
tested were determined using the tube broth dilution method with Mueller-
Hinton broth supplemented with 5% sodium chloride. Approximately 105 CFU
of S. aureus per ml was added to doubling dilutions of antibiotics and incubated
at 35°C for 24 h. The MIC was designated as the lowest concentration that
inhibited growth of Staphylococcus as determined by the absence of turbidity.
The values presented are the means of three or more separate determinations.
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apy had significantly greater activity against the ofloxacin-re-
sistant strains than levofloxacin or ciprofloxacin therapy. These
results concur with previous in vitro studies that reported
moxifloxacin to be more potent against S. aureus than either
levofloxacin or ciprofloxacin (16, 17, 25, 27). These results
demonstrate that there was a correlation between the MIC and
the in vivo effectiveness of these three fluoroquinolone formu-
lations when the number of bacteria in the cornea was reduced
by 2 to 5 logs per cornea relative to that of the control.

A major objective of this study was to compare the levels of
effectiveness of different types of fluoroquinolones for treating
strains of S. aureus that were either susceptible or resistant to
ofloxacin. The antibiotic solutions tested were the commer-
cially available formulations that differ in concentration from
0.3 to 0.5%. The strains susceptible to ofloxacin in vitro were
readily killed in the early stage of infection by ciprofloxacin,
levofloxacin, or moxifloxacin. However, the effectiveness of
treatment for these ofloxacin-susceptible strains was reduced
when the antibiotics were applied late in infection.

There was a major difference in the levels of antibiotic ef-
fectiveness in early phase versus late-phase therapy of strains

resistant to ofloxacin. Ciprofloxacin and levofloxacin produced
1- and 3-log reductions in CFU per cornea, respectively, when
they were applied early in infection, but they essentially lost all
effectiveness during late-phase therapy of the ofloxacin-resis-
tant strains. Moxifloxacin produced approximately a 5-log re-
duction in CFU per cornea during early therapy and was the
only antibiotic to significantly reduce the number of CFU of
ofloxacin-resistant strains per cornea during the late phase of
infection. Although moxifloxacin produced a significant reduc-
tion in CFU per cornea, the difficulty in treating ofloxacin-
resistant S. aureus late in infection is apparent.

The marked reduction in bacterial killing after rapid bacte-
rial growth relates to an important point in considering treat-
ment for established infections. Research in the rabbit model
of keratitis has demonstrated that tissue damage and inflam-
mation are produced by the action of specific toxins secreted by
S. aureus. These toxins are produced primarily after the bac-
teria have completed rapid growth (19, 20). The implication
from this rabbit model is that a patient with significant clinical
signs of keratitis has a large population of toxin-producing,
slowly replicating bacteria. The present study demonstrates

FIG. 1. Fluoroquinolone treatment of rabbit eyes infected with ofloxacin-sensitive S. aureus strains. Rabbit corneas were infected with
ofloxacin-sensitive S. aureus and treated with moxifloxacin (0.5%), levofloxacin (0.5%), or ciprofloxacin (0.3%). Rabbit eyes were treated every
hour from 4 to 9 (A and B) or from 10 to 15 (C and D) h p.i. Following sacrifice of the rabbits, the numbers of viable S. aureus organisms per cornea
was quantified and expressed as base 10 logarithms � standard deviations (indicated by error bars). The number of eyes per group (n) was 6 unless
specified by one of the following labels above the error bars: (a), n � 12; (b), n � 15; (c), n � 22; (d), n � 10; (e), n � 18.
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that once considerable inflammation and tissue damage are
occurring in the rabbit, effective killing of bacteria is compro-
mised by the reduced bacterial replication. This reduced rate
of bacterial killing applies to all fluoroquinolones but to a
lesser extent to moxifloxacin, a fourth generation fluoroquin-
olone. This concept is consistent with the benefits of prompt
antibiotic treatment and the need for repeated application of
antibiotics in high concentrations once the infection is well
established.

The present findings show that moxifloxacin, a fourth gen-
eration fluoroquinolone, can manifest activity against S. aureus
that is superior to that of ciprofloxacin and levofloxacin. One
potential aspect of this superior action is that moxifloxacin
therapy may provide less opportunity for emergence of fluo-
roquinolone-resistant populations of Staphylococcus. Lister
(16) showed that although both levofloxacin and moxifloxacin
are bactericidal, some S. aureus strains developed resistance to
levofloxacin during administration. Such resistance did not oc-
cur during therapy with moxifloxacin. This finding by Lister
may have important ramifications, because Wright et al. (27)
have demonstrated in vitro that an S. aureus subpopulation
exposed to a sublethal dose of a fluoroquinolone may express

resistance to the same and other fluoroquinolones. There has
been an increase in resistance to fluoroquinolones among iso-
lates of S. aureus in recent years (12), and the advent of the
fourth generation fluoroquinolones may provide a means to
slow this growing and dangerous process of increasing resis-
tance.
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