
Vol. 29, No. 3ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Mar. 1986, p. 395-399
0066-48041861030395-05$02.O0I0
Copyright ©) 1986, American Society for Microbiology

Comparative Evaluation of Ciprofloxacin, Enoxacin, and Ofloxacin
in Experimental Pseudomonas aeruginosa Pneumonia

BERND KEMMERICH, GLORIA J. SMALL, AND JAMES E. PENNINGTON*
Infectious Diseases Division, Department of Medicine, Brigham and Women's Hospital, and Harvard Medical School,

Boston, Massachusetts 02115

Received 2 October 1985/Accepted 23 December 1985

The therapeutic activity of ciprofloxacin, enoxacin, and ofloxacin was evaluated in guinea pigs with acute and
chronic experimental Pseudomonas aeruginosa pneumonia. Intratracheal instillations of P. aeruginosa resulted
in fatal pneumonia in all untreated animals within 36 h. Among treatment groups (80 mg/kg [body weight] per
day), cumulative survival rates were: 47%, ciprofloxacin; 55%, enoxacin; and 42%, ofloxacin. These rates
were not significantly different. Intrapulmonary killing of P. aeruginosa was equivalent 3 h after a single dose
of ciprofloxacin or ofloxacin (20 mg/kg) or enoxacin (40 mg/kg). The combination of ciprofloxacin with
azlocillin, ceftazidime, or tobramycin did not increase the efficacy of intrapulmonary killing of P. aeruginosa
over that of ciprofloxacin alone. A chronic, nonfatal bronchopneumonia was induced in guinea pigs by
intratracheal instillation of microscopic agar beads impregnated with a mucoid strain of P. aeruginosa.
Compared with no treatment, ciprofloxacin and enoxacin produced .99.9% intrapulmonary killing, and
ofloxacin sterilized the lungs completely, after 4 days of treatment. In no quinolone-treated animal did resistant
strains of P. aeruginosa emerge during 4-day treatment periods. In further studies with the chronic model, oral
and parenteral ciprofloxacin treatment were found to be equivalent in efficacy. We conclude that several
quinolone derivatives may be effective for the treatment of P. aeruginosa pneumonia and that combinations of
quinolones with l-lactams or aminoglycosides may not increase efficacy against P. aeruginosa pneumonia.

Ciprofloxacin, enoxacin, and ofloxacin are three newly
developed quinoline carboxylic acid derivatives with excel-
lent in vitro activity against Pseudomonas aeruginosa (1, 2,
4, 7, 9, 15, 16, 29, 33). These compounds also offer interest-
ing therapeutic alternatives for the treatment of P. aerugi-
nosa infections because of their prolonged half-life and high
tissue penetration (5, 6, 10, 14, 17, 28, 34, 35). The high rate
of absorption after oral administration (6, 14, 17, 34) might
be particularly useful in the treatment of chronic P. aerugi-
nosa bronchopulmonary infections, such as those seen in
patients with cystic fibrosis.

Ciprofloxacin was shown recently to be as active as
tobramycin and superior to ticarcillin in experimental P.
aeruginosa pneumonia in guinea pigs (31). No such informa-
tion is available for enoxacin and ofloxacin. Also, informa-
tion about the oral treatment of experimental lung infections
and about combination therapy of quinolones with ,-lactams
or aminoglycosides for respiratory infection is not available.
The objectives of the present study were (i) to investigate the
comparative efficacy of ciprofloxacin, enoxacin, and oflox-
acin in acute and chronic P. aeruginosa pneumonia, (ii) to
provide an in vivo evaluation of monotherapy with
ciprofloxacin versus combination with a Pseudomonas-
active 1-lactam or an aminoglycoside, and (iii) to compare
oral and parenteral administration of ciprofloxacin in chronic
P. aeruginosa bronchopneumonia.

MATERIALS AND METHODS
Animals. Disease-free Hartley strain guinea pigs weighing

350 to 400 g each were obtained from the Charles River
Breeding Laboratories, Inc., Wilmington, Mass. The animals
were housed in standard cages and fed guinea pig chow
(Ralston-Purina, St. Louis, Mo.) and water.

Antibiotics. Antibiotics used in this study were ciproflox-
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acin (Bay o 9867) and azlocillin sodium (Miles Pharmaceu-
ticals, West Haven, Conn.), enoxacin acetate (CI-919,
AT-2266; Warner-Lambert Co., Ann Arbor, Mich.),
ofloxacin (ORF 18489; Ortho Pharmaceutical Corp., Raritan,
N.J.), ceftazidime (Glaxo Inc., Fort Lauderdale, Fla.), and
tobramycin sulfate (Eli Lilly & Co., Indianapolis, Ind.).
Ciprofloxacin, azlocillin, and ceftazidime were supplied as a
powder and reconstituted in water to a final concentration of
20, 250, and 250 mg/ml, respectively. Powdered ofloxacin
was dissolved in 0.1 N NaOH to a concentration of 10 mg/ml
and thereafter titrated with concentrated HCl to a neutral
pH. Enoxacin, supplied as a solution of 200 mg/ml, was
diluted in water to a concentration of 40 mg/ml, and tobra-
mycin was diluted with isotonic saline to a final concentra-
tion of 4 mg/ml.

Bacteria. Three clinical isolates of P. aeruginosa were
used for infections. Strains 220 and A-5 were used in the
acute pneumonia experiments, and the mucoid strain 2192M
was used in the chronic model. The origins and characteris-
tics of these strains were described previously (21, 22, 31).
Maintenance and preparation of the bacteria for experimen-
tal infections were done as reported elsewhere (24). The
MICs and MBCs of the antibiotics used in this study against
the three challenge strains were determined by a microdilu-
tion method in Mueller-Hinton broth supplemented with
calcium (50 ,ug/ml) and magnesium (25 ,ug/ml) by using a
standard inoculum of 105 CFU/ml (32). The MBC was
defined as the drug concentration killing .99.9% of the
original inoculum. The checkerboard technique was used to
test for synergism. Doubling dilutions of one drug were
tested in combination with various concentrations of the
other antibiotic. The interaction was defined as synergism if
the sum of the fractional inhibitory concentrations (E FIC) of
a checkerboard combination was -0.7, and it was defined as
addition for X FIC of 0.71 to 1.29 and as antagonism for E
FIC .1.3 (13).
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TABLE 1. Microbiological and pharmacokinetic studies for challenge strains and study drugs

Concn (>g/ml) for strain
Study drug (dose 22 - 12 ekcnnHalf-life

[mg/kg]) 220 A-5 2192M in serum (min)b
MIC MBC MIC MBC MIC MBC (Lg/ml)'

Ciprofloxacin (20) 0.25 0.25 0.25 0.25 0.125 0.125 2.37 ± 0.58 107
Enoxacin (20) 1.6 1.6 1.6 1.6 0.4 0.4 3.37 ± 0.23 115
Enoxacin (40) 7.90 ± 1.12 139
Ofloxacin (20) 0.78 0.78 0.78 0.78 0.4 0.4 10.1 ± 0.8 87

a Means ± standard deviation for three animals per group (30 to 60 min after injection).
b Mean half-lives in serum, calculated as described in the text.

Pharmacokinetic studies. To establish therapeutic regi-
mens for the quinolones used in this study which would
result in clinically relevant peak concentrations in serum
exceeding the MICs and MBCs of the challenge strains and
to determine their half-lives as a basis for dosing intervals,
pharmacokinetic experiments were done in groups of three-
to-four animals. A single dose of 20 mg of each study drug
per kg of body weight was given subcutaneously (s.c.). For
enoxacin, a 40-mg/kg dose was also used. Blood was ob-
tained by cardiac puncture after 0.5, 1, 2, and 5 h. Sera were
assayed by a high-pressure liquid chromatography assay for
ofloxacin (kindly performed by Soledad Flor of Ortho), and
microbiological assays (agar diffusion) (3) for ciprofloxacin
and enoxacin were done with the assay organisms Klebsiella
pneumoniae ATCC 10031 and Escherichia coli Kp (18),
respectively.
Assuming an extravascular one-compartment model as

sufficient to describe the kinetics of the quinolones for our
purposes, data points of the postabsorptive phase were fit
visually to a straight line on a semilog plot. Biological
half-lives were then calculated from these monoexponential
declining lines by using standard methodology (12, 26). Peak
levels in serum and half-lives for tobramycin, azlocillin, and
ceftazidime in guinea pigs were reported previously (23), and
these measurements were not repeated.

Acute Pseudomonas pneumonia. The experimental model
of acute P. aeruginosa pneumonia in guinea pigs was de-
scribed in detail elsewhere (24). Briefly, the animals were
inoculated intratracheally with either strain 220 or A-5 after
intraperitoneal anesthesia with pentobarbital. Two different
types of experiments, lung clearance studies and survival
studies, were performed. The mean inocula for survival
studies were 3.3 x 107 (range, 1.9 x 107 to 5.0 x 107) CFU
of strain 220 and 6.1 x 107 (range, 4.5 x 107 to 8.6 x 107)
CFU of strain A-5. Previous studies showed that these
challenge doses result in a fatal bacteremic and hemorrhagic
pneumonia in all untreated animals (23). Dosage regimens
were based on measured concentrations in serum and calcu-
lated half-lives. Ciprofloxacin, enoxacin, and ofloxacin (20
mg/kg) and enoxacin (40 mg/kg) were given s.c. at 8 a.m. and
3 p.m. and at a double-strength dose at 10 p.m. Dose 1 was
administered 1 h after infection. Control animals received
three s.c. injections of 0.25 ml of isotonic saline daily.
Because prior studies with this model showed that animals
surviving 72 h will survive without further treatment, anti-
biotics were given for a total of 3 days. Experiments in-
cluded equal numbers of animals in each treatment group.
Survival times were recorded, and the percentage of survival
after 3 days of treatment was calculated for each group.
Because the influence of drug toxicity on survival could be
excluded from studies with the nonlethal chronic pneumonia
model, as well as from previous studies (31), further studies

for the evaluation of drug toxicity in noninfected animals
were not included.

Similar inocula were used to study the intrapulmonary
killing of P. aeruginosa. Animals were treated 1 h after
inoculation of the bacteria with a single dose of the above-
described regimens or else with a combination of ciproflox-
acin (20 mg/kg) with either azlocillin (125 mg/kg), ceftazi-
dime (100 mg/kg), or tobramycin (1.7 mg/kg). ,B-Lactams and
tobramycin were administered intramuscularly in hind flank
sites. Animals were sacrificed 4 h after infection, and the
lungs were removed and homogenized in 25 ml of sterile
water (Waring blender; Dynamics Corp. of America, New
Hartford, Conn.) and cultured quantitatively. Blood cultures
were obtained at the same time by direct cardiac aspiration.

Chronic Pseudomonas pneumonia. The activity of the three
quinolones in persistent, nonfatal bronchopulmonary infec-
tion by P. aeruginosa was evaluated in guinea pigs by using
inocula of agar beads impregnated with a mucoid strain of P.
aeruginosa, 2192 M, as described previously (20). Agar bead
slurries containing approximately 1.5 x 107 CFU of Pseu-
domonas organisms per lung inoculum at a volume of 0.2 ml
were instilled intratracheally. Treatment was started 3 days
after infection and included ciprofloxacin, enoxacin, and
ofloxacin (20 mg/kg) or enoxacin (40 mg/kg), given s.c. three
times daily (8 a.m., 2 p.m., and 8 p.m.). Control groups
received 0.9% saline, also thrice daily. Seven days after
inoculation and 4 days after treatment was started,
intrapulmonary killing of the challenge strain was deter-
mined with quantitative lung cultures, as described above. In
addition, lung cultures were prepared in agar containing 4 ,ug
of the quinolone used for treatment per ml. Blood cultures
were obtained at the same time.

In separate experiments, the efficacy of parenteral (s.c.)
versus oral (p.o.) ciprofloxacin was evaluated by using a
dosage of 10 mg/kg (s.c.) or 40 mg/kg (p.o.) three times daily.
Both regimens resulted in comparable peak concentrations
in serum. The p.o. doses were prepared in 1 ml of water and
could be swallowed easily by the animals from a syringe.

Statistical analysis. Student's two-tailed t test was used to
analyze differences among lung clearance data and survival
time for different regimens. Survival rates were compared by
chi-square analysis with Yates's correction.

RESULTS
In vitro and pharmacokinetic studies. Ciprofloxacin dis-

played the highest in vitro activity against each of the three
challenge strains of P. aeruginosa (Table 1). The MICs and
MBCs of ofloxacin and enoxacin were three- to fivefold
higher than those for ciprofloxacin. There was little differ-
ence between the MICs and MBCs of each study drug for the
inoculum used (105 CFU/ml).
The combination of ciprofloxacin with a 1-lactam showed
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TABLE 2. In vitro synergy assays with challenge strains
I FIC' for strain

Study drugs 220 A-5

Ciprofloxacin-azlocillin 0.5 1.0
Ciprofloxacin-ceftazidime 1.0 1.0
Ciprofloxacin-tobramycin 1.5 2.0

a MICs (,ug/ml) of azlocillin, 16 (strain 220) and 8 (strain A-5). MICs of
ceftazidime, 1.5 (strain 220) and 1.5 (strain A-5). MICs of tobramycin, 2 (strain
220) and 1 (strain A-5) (23, 30).

b For a definition, see Materials and Methods (13).

synergism for azlocillin against strain 220 (E FIC, 0.5) and
additive activity in all other instances (Table 2). When
tobramycin was combined with ciprofloxacin, antagonistic
interaction could be observed (E FIC, 1.5 and 2.0).
The dosages of drug used in this study resulted for each

antibiotic in concentrations in serum exceeding the MICs
and MBCs of the challenge strains. Peak concentrations in
serum occurred 30 to 60 min after s.c. administration (Table
1). Ofloxacin achieved higher concentrations in serum than
enoxacin and ciprofloxacin at each sampling time. Mean
concentrations in serum in guinea pigs receiving 20 mg of
ofloxacin per kg were 9.3, 9.4, 2.58, and 1.55 ,ug/ml after 0.5,
1, 2, and 5 h. Comparable concentrations of ciprofloxacin in
serum were 2.4, 1.9, 1.2, and 0.46 ,ug/ml, and concentrations
of enoxacin were 3.0, 3.4, 2.5, and 0.8 ,ug/ml after the same
dose. Concentrations of enoxacin in serum after a 40-mg/kg
dose were 7.7, 7.4, 5.0, and 2.5 ,ug/ml for these time periods.
Acute Pseudomonas pneumonia. Ciprofloxacin and

ofloxacin at 20 mg/kg were highly active in intrapulmonary
killing of P. aeruginosa 4 h after infection (Table 3). Against
strain 220, enoxacin was significantly less effective at the
same dose. Doubling its dose resulted in a significant in-
crease in its anti-Pseudomonas in vivo activity. Combination
therapy with ciprofloxacin plus azlocillin, ceftazidime, or
tobramycin did not show significantly increased intrapulmo-
nary killing compared with treatment with ciprofloxacin
alone. All regimens prevented bacteremia effectively (Table
3). Treatment with each of the quinolones improved survival
in acute P. aeruginosa pneumonia significantly versus con-
trols (Table 4). In spite of its relatively lower early
intrapulmonary killing activity, the low-dose regimen of
enoxacin showed excellent results for survival.

Chronic Pseudomonas pneumonia. Seven days after infec-
tion with mucoid strain 2192M-impregnated agar beads and 4
days after the start of therapy, all regimens had reduced the
number of viable P. aeruginosa in the lungs significantly
versus controls (Table 5). The most active compound was
ofloxacin, which completely eliminated the pathogens from
the lungs of infected guinea pigs after 4 days of treatment.
Enoxacin showed a pronounced dose response in this model.
Doubling the dose from 20 to 40 mg/kg three times daily
resulted in a mean further reduction of about 2 logl0 CFU per
lung. Blood cultures were negative in all treated and control
animals. The emergence of resistant bacteria was not ob-
served when cultures were performed with the antibiotic-
containing agar.

In additional studies with the chronic model, p.o. (40
mg/kg per dose) and s.c. (10 mg/kg per dose) ciprofloxacin
administration were compared for efficacy. Mean concentra-
tions (,g/ml + standard deviation) in serum 1 h postdosing
were 0.84 + 0.15 (p.o.) and 1.28 + 0.11 (s.c.). After 4 days
of treatment, mean CFUs per ml of lung homogenate (log10;

eight animals per group) were 4.70 ± 0.19, controls; 2.09 ±
0.29, p.o. (less than control; P < 0.001); and 3.08 ± 0.55, s.c.
(less than control, P < 0.01).

DISCUSSION

There is increasing evidence for the in vivo activity of
newly developed quinolones in experimental P. aeruginosa
infections. Studies have included pneumonia in normal and
neutropenic guinea pigs (11, 31) and osteomyelitis (19).
Comparisons with ,-lactams or aminoglycosides in these
models demonstrated similar or even higher anti-Pseudomo-
nas activity of the quinolones (19, 31). In our study of the
comparative efficacy of three quinolones in acute and
chronic P. aeruginosa pneumonia, ofloxacin and ciproflox-
acin displayed greater intrapulmonary killing than enoxacin
when the drugs were used at the same dosages. The higher in
vitro activity of ciprofloxacin against the P. aeruginosa
challenge strains and the higher peak levels of ofloxacin in
serum may explain these results. Despite less early
intrapulmonary killing of viable P. aeruginosa with enoxacin
treatment, this agent produced excellent results in the sur-
vival studies with acute pneumonia.

Factors that may contribute to the favorable results with
these agents in experimental P. aeruginosa infections are
their microbiological (1, 2, 4, 7, 9, 15, 16, 29, 33) and
pharmacokinetic (5, 10, 14, 17, 28, 34, 35) properties. In
contrast to that of many P-lactam antibiotics, the bacteri-
cidal activity of quinolones is independent of the inoculum
size for most P. aeruginosa isolates (4, 9, 29). This property
of drug action appears to be particularly useful in treating
life-threatening (high inoculum) P. aeruginosa infections of
the lungs (23). The half-lives of the quinolones used in this
study are considerably longer than those of most P-lactams
with P. aeruginosa activity and of aminoglycosides, both in
humans and in guinea pigs (23, 31). Thus, sustained levels of
quinolones in serum could contribute to lung penetration, as
shown by others (28). High tissue penetration of quinolones
is also suggested by their large volume of distribution (14).
Dosages for our study drugs resulted in levels in serum

above the MICs and MBCs for the challenge strains. Also,
the levels in serum achieved with the 20-mg/kg doses were

TABLE 3. Bacteriological results of acute P.
aeruginosa pneumonia

Viable bacteria in lung 4 h
Treatment (single dose 1 h after infection (log1o CFU)a Blood cultures

after infection [mg/kgj) for strain total)
220 A-5

Saline 6.70 ± 0.50b 6.06 ± 0.39b 12/14

Ciprofloxacin (20) 3.03 ± 0.48 3.93 ± 0.52 1/14
Plus azlocillin (125) 2.85 ± 0.52 3.59 ± 1.39 0/14
Plus ceftazidime (100) 3.35 ± 0.38 3.83 ± 0.39 0/14
Plus tobramycin (1.7) 3.05 ± 0.52 4.39 ± 0.63 0/14

Enoxacin (20) 4.39 ± 0.32c 4.42 ± 0.55 2/16

Enoxacin (40) 3.60 ± 0.22 4.01 ± 0.66 1/8

Ofloxacin (20) 3.34 ± 0.63 3.42 + 0.34 0/14
aValues are expressed as means ± standard deviation of logl0 CFU of P.

aeruginosa per ml of lung homogenate. Dilution factor was x 25. Eight to 16
animals per group.

b Significantly higher than all treatment groups (P < 0.001).
c Significantly higher than all other treatment groups (P < 0.01 to 0.001).
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TABLE 4. Survival of animals with acute P. aeruginosa pneumonia
No. of survivors/no. of animals

Treatment (mg/kg infected (%) with strain Cumulative Survival time (hi" for strain
per day) survival (%)

220 A-5 220 A-S Cumulative

Saline 0/14 (0)b 0/12 ()b ob 15.4 + 5.3b 16.6 ± 12.6 15.9 ± 9.3b
Ciprofloxacin (80) 5/15 (33) 9/16 (60) 47 50.9 ± 20.5 58.2 ± 23.4 54.3 ± 21.8
Enoxacin (80) 8/15 (53) 9/16 (56) 55 52.6 ± 24.6 53.8 ± 24.3 53.2 ± 24.1
Enoxacin (160) 6/15 (40) 6/16 (38) 39 51.1 ± 20.4 51.7 ± 22.8 51.4 ± 21.3
Ofloxacin (80) 7/15 (47) 6/16 (38) 42 46.2 ± 24.6 45.3 ± 24.0 45.7 ± 23.9

a Values are expressed as means ± standard deviation. Long-term survivors were assigned a value of 72 h.
bSignificantly different from all other treatment groups (P < 0.05 to 0.001).

similar to those recently reported for these agents in clinical
trials and pharmacokinetic studies in humans (6, 8, 10, 17,
25, 34). Because of the shorter half-lives of the quinolones in
guinea pigs, we decided t^o administer the daily dose in three
divided doses and used a double-strength dose at night for
the acute lung infections, whereas in reported clinical studies
the dose interval has been 12 h (8, 25).
There is only limited information about the in vitro inter-

action of quinolones with other antibiotics. In one study, the
highest rate of in vitro synergism for ciprofloxacin against P.
aeruginosa was found in combination with azlocillin (27).
Also, ceftazidime has shown synergism with ciprofloxacin
against P. aeruginosa for 40% of strains tested, whereas
aminoglycosides are rarely synergistic with ciprofloxacin
against P. aeruginosa (27; J. A. Moody, L. R. Peterson, and
D. N. Gerding, Program Abstr. 24th Intersci. Conf. Antimi-
crob. Agents Chemother., abstr. no. 393, 1984; R. Yarrish,
L. Mack, J. Goldfarb, K. Van Horn, C. Gedris, G.
Wormser, and A. Mascia, Program Abstr. 25th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. no. 403, 1985).
Even less information is available regarding combination
therapy with any of the three quinolones. Despite synergistic
or additive in vitro interaction of ciprofloxacin with azlocillin
or ceftazidime against our challenge strains, these combina-
tion regimens provided no significant increase in early
intrapulmonary killing in this study.
Both the urine recovery of about 50% of p.o. administered

ciprofloxacin and its absolute bioavailability of 63 to 77% (5,
14) indicate sufficient gastrointestinal absorption of this
agent, but there are no reports about the efficacy of oral
ciprofloxacin in experimental P. aeruginosa infections. Our
comparative trial with both routes of administration demon-
strated equivalent intrapulmonary killing in chronic P. aeru-
ginosa bronchopneumonia in guinea pigs with dosages re-

TABLE 5. Microbiological results of chronic P.
aeruginosa pneumonia

Viable
bacteria/ml ofTreatment (mg/kg

three times daily) lung
homogenate
(log1o CFU)"

Saline........... 5.86 ± 0.61b
Ciprofloxacin (20)........... 2.34 ± 0.52
Enoxacin (20)........... 4.62 ± 0.62c
Enoxacin (40)............ 2.84 ± 0.65
Ofloxacin (20) ........... No growth

a Numbers are means + standard deviation (n = 8 per group) 7 days after
infection and 4 days after the start of treatment. Dilution factor was x 25.

b Higher than for all treatment groups (P < 0.01 to 0.001).
c Different from all other treatment groups (P < 0.001).

sulting in comparable peak concentrations in serum. Urine
recovery data suggest an even better bioavailability for
enoxacin (34) and ofloxacin (17; A Saito and M. Tomizawa,
Proc. 13th Int. Congr. Chemother., SP 4.6/5-4, 1983). Thus,
effective oral treatment of more chronic P. aeruginosa
respiratory infections, such as bronchiectasis or chronic
bronchitis in cystic fibrosis patients, should be possible with
each of these quinolones. Comparative clinical studies of
oral quinolones with conventional therapy in such patients
would be useful.

In summary, our results suggest that ciprofloxacin,
enoxacin, and ofloxacin may be highly active therapeutic
alternatives for either acute or more chronic forms of P.
aeruginosa lung infection and that combination therapy does
not enhance ciprofloxacin activity against P. aeruginosa
lung infection. Clinical evaluation of these quinolone agents
for the treatment of P. aeruginosa pneumonia appears to be
justified.
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