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This investigation compared the effect of ethanol on fluoroquinolone antibiotic efficacy and pharmacody-
namics in an ethanol-fed rat model of pneumococcal pneumonia. Male Sprague-Dawley rats received a liquid
diet containing 36% of total calories as ethanol. Paired controls (pair-fed controls) were fed a liquid diet
without ethanol or received rat chow. Diets began 7 days before and continued for 10 days after transtracheal
infections with 10 times the 50% lethal dose of type 3 Streptococcus pneumoniae. Beginning 18 h after infection,
the rats received once daily subcutaneous phosphate-buffered saline, levofloxacin, moxifloxacin, or trovafloxa-
cin at 50 or 100 mg/kg of body weight. White blood cell counts were determined, blood samples were collected
for culture, and mortality was recorded. Additional rats were killed on day 5 for pharmacodynamic studies and
quantitative cultures of bronchoalveolar lavage fluid. Bacteremia occurred by day 3 in 20 of 22 untreated rats.
All 22 untreated rats died by day 9. Moxifloxacin treatment was effective in all diet groups at both the 50- and
100-mg/kg doses. In contrast, 50-mg/kg doses of levofloxacin and trovafloxacin improved survival in ethanol-fed
rats but were ineffective in chow-fed rats. High-dose trovafloxacin at 100 mg/kg was associated with increased
mortality in pair-fed rats. The free-fraction area under the concentration-time curve/MIC ratio exceeded 50
with all antibiotics in the ethanol group but dropped below 30 with levofloxacin and trovafloxacin in the pair-
and chow-fed rats, with higher mortality. Achievement of adequate antibiotic-free fraction area under the
concentration-time curve/MIC ratios helps overcome ethanol-induced immune defects induced in experimental
pneumococcal pneumonia.

Community-acquired pneumonia (CAP) is a common respi-
ratory infection associated with significant morbidity and mor-
tality (21, 35). Death rates in patients with CAP have not
changed significantly over the past 20 years (5, 21). In those
subjects who become bacteremic, mortality may exceed 25% in
some patient populations (25, 37, 61). Mortality is high among
the elderly and in patients with underlying comorbidities, such
as congestive heart failure, coronary artery disease, malig-
nancy, and ethanol (EtOH) abuse (5, 25, 35, 41). Although
numerous pathogens have been associated with CAP, empiri-
cal antimicrobial therapy is directed against a small number of
organisms. Streptococcus pneumoniae, or the pneumococcus, is
the most common cause of CAP in all patient populations,
regardless of severity, and is responsible for two-thirds of bac-
teremic cases (1).

Alcoholism affects up to 8 to 10% of men and 1 to 2% of
woman, placing them at high risk for medical complications
(34). EtOH abuse decreases host defenses against pneumonia
and increases the risk of severe pneumococcal infections (13,
33). Using an EtOH-fed rat model, we previously demon-
strated that polymorphonuclear leukocytes (PMNLs) have an
impaired ability in vitro to kill S. pneumoniae (23, 26, 27). This
EtOH-induced defect in PMNL function is not due to a re-
duction in phagocytic activity but is related to the diminished

production of oxygen free radicals and decreased granulation
(27). EtOH ingestion has also been shown to induce glycosyl-
ation of iron-binding proteins important for withholding iron
from invading pathogens, resulting in a diminished inhibitory
effect on microorganism growth (57). In addition, acute EtOH
ingestion down-regulates the production and release of the
proinflammatory mediator tumor necrosis factor (29). These
EtOH-induced effects on PMNLs, iron binding, and the in-
flammatory response markedly impair host defenses against
invasive S. pneumoniae (23, 36, 41, 42, 43).

Fluoroquinolones have excellent in vitro activities and in
vivo efficacies against many respiratory pathogens, including
multidrug-resistant S. pneumoniae (8, 28, 48, 49). Therapeutic
guidelines generally list the advanced quinolones levofloxacin
and moxifloxacin as first-line therapies for CAP complicated by
the presence of comorbidities in both ambulatory and hospi-
talized patients (5, 21, 35). The pharmacokinetics of levofloxa-
cin and moxifloxacin differ in that levofloxacin is predomi-
nantly eliminated renally, while the major elimination route for
moxifloxacin is hepatic metabolism by conjugation (14, 15).
Alatrofloxacin is an L-alanyl-L-alanyl prodrug which is rapidly
converted to the parent fluoroquinolone, trovafloxacin (9, 56).

Trovafloxacin has activity against multidrug-resistant pneu-
mococci (19, 30, 54) and shares a similar route of hepatic
elimination with moxifloxacin. We have previously demon-
strated in an experimental model of hepatic cirrhosis that
trovafloxacin has excellent efficacy, with superior area under
the serum concentration-time curve (AUC)/MIC and maxi-
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mum concentration of drug in serum (Cmax)/MIC pharmaco-
dynamic ratios compared to those of either a macrolide or a
beta-lactam antibiotic (45).

Antibiotic pharmacodynamics are important predictors of the
therapeutic response rate in experimental pneumococcal infec-
tion models (20, 24, 32, 38). However, the impact of EtOH on
antibiotic efficacy and pharmacodynamic parameters remains un-
known. The purpose of this study was to determine (i) the impact
of EtOH on fluoroquinolone efficacy in an experimental model of
pneumococcal pneumonia; (ii) the effect of EtOH on serum,
intrapulmonary, and macrophage fluoroquinolone concentra-
tions; and (iii) the influence of EtOH on fluoroquinolone phar-
macodynamic parameters and their relationship to efficacy.

MATERIALS AND METHODS

Chronic EtOH ingestion model. Male Sprague-Dawley rats (Charles River
Laboratories, Kingston, NY) were fed standard rat chow and allowed water ad
libitum until they reached an average weight of 225 g. EtOH- and pair-fed rats
were then switched to nutritionally adequate liquid diets (Dyets, Bethelehem,
PA). The EtOH-fed rats received 36% of their total calories as EtOH. Isocaloric
dextrin-maltose replaced EtOH in the liquid control diet. Rats from each liquid
diet group were matched in pairs by similar weight. Within each pair, one rat was
fed an amount of control diet equal to the amount of EtOH diet consumed by its
EtOH-fed pair on the previous day (this is referred to as the pair-fed control
group). Rats were pair fed in this manner for a period of 7 days before infection
with S. pneumoniae (Fig. 1). A third group of chow-fed rats served as controls
and were maintained on standard rat chow and water ad libitum (22). Approval
was received from the Omaha V.A. Animal Care and Use Committee prior to
initiation of this study.

Experimentally induced pneumococcal pneumonia. Type 3 S. pneumoniae
(ATCC 6303; American Type Culture Collection, Manassas, VA) was grown to
logarithmic phase in Todd-Hewitt broth containing 5% rabbit serum. The or-
ganisms were collected by centrifugation, washed twice, and suspended in phos-
phate-buffered saline (PBS). The three experimental groups, the chow-fed con-
trol rats, the EtOH-fed rats, and the pair-fed rats, were anesthetized with
isoflurane (Halocarbon Laboratories, River Edge, NJ). A small incision was
made in the skin to surgically expose the trachea (22). A 20-gauge catheter was
inserted into the main-stem bronchus, through which 0.3 ml of the pneumococcal
suspension containing 3 � 107 CFU was injected transtracheally for pair- and
chow-fed rats and 3 � 106 CFU was injected for EtOH-fed rats (36). These

quantities of organisms represent 10 times the 50% lethal dose for the respective
groups of animals, such that all untreated animals would be expected to die (42).

Antimicrobial treatment. The dosages of levofloxacin, moxifloxacin, and trova-
floxacin were selected to approximate the Cmax and AUC to those achieved in
humans (7, 40, 49, 50, 54). The free-fraction AUC (fAUC) approximated that
found from studies with humans. Groups of 12 rats from each feeding group were
evenly divided and given daily subcutaneous doses of 50 or 100 mg/kg of body
weight of levofloxacin (Ortho-McNeil Pharmaceutical, Inc., Raritan, NJ), moxi-
floxacin (Bayer Corp., West Haven, CT), or trovafloxacin (Pfizer Pharmaceuti-
cals, Inc., Groton, CT). A separate group of six rats from each feeding group was
sham treated with PBS. All rats were treated for 5 days, beginning at 18 h
postinfection (Fig. 1). The S. pneumoniae MICs of the study antibiotics for the
infecting strain, determined with Etest strips, were as follows: levofloxacin, 1.0
�g/ml; moxifloxacin, 0.125 �g/ml; and trovafloxacin, 0.19 �g/ml.

Peripheral WBC counts, blood cultures, and efficacy studies. Survival was
monitored for 10 days postinfection, with blood samples for quantitative culture
obtained by aseptic foot puncture (51) on day 1 (pretreatment) and days 3, 5, and
10 postinfection (Fig. 1). The number of bacteria present per ml of blood was
determined by standard plate counting technique.

White blood cell (WBC) counts prior to infection and on days 3, 5, and 10 after
infection were determined with a hemacytometer. Differential cell counts were
determined on stained slides (Diff-Quik; Baxter Scientific Products, McGraw
Park, IL).

BAL. Rats (seven per group) not used in the mortality studies were infected
and treated as described above. On day 3, 1 h following administration of the
third antibiotic dose, rats from each antibiotic dose group were killed by an
intraperitoneal injection of pentobarbital (Nembutal; Abbott Laboratories,
North Chicago, IL) and exsanguinated by cardiac puncture. Bronchoalveolar
lavage (BAL) was performed with cold PBS to produce 50 ml of BAL fluid from
each rat, as described previously (44). Aliquots of BAL fluid were cultured
quantitatively by plate counts. Cells in the BAL fluid were then collected by
centrifugation, resuspended in PBS, and counted with a hemacytometer. Differ-
ential counts were performed on Wright-stained cytospin slides of the cell prep-
arations.

Samples for pharmacokinetic and pharmacodynamic analyses. Blood samples
for determination of the values of pharmacokinetic and pharmacodynamic pa-
rameters were obtained by cardiac puncture from separate groups of rats (n � 6)
not used in the mortality studies. On the 5th day of therapy and after adminis-
tration of the fifth antibiotic dose, blood samples were obtained at 1, 3, 5, 12, and
24 h. All blood samples were transferred to red-top tubes (Vacutainer; Becton-
Dickinson, Franklin Lakes, NJ), allowed to clot for 20 min at room temperature,
and centrifuged at 2,000 � g for 10 min. All serum samples were frozen at �80°C
for antibiotic concentration determination.

FIG. 1. Animal feeding groups and experimental timeline. LD50 � 50% lethal dose; S.C., subcutaneous.
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FIG. 2. Cumulative percent survival after 5 days of antibiotic therapy in chow-fed (A), pair-fed (B), and EtOH-fed (C) rats. All antibiotics were
administered at doses of 50 and 100 mg/kg/day. LEV, levofloxacin; MXF, moxifloxacin; TRO, trovafloxacin. �, P values compared to the results for
moxifloxacin 50 mg/kg or to PBS as indicated.
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Concentration of antibiotics in serum, BAL fluid, and BAL cells. The concen-
trations of levofloxacin in BAL fluid, BAL cells, and serum were determined by
modifications of previously published assays with UV detection (12, 60). BAL
cells were lysed by freeze-thaw cycles. Acetonitrile containing the internal stan-
dard (ciprofloxacin; Bayer Corp.) was added to the cells for deproteination. The
samples were then vortexed and centrifuged before 50 �l of the supernatant was
injected onto the column. The BAL fluid samples were centrifuged and then
filtered through a 0.22-�m-pore-size filter to remove the bacteria prior to ex-
traction and injection onto the column. Following deproteination, BAL fluid
samples were evaporated to dryness and reconstituted with the mobile phase
prior to injection onto the column. Separation was performed with a C18 reverse-
phase column (Phenomix, Torrance, CA) at 50°C with UV detection set at 280
nm. The mobile phase consisted of acetonitrile–1 mM 1-octanesulfonic acid
(45:55 [vol/vol]; pH 3.5) at a flow rate of 1.5 ml/min. Quality control samples
were included in each analytical sequence to confirm the accuracy and precision
of the assay, which was linear over the range of 0.1 to 20 �g/ml, with the limit of
quantification set at 0.1 �g/ml. Samples with concentrations that exceeded the
maximum linear concentrations were diluted and reinjected onto the column.
The inter- and intraday coefficients of variation were 3.7 and 4.9%, respectively,
for serum; 7.5 and 8.2%, respectively, for BAL cells; and 7.7 and 9.3%, respec-
tively, for BAL fluid. The volume of BAL cells from the cell pellet was deter-
mined by methods described previously (39).

The moxifloxacin concentrations in all matrixes were prepared in a similar
manner and were determined by a previously published assay (50). This assay
used solid-phase extraction and a reverse-phase chromatography method with
fluorescence detection set at 296 nm. Prior to extraction, the BAL cells were
processed as described above. The proteins in the matrixes were removed by
precipitation with mobile phase, placed in a shaking ultrasonic water bath for 10
min, and centrifuged. The supernatant was collected and evaporated to dryness
for BAL fluid and BAL cells and reconstituted with mobile phase. Following the
extraction procedure, the supernatants of all matrixes containing the internal
standard (ciprofloxacin) were separated by a C18 analytical column and guard
column (Phenomix) at 45°C. The mobile phase consisted of a mixture of aceto-
nitrile and tetrabutylammonium hydrogen sulfate solution (40:60 [vol/vol]; pH
3.0). The lower range of quantification was 1.0 �g/ml and was linear over the
range of 5 to 50 �g/ml for all matrixes. The intra- and interday coefficients of
variation at 1.0 �g/ml were 3.9 and 4.8%, respectively, for serum; 6.7 and 9.3%,
respectively, for BAL cells; and 6.1 and 9.0%, respectively, for BAL fluid.

The trovafloxacin concentrations in all matrixes were determined by a previ-
ously published assay (52, 53). This assay used solid-phase extraction and a
reverse-phase chromatography method with UV detection. Prior to extraction,
the BAL cells were exposed to freeze-thaw cycles to release intracellular drug.
Following the extraction procedure, the supernatants of all matrixes containing
the internal standard (ciprofloxacin) were separated by a C18 analytical column
and equivalent guard column (Phenomix), with the wavelength set at 275 nm.
The mobile phase consisted of 0.04 M H3PO4–acetonitrile–tert-butylammonium
hydroxide–0.005 M dibutyl amine phosphate reagent (82:16.9:0.05:0.05 [vol/vol])
at pH 3. The lower range of quantification was 0.1 �g/ml and was linear over the
range of 0.1 to 20 �g/ml for all matrixes. The intra- and interday coefficients of
variation at 1.0 �g/ml were 3.9 and 4.8%, respectively, for serum; 6.5 and 8.3%,
respectively, for BAL cells; and 5.9 and 8.1%, respectively, for BAL fluid.

Albumin and urea concentrations in serum and BAL fluid were determined by
a previously described method (39). The volume of epithelial lining fluid (ELF)
contained in each BAL fluid sample was determined by the urea dilution method,
and the results were confirmed by application of the same method with albumin
dilution (47). The ELF volume (VELF) is estimated by the following relationship:
VBAL � (ureaBAL/ureaserum), where VBAL is the volume of BAL fluid, ureaBAL

is the urea concentration in the BAL fluid, and ureaserum is the concentration of
urea in the serum. The concentration of antibiotic in the ELF (AbxELF) was
determined by the relationship AbxBAL/VELF, where AbxBAL is the total amount
of drug in each BAL fluid sample. The volume of BAL cells in the cell pellet was
determined by cytocentrifugation and multiplication of the mean cell volume and
the total number of BAL cells. The mass concentration of antibiotic divided by
the cell volume produced a concentration in micrograms of cell volume (3, 58).

For determination of protein binding, aliquots of serum were adjusted to a pH
of 7.4 when necessary prior to separation. Separation of the free fractions from
the protein-bound fractions of levofloxacin, moxifloxacin, and trovafloxacin was
performed by ultrafiltration techniques. Briefly, 0.375 ml of serum was divided into
two aliquots, with one aliquot inserted into the ultrafiltration device (Amicon, Inc.
Beverly, MA) and centrifuged at a fixed angle at 1,000 � g for 20 min. The nonfil-
tered serum aliquot and the resultant ultrafiltrate were analyzed for each antibiotic.
The ratio of the resultant concentrations was then used to calculate the antibiotic
free fraction. To determine the impact of the concentration on fluoroquinolone

protein binding, serum aliquots were spiked with levofloxacin, moxifloxacin, and
trovafloxacin at concentrations of 5, 10 15, 20, and 25 �g/ml and analyzed as
described above. Over the study concentrations and similar to the concentrations
observed in the study with animals, no significant variance in protein binding that
would have influenced the final fAUC/MIC calculations was detected.

Pharmacokinetic and pharmacodynamic analyses. Antibiotic serum concen-
tration-versus-time data were analyzed with WinNonlin software (standard edi-
tion, version 1.5; Scientific Consulting, Inc., Cary, NC). The pharmacokinetic
parameters for the fluoroquinolone antibiotics were estimated by using a non-
compartmental extravascular dose input model. The AUC from time zero to 24 h
(AUC0–24) was calculated by the trapezoidal rule. Pharmacodynamic parameters
were determined by dividing the MIC of each antibiotic for S. pneumoniae 6303
into the fAUC (fAUC/MIC) and Cmax (Cmax/MIC). The actual Cmax was deter-
mined by extrapolating the time curve back to a time just after administration by
using the equation Cmin � Cmax e�ket, where Cmin equals the minimum concen-
tration of drug in the serum, Cmax equals the calculated maximum peak serum
concentration, and e�ket is the decay parameter.

Statistical analysis. Differences in the development of bacteremia and the
mortality studies were analyzed by Fisher’s exact test. The number of white blood
cells and bacteria in the BAL fluid samples were compared by one-way analysis
of variance, with post-hoc comparisons by Tukey’s test. The mean values of the
pharmacokinetic and pharmacodynamic parameters were compared by one-way
analysis of variance, with post-hoc comparisons by Newman-Keuls test. All mean
data are reported as means � standard deviations. The level of significance was
set at a P value of �0.05 for all analyses.

RESULTS

Survival studies. In all diet groups combined, 20 of 22 PBS
sham-treated rats were bacteremic by day 3, and all 22 had died
by day 9. In chow-fed rats, levofloxacin and trovafloxacin were
ineffective at a dose of 50 mg/kg (Fig. 2A), whereas all animals
treated with the same dose of moxifloxacin survived (P � 0.05).
At the higher dose of 100 mg/kg, all study antibiotics were
equally effective in chow-fed rats (Fig. 2A). In pair-fed rats,
levofloxacin and trovafloxacin were more effective at the 50-
mg/kg dose than the PBS sham treatment. The higher dose did
not improve survival and was associated with an increased
mortality in the trovafloxacin treatment group (Fig. 2B). Moxi-
floxacin was equally effective in pair-fed rats at either the 50- or
the 100-mg/kg dose, with 11 of 12 rats surviving (P � 0.05
versus the results for levofloxacin and trovafloxacin; 50-mg/kg
regimens). The 10-day survival in EtOH-fed rats was equiva-
lent with all antibiotics at both the 50- and the 100-mg/kg doses
with 10 of 12, 10 of 12, and 11 of 12 rats in the levofloxacin,
moxifloxacin and trovafloxacin treatment groups, respectively,
surviving (Fig. 2C).

Bacteremia and organisms in BAL fluid. Among the chow-
fed rats, fewer rats were bacteremic during or immediately
after treatment, but by day 10 all PBS treated rats had died
(Fig. 3A). All rats in the pair-fed and EtOH-fed groups receiv-
ing PBS treatment were bacteremic by day 3, and blood cul-
tures remained positive for the duration of the study or until
death (Fig. 3B and C). Among the chow-fed rats, the 50-mg/kg
levofloxacin and trovafloxacin regimens were least effective in
clearing the bacteremia at all time points (Fig. 3A). Only
moxifloxacin at 50 mg/kg/day and 100 mg/kg/day maintained
sterility at all time points in this group. In contrast, the EtOH-
fed groups treated with moxifloxacin or trovafloxacin at 100
mg/kg/day maintained blood sterility through day 10 (Fig. 3C).
EtOH-fed rats that received moxifloxacin and trovafloxacin at
50 mg/kg/day had negative blood cultures by day 5, but at day
10 regrowth was demonstrated in one of six (17%) and two of
six (33%) rats, respectively (Fig. 3C). Among the EtOH-fed
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FIG. 3. Cumulative percent bacteremia over 10 days of pneumococcal bacteremia after 5 days of antibiotic treatment in chow-fed (A), pair-fed
(B), and EtOH-fed (C) rats. All antibiotics were administered at doses of 50 and 100 mg/kg/day. LEV, levofloxacin; MXF, moxifloxacin; TRO,
trovafloxacin. �, P � 0.05 compared to the results obtained with PBS.
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rats receiving either dose of levofloxacin, two of six (33%) were
still bacteremic at day 10. In the pair-fed rats, moxifloxacin was
the most effective in clearing bacteremia compared to the
effectiveness of levofloxacin or trovafloxacin at either dose
(Fig. 3B). At least four of six (67%) of pair-fed rats receiving
either levofloxacin or trovafloxacin remained bacteremic at day
10, regardless of the dose.

WBC, PMNL, and bacterial counts in BAL fluid. On day 3,
the mean S. pneumoniae count in BAL fluid was at least 1.5 to
2 logs lower for rats receiving moxifloxacin than for rats re-
ceiving the other quinolone groups, regardless of the dose or
the feeding group (P � 0.05) (Fig. 4). Only EtOH-fed rats that
received moxifloxacin 100 mg/kg/day had sterile BAL fluid 3
days following the initiation of treatment. The mean percent-
age of PMNLs and total WBCs recovered from BAL fluid
correlated with the survival data. Among all fluoroquinolone-
treated groups, the EtOH-fed rats that experienced the highest
survival also had the lowest percentage of PMNLs and the
lowest WBC counts. Pair-fed rats had the highest WBC counts
and the highest percentage of PMNLs. Although the mean
percentage of PMNL and numbers of WBC recovered in BAL
fluid varied between feeding groups, the differences were not
statistically different (data not shown).

Peripheral WBC and differential cell counts. Mean periph-
eral WBC and individual cell counts were similar on all mea-
sured days of therapy for all feeding groups receiving any
antibiotic (data not shown).

Pharmacokinetic and pharmacodynamic parameters. The
mean serum Cmax (�g/ml) and the mean AUC were the great-
est for all antibiotics in the EtOH-fed rats. Moxifloxacin
achieved significantly higher Cmax values than the other anti-
biotics (P � 0.05) (Table 1). The EtOH-fed group had a lower
percent protein binding that resulted in an increased antibiotic
free fraction. The calculated Cmax/MIC and fAUC/MIC ratios
were also highest among the EtOH-fed group for all antibiotics
compared to those for the pair-fed and the chow-fed rats.
Moxifloxacin had higher a Cmax/MIC and a higher fAUC/MIC
than both levofloxacin and trovafloxacin, although this was
attributed to lower MICs rather than superior Cmaxs and

AUCs. Pair-fed and chow-fed rats receiving 50 mg/kg/day of
trovafloxacin had fAUC/MIC ratios less than 40, which is con-
sistent with the higher mortality among these groups. Levo-
floxacin followed the same pattern for all groups except the
pair-fed group, with a mean fAUC/MIC of 41.2. Moxifloxacin
had higher BAL fluid concentrations than either levofloxacin
or trovafloxacin, but the differences reached significance only
in the EtOH-fed group (P � 0.05).

DISCUSSION

Individuals who abuse EtOH are at increased risk for severe
pneumococcal infections (37). The critical interaction of this
pathogen begins in the respiratory tree, followed by rapid pro-
liferation in alveolar spaces. EtOH impairs extracellular de-
fense systems that normally facilitate the rapid clearance of
bacteria from the respiratory tract (44). EtOH-fed rats are
more susceptible to pneumococcal infections and demonstrate
decreased PMNL and bactericidal activities (26, 42). Moxi-
floxacin, a newer “respiratory” fluoroquinolone, has outstand-
ing in vitro activity against S. pneumoniae (4, 8, 10, 31). We
used our pneumococcal pneumonia model to compare moxi-
floxacin to levofloxacin and trovafloxacin, quinolones that also
have excellent activities against pneumococci. Levofloxacin is
predominantly renally eliminated, while both moxifloxacin and
trovafloxacin undergo hepatic metabolism and have minimal
excretion as unchanged drug. The impact of EtOH on the
efficacies of antibiotics that have significant hepatic elimination
is unknown. Trovafloxacin was as effective as ceftriaxone or
azithromycin in a rat cirrhosis model of pneumococcal infec-
tion, but treatment with this antibiotic resulted in a signifi-
cantly slower normalization of peripheral white blood cell
counts (45). In the current study, we chose two different dosage
regimens designed to achieve pharmacodynamic ratios for the
lower dose just above the reported therapeutic threshold of
clinical response.

As predicted, EtOH-fed rats had greater susceptibilities to
pneumococcal infection. This was demonstrated by the equiv-
alent mortality of untreated EtOH-fed rats given a 10-fold
lower inoculum compared to that given to the chow-fed or
pair-fed nutritional controls. This finding is due to the EtOH-
induced defects in the host defense mechanisms against
S. pneumoniae (13, 22, 26, 27, 36, 42, 43, 44). All antibiotics in
both the 50- and the 100-mg/kg/day regimens were equally
effective at improving survival in the EtOH-fed rats. Whether
these antibiotics could protect this group from the higher in-
oculum given to the chow-fed and pair-fed control groups
remains to be determined. In contrast to what occurred in the
EtOH-fed animals, both levofloxacin and trovafloxacin at the
50-mg/kg/day dose were ineffective in chow-fed rats. In pair-
fed rats, an increase in the dose from 50 to 100 mg/kg/day
improved survival from 80% to 100% among the moxifloxacin-
treated rats. The higher dose did not improve survival in levo-
floxacin-treated rats and was associated with increased mortal-
ity in rats receiving trovafloxacin. Any variance in the results
for the chow-fed and the pair-fed groups is most likely related
to nutritional differences in their diets, although comparable
results were seen for the two groups in an earlier study (46).

The results of the bacteremia study paralleled the findings in
our mortality experiments. Rats receiving levofloxacin and

FIG. 4. Mean log CFU/ml of Streptococcus pneumoniae in bron-
choalveolar lavage fluid 3 days after the initiation of antibiotic therapy.
All antibiotics were administered at doses of 50 and 100 mg/kg/day.
LEV, levofloxacin; MXF, moxifloxacin; TRO, trovafloxacin. The data
represent means � standard deviations. P was �0.05 for moxifloxacin
50 and 100 mg/kg/day versus PBS in each group.
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trovafloxacin at the 50-mg/kg dose were more likely to be
bacteremic at all time periods during and 5 days after the end
of antibiotic therapy. Some rats in the EtOH-fed group either
remained bacteremic through therapy, or after a period of
negative cultures, regrowth occurred after the discontinuation
of antimicrobial therapy. Persistent or recurrent bacteremia
was observed with 50 and 100 mg/kg/day of levofloxacin as well
as 50 mg/kg of moxifloxacin.

The pharmacodynamic features of individual antibiotics may
explain, in part, the results observed in this study. The effec-
tiveness of fluoroquinolone antibiotics has been correlated
with AUC/MIC and Cmax/MIC ratios (7, 32, 38, 59). More
recently, the ratios determined with the unbound or free frac-
tion of the drug appear to have a stronger correlation with
effectiveness (38, 59). Although quinolone pharmacodynamic
parameters are likely organism specific, studies suggest that the
fAUC/MIC ratios should exceed 30 for S. pneumoniae infec-
tions (38, 59). In animal and human antibiotic studies of phar-
macodynamics, pharmacokinetic variables and protein binding
characteristics may contribute to efficacy. Our study did not show
statistical differences in the AUC or Cmax values among any

antibiotic or feeding regimens. However, the EtOH-fed group
demonstrated higher fAUC/MIC ratios for all compounds, with
the values exceeding 50 with both dosage regimens. Of note, the
EtOH-fed group also responded better than the diet control
groups to treatment with levofloxacin and trovafloxacin and was
the only group in which levofloxacin and trovafloxacin demon-
strated efficacies comparable to that of moxifloxacin at the 50-
mg/kg dose. In contrast, levofloxacin and trovafloxacin AUC0–24s
were consistently less than 40 and the fAUC/MIC ratio was �30
in both the pair-fed and the chow-fed animals, the groups which
also had higher mortality rates.

It is well accepted that only free, unbound antibiotic can
readily transfer from the central vascular compartment to var-
ious tissues and body compartments. The degree of binding is
a predictor of extravascular distribution (6). In this study, the
primary contributor to changes in the fAUC/MIC ratios ap-
peared to be a decrease in protein binding observed in the
EtOH-fed group. The pair- and chow-fed groups demonstrated
levels of protein binding comparable to those observed in
pharmacokinetic studies with noninfected rats. The cause for
these alterations in protein binding remains unknown. Because

TABLE 1. Values of pharmacokinetic and pharmacodynamic parameters for levofloxacin, moxifloxacin, and trovafloxacin following
administration of 50 and 100 mg/kg/day for 5 days in EtOH-fed, pair-fed, and chow-fed rats with pneumococcal pneumonia

Group and
parameter

Levofloxacin Moxifloxacin e Trovafloxacin

50 mg/kg 100 mg/kg 50 mg/kg 100 mg/kg 50 mg/kg 100 mg/kg

Ethanol fed
Serum Cmax (�g/ml) 8.1 � 3.0 12.2 � 3.0 15.1 � 6.6 22 � 8.6 7.7 � 1.5 13.4 � 3.7
AUC0–24 (�g · h/ml) 44.9 � 14.4 63 � 16.6 39.6 � 9.7 75.2 � 14.3 36.8 � 10.8 69.9 � 16.1
fAUC (�g · h/ml) 37.3 � 11.9 52.3 � 13.7 21.9 � 5.4 41.6 � 7.9 12.9 � 3.4 24.5 � 5.6
ELF vol (�g/ml) 1.2 � 0.6 2.5 � 1.0 3.9 � 1.3 7.3 � 1.7 1.9 � 0.9 2.7 � 1.4
WBC (�g/ml)a 3.1 � 2.2 5.9 � 3.0 4.2 � 1.9 6.9 � 3.7 1.9 � 1.2 3.8 � 2.4
PBb (%) 17.2 44.7 64.9
Cmax/MICc 6.7 � 2.4 10.1 � 2.5 43.9 � 19.2 64.0 � 24.9 5.7 � 1.2 18.8 � 5.2
AUC/MICd 37.3 � 11.9 52.3 � 13.7 115.3 � 28.2 218.9 � 41.6 51.7 � 15.2 98.1 � 22.6
CL (ml/min/kg) 21.1 � 1.8 29.2 � 1.2 11.6 � 0.8 16.9 � 1.0 12.2 � 1.3 18.9 � 1.1

Pair fed
Serum Cmax (�g/ml) 7.5 � 3.0 12.4 � 4.2 10.0 � 5.8 17.5 � 7.1 7.0 � 1.5 9.8 � 3.9
AUC0–24 (�g · h/ml) 34.2 � 11.9 57.7 � 17.2 32.7 � 12.9 65.3 � 15.4 31.0 � 11.2 51.9 � 17.9
fAUC (�g · h/ml) 24.4 � 8.5 41.2 � 12.3 12.5 � 4.9 24.9 � 5.9 5.8 � 2.1 9.7 � 3.3
ELF vol (�g/ml) 1.9 � 0.8 2.7 � 0.8 2.1 � 1.9 3.7 � 1.2 1.7 � 0.8 2.9 � 1.1
WBC (�g/ml) 2.1 � 1.4 3.7 � 2.1 3.9 � 2.0 5.0 � 3.3 1.3 � 1.0 3.1 � 1.8
PB (%) 28.6 61.9 81.4
Cmax/MIC 5.4 � 2.1 8.9 � 3.0 20.6 � 11.9 35.1 � 14.2 5.9 � 1.1 7.3 � 2.9
AUC/MIC 24.4 � 8.5 41.2 � 12.3 67.3 � 26.5 130.9 � 31.3 23.1 � 9.4 38.6 � 13.3
CL (ml/min/kg) 22.3 � 0.9 28.1 � 1.2 12.7 � 0.7 17.3 � 1.1 11.8 � 1.0 14.5 � 0.9

Chow fed
Serum Cmax (�g/ml) 6.6 � 1.5 9.3 � 3.7 10.6 � 1.7 14.5 � 4.8 6.1 � 2.1 11.9 � 3.9
AUC0–24 (�g · h/ml) 35.7 � 13.3 54.9 � 17.1 34.8 � 12.1 67.9 � 15.7 28.9 � 8.9 52.7 � 14.8
fAUC (�g · h/ml) 25.4 � 9.4 39.0 � 12.1 14.1 � 4.9 27.4 � 6.4 4.9 � 1.5 8.9 � 2.5
ELF vol (�g/ml) 2.0 � 0.6 2.9 � 1.0 3.4 � 1.3 5.9 � 1.5 1.9 � 0.8 2.7 � 0.6
WBC (�g/ml) 2.5 � 1.1 4.2 � 2.9 3.5 � 1.7 4.6 � 2.2 1.4 � 0.9 3.2 � 1.4
PB (%) 29.0 59.5 83.1
Cmax/MIC 4.7 � 1.1 6.6 � 2.6 22.6 � 3.6 30.9 � 10.2 4.1 � 1.6 8.1 � 2.6
AUC/MIC 25.4 � 9.4 39.0 � 12.1 74.2 � 25.8 144.7 � 33.5 19.5 � 6.0 35.6 � 10.0
CL (ml/min/kg) 22.9 � 1.4 29.7 � 1.3 12.3 � 0.9 16.2 � 1.0 12.8 � 1.2 15.9 � 1.4

a White blood cells from BAL fluid.
b PB, protein binding of the antibiotic in percent.
c Calculated by using the antibiotic free fraction.
d Calculated by using the antibiotic free fraction.
e Moxifloxacin Free AUC/MIC and Cmax/MIC ratios for moxifloxacin were significantly greater than those for either levofloxacin and trovafloxacin at equivalent doses

(P � 0.05).
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the rats only had 2 weeks of EtOH exposure, it is unlikely that
hepatic disease induced a reduction in serum albumin. In this
model, serum proteins begin to fall only after continuous ex-
posure to EtOH for at least 5 weeks (16). Also, the EtOH-fed
rats developed modest increases only in liver transaminases. It
is unlikely that the findings were due to an alteration in hepatic
metabolism because trovafloxacin (hepatic elimination) dem-
onstrated results similar to those for the renally eliminated
drug levofloxacin. Moxifloxacin, which also undergoes hepatic
elimination, was superior to both levofloxacin and trovafloxa-
cin. Because the S. pneumoniae MIC, AUCs, and serum pro-
teins remained constant from one group to the next, it appears
that some other endogenous or exogenous factor altered the
percent bound drug in the EtOH-fed group. EtOH may have
decreased the affinity of albumin for each of the quinolones,
with a resultant increase in the free fraction. Limited data are
available regarding the effect of hepatic dysfunction on quin-
olone pharmacokinetics. A previous study with a hepatically
eliminated fluoroquinolone in patients with mild to moderate
hepatic impairment demonstrated increases in AUC (18). In
humans, levofloxacin may be effective despite the protein bind-
ing, because it achieves higher intrapulmonary concentrations
(11). It is unlikely that trovafloxacin, despite its low MICs,
would be able to overcome the high protein binding in view of
its low pulmonary BAL fluid concentrations (2).

Rats with fAUC/MIC ratios �40 demonstrated a higher
mortality than those with ratios �50. Although the latter ratio
is consistent with those observed in different animal models by
Craig and colleagues, they do call into question AUC/MIC
ratios between 30 and 40 (32). Generally, animal pharmaco-
dynamic studies have shown that fAUC/MIC ratios �30 are
associated with a �50% mortality rate in experimental models
of pneumonia. The AUC/MIC ratio is a function of antibiotic
pharmacokinetics, the protein binding, and the MIC of the
infecting organism. Moxifloxacin and trovafloxacin had similar
MICs for the pneumococcal strain used and achieved similar
AUCs. However, trovafloxacin consistently yielded lower
fAUC/MIC ratios, which could explain the higher mortality in
this treatment group. The pharmacodynamic profile of moxi-
floxacin is generally regarded as equivalent or superior to those
of all commercially available fluoroquinolones when commu-
nity-acquired pathogens like the pneumococcus are considered
(14). The fAUC/MIC ratios observed for moxifloxacin are sim-
ilar to those reported in studies with humans (14, 15). In a
comparative analysis of 12 antimicrobial agents against respi-
ratory pathogens, moxifloxacin possessed the lowest MICs to-
ward S. pneumoniae in comparison to those of the other avail-
able quinolones (8). The pharmacokinetics of levofloxacin,
including the fAUC observed in this rat model, are similar to
those extrapolated from human studies (7, 59). The two factors
that appeared to affect the efficacy of levofloxacin were the
MIC of the infecting pathogen and the changes in protein
binding (49). In the chow-fed and the pair-fed rats, the protein
binding rose and the AUC/MIC ratios subsequently dropped
below 30, resulting in higher mortality rates. AUC/MIC calcu-
lations by using the AUC from total drug concentrations would
have resulted in values above the efficacy threshold of 30 at all
doses and for all groups for both levofloxacin and trovafloxa-
cin. These data confirm the use of the free fractions for AUC/

MIC calculations and call into question the threshold value of
30 when total drug is used.

We chose to use an S. pneumoniae isolate with MICs similar to
those observed in the community. Among over 4,900 isolates
tested in the United States in 2001 and 2002, the levofloxacin
MIC at which 90% of isolates are for S. pneumoniae was 1.0 �g/ml
(49). We used a pathogen with this same MIC for levofloxacin. In
our rat model, treatment failure with levofloxacin was correlated
with suboptimal fAUC/MIC ratios. These results are similar to
those in other animal studies of pneumonia that have evaluated
the pharmacodynamics and efficacy of levofloxacin (7, 12, 15, 40).
In our model, higher doses of levofloxacin resulted in higher
fAUC/MIC ratios and gave levofloxacin efficacy comparable to
that of moxifloxacin. Levofloxacin was shown to be effective in
patients with CAP (17). High-dose, short-course therapy with a
dose of 750 mg/day enhanced the pharmacodynamic parameters
for levofloxacin and produced excellent microbiological eradica-
tion and clinical cure rates (17).

In conclusion, moxifloxacin at doses equivalent to those of
levofloxacin and trovafloxacin resulted in the highest fAUC/
MIC ratios and was more effective than levofloxacin and trova-
floxacin in our rat model of pneumococcal pneumonia. EtOH
increased the free fraction of all antibiotics and allowed the
levofloxacin and trovafloxacin AUC/MIC ratios to increase to
values �50, resulting in efficacy equivalent to that observed
with moxifloxacin. Chow-fed and pair-fed animals demon-
strated increased protein binding and fAUC/MIC ratios �30
that contributed to their higher mortality rates. The conven-
tional breakpoints of an AUC/MIC ratio of 30 to 40 by use of
the total drug for determination of the ratio appear in question
for levofloxacin and trovafloxacin in this model. It appears that
the achievement of an adequate pharmacodynamic parameter,
the fAUC/MIC ratio, is a more important predictor of success-
ful treatment than any immune defects that EtOH induces.
These data should be validated with clinical trials with humans
who abuse EtOH and develop pneumococcal pneumonia.
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