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An experimental rat pneumonia model using two amoxicillin-susceptible (MICs, <0.015 and 2 �g/ml) and
two non-amoxicillin-susceptible (MIC, 4 �g/ml) Streptococcus pneumoniae strains was developed for testing the
efficacy of amoxicillin administered to simulate human serum kinetics after treatment with amoxicillin-
clavulanate (2,000 and 125 mg, respectively, twice a day, for 2.5 days). The end points for efficacy were
reductions in bacterial loads in the lungs and reductions in levels of pulmonary damage. For the amoxicillin-
susceptible strains (serotypes 23F and 14), a decrease greater than 4.5 log10 CFU/pair of lungs was obtained,
and the time for which the serum antibiotic concentration (SAC) was higher than the MIC (TSAC>MIC) was
greater than 60% of the dosing interval. For non-amoxicillin-susceptible strains, the decrease in bacterial load
was 1.34 to 1.75 log10 CFU/pair of lungs, with a TSAC>MIC of 46.7% of the dosing interval. An in vitro study
showed that serotype 9V non-amoxicillin-susceptible strains behaved as tolerant-like to concentrations similar
to those in the in vivo model. The high and maintained SACs (TSAC>MIC, >46% for all strains) significantly
diminished lung injury (affected area of the lung and lung weight), compared to that in controls, by all strains,
regardless of the MIC, bactericidal behavior in in vitro killing curves, or the serotype of the infecting strain.
These results show the importance of host therapeutic end points in the evaluation of antibiotic efficacy. The
antibiotic was more efficacious, for one nonsusceptible strain tested, when the treatment was started early (1
h postinoculation [p.i.]) than when treatment was delayed (24 h p.i.).

Acute pneumonia is the most frequent cause of death from
infectious diseases in developed countries (16). Streptococcus
pneumoniae is the leading cause of community-acquired pneu-
monia (2). Despite the availability of potent antimicrobial
agents, pneumococcal pneumonia has a very high mortality,
reaching 38% in some areas (3, 19). In addition, the appear-
ance of pneumococcal strains with decreased susceptibility to
�-lactams and other antibiotics has caused concern because in
some areas as many as 35% of pneumococcal pneumonias are
caused by non-penicillin-susceptible organisms (3). In spite of
this, �-lactams are widely and successfully used for respiratory
tract infections caused by S. pneumoniae strains, even non-
penicillin-susceptible strains. However, there has been little
experience with the treatment of pneumococcal pneumonia
caused by strains for which amoxicillin MICs are higher than 2
�g/ml, because the probability of pathogens with such a re-
duced susceptibility profile is too low (11) and this warrants the
use of animal models for testing efficacy. To cover pneumo-
coccal strains for which amoxicillin MICs are 4 �g/ml for ap-
proximately 50% of the dosing interval with a twice-a-day
(b.i.d.) regimen, a new sustained-release amoxicillin-clavu-
lanate formulation has been developed (12). This antibiotic

treatment has shown clinical efficacy in community-acquired
pneumonia (8, 11, 22), but there was a small number of pa-
tients infected with pneumococci for which amoxicillin MICs
were high.

The aim of this study was to compare the efficacies of amoxi-
cillin in an experimental model of pneumonias caused by four
pneumococcal strains with different amoxicillin susceptibilities.
The antibiotic was administered so as to attain an amoxicillin
pharmacokinetic profile similar to that obtained in humans
after administration of the new sustained-release amoxicillin-
clavulanic acid formulation of 2,000 and 125 mg, respectively,
b.i.d. A secondary aim was to evaluate the effect of the time
from inoculation to treatment initiation on antibiotic efficacy.

MATERIALS AND METHODS

Bacteria. Four strains of S. pneumoniae with different in vitro susceptibilities
to amoxicillin were selected based on their similar virulence in experimental
animals. Strain AR30118 (serotype 23F) was fully susceptible (MIC, �0.015
�g/ml); the MIC for strain FJD70 (serotype 14) was at the susceptibility break-
point (2 �g/ml); and two strains (strains AR06016 and AR09164, both belonging
to serotype 9V) exhibited no susceptibility to amoxicillin (MIC, 4 �g/ml).

Antibiotic. Amoxicillin trihydrate of known potency (SmithKline Beecham
Pharmaceuticals, Worthing, England) was used in the in vitro studies. For in vivo
(therapeutic) use, amoxicillin in commercial vials (Clamoxyl; SmithKline
Beecham S.A., Madrid, Spain) was reconstituted in sterile solutions in 0.85%
sodium chloride to the desired concentrations.

In vitro studies. MICs of amoxicillin were determined by microdilution as
previously described (17). Modal values from three separate determinations
were considered. Conventional time-kill experiments were performed with the
three strains that exhibited lower susceptibility to amoxicillin, at drug concen-
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trations equivalent to 2 or 4 times the MIC, or without antibiotic, in shaking
tubes containing 10 ml of Mueller-Hinton broth (Becton Dickinson and Co.,
Cockeysville, Md.) by following previously described methods (6). All time-kill
curves were determined in duplicate.

Animals. Specific-pathogen-free female Sprague-Dawley rats weighing ap-
proximately 300 g were purchased from the Centre d’Élevage R. Janvier (Le
Genest, St.-Isle, France). Animals were individually housed in cages with free
access to food and water.

The study was performed in accordance with prevailing regulations regarding
the care and use of laboratory animals in the European Community and was
approved by our ethical committee for animal experimentation.

Experimental pneumonia. For each experiment, a stock inoculum was thawed,
spread onto four agar plates containing 5% defibrinated sheep blood (Bio
Merieux, Marcy-l’Étoile, France), and incubated overnight at 37°C. The growth
from all plates was suspended in 4 ml of Todd-Hewitt broth (Oxoid Ltd., Ba-
sinsgtoke, Hampshire, England) to reach approximately 2 � 109 CFU/ml. Im-
mediately prior to infection, the suspension was diluted 1:10 in molten nutrient
agar (Becton Dickinson and Co.) maintained at 40°C to give a final bacterial
concentration of approximately 2 � 108 CFU/ml.

The day before bacterial inoculation, the animals were anesthetized with 95
mg of ketamine (Ketolar; Parke Davis, Barcelona, Spain)/kg of body weight and
10 mg of xylazine (Rompun; Bayer, Barcelona, Spain)/kg, and the jugular vein
was cannulated for antibiotic administration as previously described (26).

To proceed with bacterial inoculation, the animals were again anesthetized
and then infected by intratracheal instillation (23) of 100 �l, in cooled molten
agar, containing the organism (approximately 2 � 107 CFU). Animals were
maintained with an enriched O2 atmosphere for 1 min to prevent early mortality.

Amoxicillin administration. The antibiotic was administered by continuous
intravenous infusion adjusted to simulate the concentrations of amoxicillin
achieved in the plasma of adults after b.i.d. administration of the enhanced
formulation of 2,000 and 125 mg, respectively, of amoxicillin-clavulanate (Aug-
mentin SR). The pharmacokinetic software was programmed to administer the
antibiotic at the calculated rates in 12-h cycles over 2.5 days. Antimicrobial
treatment was initiated 8 h postinoculation (p.i.) in experiments carried out with
the four strains, and animals were sacrificed 72 h p.i. (four groups). Additionally,
a study on the effect of the time from inoculation to treatment initiation was
performed with one of the non-amoxicillin-susceptible strains used (AR09164),
by dividing infected animals into two groups initiating antibiotic treatment at 1
and 24 h p.i., respectively, and sacrificing animals at 65 and 88 h p.i., respectively.
Thus, in total, there were six experimental groups. Untreated control animals
receiving 0.85% sodium chloride at a rate similar to that of antibiotic treatment
were included in all experiments. Twelve to 20 rats were included in each
experimental group.

Evaluation of therapy. Four hours after the cessation of infusion (i.e., 65, 72,
and 88 h after bacterial challenge for antibiotic treatment starting 1, 8, and 24 h
p.i, respectively), the animals were killed with a 0.5-ml intraperitoneal injection
of sodium pentobarbital (Euta-Lender; Normon Laboratories, Madrid, Spain)
and weighed. Later, both lungs were removed aseptically, weighed, and pro-
cessed as previously described (23). An overall blinded macroscopic examination
of lungs to evaluate the extent (expressed as a percentage) of the affected area
and histopathological studies were performed. The number of viable S. pneu-
moniae organisms present was evaluated as previously described (23). The lower
limit of detection was 25 (1.4 log10) CFU/pair of lungs.

Antibiotic simulation profile. Calculation of intravenous drug administration
rates in order to simulate in rats the amoxicillin concentrations obtained in
humans after oral administration of the amoxicillin-clavulanate (2,000- and 125-
mg) sustained-release formulation was performed by using target concentrations
obtained from a previous publication (12). The total area under the concentra-
tion-time curve from 0 to 12 h (AUC0-12) and partial areas at 17 different time
intervals were calculated. These concentrations and the total AUC were consid-
ered the target concentrations for simulation (AUCtarget). The data on the
pharmacokinetics of amoxicillin in rats that were used to determine dosing
parameters were obtained from concentrations measured in uninfected animals
after intravenous administration of a bolus dose of 44.5 mg/kg (the test dose).
The total dose to be administered was calculated as (AUCtarget � test dose)/
AUCtest, where AUCtest is the AUC resulting from the test dose. Taking into
account all the previous data (human target concentrations and the amoxicillin
elimination rate constant obtained in rats), the fraction of bioavailable drug, or
“cumulated (absorbed) fraction at each interval,” was calculated by the Wagner-
Nelson method (24). The cumulated fraction (absorbed) equals the cumulated
dose administered at each time interval used, as the administration was per-
formed with an intravenous catheter. Assuming, as previously calculated, that the
total cumulated dose required was 56.13 mg/kg, calculation of the dose at each

interval was straightforward. Concentrations found after this test was applied
showed a departure from target concentrations in the first 2 h, and therefore a
new schedule was calculated, adjusting new doses proportionally to changes
desired in partial AUCs. The final total dose used was 374.60 mg/kg administered
in 12-h cycles over 2.5 days (74.92 mg per kg and cycle).

Pharmacokinetic and pharmacodynamic analyses. Animals were prepared as
described under “Experimental pneumonia” above. The carotid artery and jug-
ular vein were cannulated for blood sampling and antibiotic administration,
respectively, as previously described (26). Flow rates were controlled with infu-
sion pumps (PHD 2000; Harvard Instruments, Edenbridge, United Kingdom)
linked serially to a microcomputer. The system was programmed to administer
the calculated rates in a 12-h cycle. Blood samples were taken from the carotid
artery cannulae of nine animals at eight intervals (30, 60, 90, 210, 300, 420, 600,
and 720 min) during antimicrobial infusion for determination of serum antibiotic
concentrations (SACs). The concentration of amoxicillin was determined by a
bioassay according to previously described techniques (13) using Micrococcus
luteus ATCC 9341 as the indicator organism. The antimicrobial concentrations in
the samples were derived from a standard solution prepared in pooled rat serum.
The within-day and between-day coefficients of variation for amoxicillin were 2.9
to 7.9% and 4.0 to 6.2%, respectively. The lower limit of detection was 0.06
�g/ml.

The antibiotic concentration-time curve was analyzed by a noncompartmental
approach using the Win-Nonlin program (Pharsight, Mountain View, Calif.).
Times for which the SAC exceeded the MIC (TSAC�MIC) were calculated graph-
ically from the semilogarithmic representation of the concentration-time curve
and the regression line representing the apparent elimination rate constant.

Data analysis. Mean values and standard deviations (SD) for loss of total body
weight, affected area, relative weight of lungs, and colony counts in untreated and
treated groups by strain and time p.i. of treatment initiation were calculated.
Reductions in colony counts per pair of lungs versus infecting inocula were
evaluated by using log10 CFU per pair of lungs. Mean reductions, SD, and
standard errors were afterwards calculated for treated and untreated groups by
strain and time after the start of antibiotic administration. Statistical comparison
of the affected area and colony counts were done by the Student t test. Relative
lung weights and loss of body weight in treated animals versus controls were
compared by the Kruskal-Wallis test.

RESULTS

The following serum amoxicillin concentrations (mean �
SD, in micrograms per milliliter) were achieved at the specified
time period: 5.1 � 0.9 (30 min), 13.5 � 1.8 (60 min), 15.1 � 3.7
(90 min), 11.0 � 1.7 (210 min), 7.0 � 1.7 (300 min), 2.6 � 1.1
(420 min), 0.8 � 0.2 (600 min), and 0.4 � 0.1 (720 min).
Experimental SACs achieved from 30 min to 12 h are very
close to previously defined target concentrations.

Figure 1 shows the bactericidal activity of amoxicillin against
S. pneumoniae strains for which MICs are �2 �g/ml that had
been exposed for as long as 6 h to amoxicillin concentrations
equivalent to 2 or 4 times the MIC. After a 6-h incubation, the
decreases in bacterial loads with concentrations 2 and 4 times
the MIC were 3.19 and 3.47 log10 CFU for strain FJD70, 1.47
and 1.7 log10 CFU for strain AR06016, and 1.33 and 2.09 log10

CFU for strain AR09164, respectively.
Following infection with any strain, untreated rats developed

bilateral pneumococcal pneumonia. Animals were hypoactive
and tachypneic and presented a moderate weight loss over the
time the experiment lasted. The mortality rate in untreated
animals was 6.8% (3 out of 44 animals). Lungs of increased size
and weight, with areas of red and gray congestion affecting
between 40 and 50% of the pair of lungs, were observed. Lung
histopathology of macroscopic affected areas at necropsy
showed intense infiltration by polymorphonuclear leukocytes,
macrophages, and erythrocytes within the alveoli and bron-
chiolar lumen; the alveolar spaces showed fibrinous exudates.
The bacterial loads in these animals at the end of the experi-
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ment remained at concentrations similar to those inoculated
(differences, from �0.22 to �1.02 log10 CFU/pair of lungs). No
differences in bacterial clearance, lung injury, or loss of total
body weight were found between control animals infected with
different strains.

No mortality was observed among the 49 amoxicillin-treated
animals. Figure 2 shows reductions in bacterial loads (log10

CFU) in lungs at 72 h p.i. for treated (beginning at 8 h p.i.) and
untreated animals inoculated with the four pneumococcal
strains. Differences of more than 4.5 log10 CFU in bacterial
loads in the lungs were observed between control and treated
animals for strains AR30118 (amoxicillin MIC, �0.015 �g/ml)
and FJD70 (amoxicillin MIC, 2 �g/ml), while the difference
was less than 1.8 log10 CFU for strains AR06016 and AR09164
(amoxicillin MIC for both strains, 4 �g/ml). Nevertheless, the
difference between control and treated animals was statistically
significant for all strains (P � 0.001).

Table 1 summarizes the changes in lungs and body weight in
untreated and treated animals inoculated with the four pneu-
mococcal strains. The extent of lung damage was significantly
lower in treated animals than in untreated controls for all four
pneumococcal strains (P � 0.05). The relative weight of lungs
was lower in treated than untreated animals (P � 0.05). The
loss of body weight was greater in untreated than treated
animals, although the difference was significant (P � 0.05) only
for strains AR30118 and AR09164. TSAC�MIC was 100, 61.6,
and 46.7% of the dosing interval for strains for which MICs
were �0.015, 2, and 4 �g/ml, respectively.

Table 2 summarizes the differences in colony counts, lung
injury, and body weight in animals inoculated with strain
AR09164 (MIC, 4 �g/ml) and either left untreated or treated
beginning at different times p.i. When untreated animals were
sacrificed at 88 h p.i., lower numbers of organisms were recov-
ered than were obtained from untreated animals killed 65 h p.i.
The extent of lung damage and loss of total body weight were
also more favorable when animals were sacrificed at 88 h p.i.,
suggesting a spontaneous improvement in relation to time. The
antibiotic diminished the number of organisms in lungs com-
pared to those in untreated controls regardless of the starting
time for treatment (P � 0.02). Antibiotic treatment also im-
proved the other parameters evaluated compared with those
for untreated controls, although statistical differences (P �
0.05) were found in those parameters representing lung injury

FIG. 1. Bactericidal activity of amoxicillin against S. pneumoniae
strains FJD70 (a), AR06016 (b), and AR09164 (c) at concentrations
equivalent to twice (■ ) and four times (Œ) the MIC compared with
bacterial loads in controls (�).

FIG. 2. Difference in log10 CFU change in lung tissue at 72 h p.i.
between rats treated with amoxicillin starting at 8 h p.i. (white bars)
and untreated rats (gray bars). P � 0.001 for untreated versus treated
animals in each group.
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only when treatment was initiated 1 h after bacterial challenge,
not when treatment was initiated 24 h after inoculation. No
bactericidal effect (�3 log10 reduction in CFU) against this
strain was observed when amoxicillin was administered at ei-
ther 1, 8, or 24 h p.i. (Table 2; Fig. 2), times when microor-
ganisms probably encountered different growth and environ-
mental conditions.

DISCUSSION

Two of the pneumococcal strains used in this study are
representative of MIC50s (MICs at which 50% of isolates are
inhibited) and MIC90s (�0.015 and 2 �g/ml, respectively) ob-
tained in many Western countries (21, 25). The other two

strains represent less than 10% of the clinical isolates of pneu-
mococci but are a real challenge for new antibiotics or formu-
lations. All strains belong to serotypes commonly involved in
pneumonia (7). Amoxicillin at concentrations 2 and 4 times the
MIC was bactericidal (�3 log10 reduction in CFU) after a 6-h
incubation against the strain for which the amoxicillin MIC was
2 �g/ml as determined by the killing curve studies. However,
for both serotype 9V strains (MIC, 4 �g/ml), the antibiotic,
under the same experimental conditions (2 and 4 times the
MIC), was not bactericidal after a 6-h incubation (decrease in
CFU, � 2.1 log10 units), although the inoculum size was sig-
nificantly reduced, by approximately 99.0%. A typical penicil-
lin-tolerant culture of S. pneumoniae has been described as one
that is not lysed or is only partially lysed by penicillin at 10
times the MIC after 4 h (18). In this study, time-kill curves
were performed using concentrations equivalent to 2 and 4
times the MIC in order to assess in vitro activity under the
conditions used in the in vivo model, where amoxicillin con-
centrations were not higher than 4 times the MIC, for strains
for which the MIC was 4 �g/ml. Under these conditions, the
nonsusceptible strains showed a tolerant-like profile, since cul-
tures were only partially lysed after 6 h. Penicillin tolerance has
been described previously as a common finding among peni-
cillin-resistant pneumococci (14).

Two parameters are classically used for efficacy evaluation of
antibiotics in animal models: bacterial counts in tissues and the
animal survival rate (10). While the latter is commonly used to
show differences in antibiotic behavior (9), the reduction in
bacterial counts seems a natural way of comparing in vivo with
in vitro effects that may not be related to the animal survival
rate (9). In any case, antibiotics are designed to decrease the
bacterial load, and this may translate into a decrease in tissue
damage, which logically is related to survival.

From the bacterial (inoculum reduction) perspective, this
pneumococcal pneumonia model was reproducible, and the
bacterial inoculum in the lungs was very stable. The adminis-
tration of amoxicillin simulating the human pharmacokinetics
of slow-release amoxicillin-clavulanic acid produced an in vivo
bactericidal effect against the two amoxicillin-susceptible
strains; the bacterial inoculum decreased more than 4.5 log10

CFU/pair of lungs. For strains for which the amoxicillin MIC
was 4 �g/ml, no in vivo bactericidal effect (�3 log10 or 99.9%

TABLE 1. Pulmonary lesions and loss of body weight in rats with pneumonia caused by four S. pneumoniae strains and treated with
simulated human treatment-like slow-release amoxicillin therapy

Parametera
Pneumococcal strain (amoxicillin MIC, �g/ml) [no. of animals in untreated/treated group]

AR30118 (�0.015) [6/8] FJD70 (2) [6/6] AR06016 (4) [10/10] AR09164 (4) [9/11]

Extent of lung damage (%)
Untreated 49.17 � 27.18b 42.92 � 22.58b 49.37 � 20.93b 38.89 � 12.80b

Treated 10.47 � 5.82 18.33 � 6.74 21.00 � 8.70 15.11 � 14.16

Relative lung weight (% of body weight)
Untreated 2.02 � 0.97b 1.51 � 0.65b 1.55 � 0.73b 1.45 � 0.40b

Treated 0.85 � 0.10 0.77 � 0.18 1.00 � 0.30 0.92 � 0.25

Loss of body weight (%)
Untreated 13.90 � 4.92b 8.29 � 4.04 10.59 � 6.18 13.10 � 4.25b

Treated 4.87 � 2.62 5.10 � 2.56 8.25 � 4.78 7.34 � 6.00

a Values are means � SD.
b Values for untreated versus treated groups are significantly different (P � 0.05).

TABLE 2. Reductions in bacterial load, pulmonary lesions, and loss
of body weight in rats with pneumonia caused by one S. pneumoniae
strain (AR09164) in relation to the time elapsed between challenge

and initiation of amoxicillin treatment

Parametera

Time elapsed between bacterial
challenge and treatment (time
from challenge to necropsy)

[no. of animals in
untreated/treated group]

1 h (65 h) [6/6] 24 h (88 h) [7/8]

Difference in log10 CFU/pair of lungs
compared to initial inoculum

Untreated �0.48 � 1.03b �1.11 � 0.90b

Treated �2.27 � 1.09 �2.43 � 1.00

Extent of lung damage (%)
Untreated 53.96 � 13.24c 29.29 � 6.92
Treated 21.25 � 9.97 21.70 � 9.97

Relative lung weight (% of body
weight)

Untreated 1.63 � 0.45c 1.01 � 0.26
Treated 0.97 � 0.36 0.87 � 0.15

Loss of body weight (%)
Untreated 11.80 � 3.99 9.78 � 3.84
Treated 7.54 � 4.02 7.33 � 4.10

a Values are means � SD.
b Values for untreated and treated groups are significantly different (P � 0.02).
c Values for untreated and treated groups are significantly different (P � 0.05).
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reduction) was observed, although the reduction in the inocu-
lum was close to 95.0%. Such an effect could be related to the
tolerant-like behavior of the strains in the killing curve exper-
iments. The in vivo significance of tolerance is not clear, al-
though under some experimental conditions, treatment failure
with amoxicillin has been reported in a mouse pneumonia
model caused by amoxicillin-resistant and -tolerant strains (1,
5). It is clear that tolerant organisms are more difficult to
eradicate, especially if a foreign body (as the agar is) is present
in the infectious foci. Nevertheless, antibiotics with bacterio-
static effects have been demonstrated to be useful in many
experimental and human infections, but their efficacy should
be demonstrated by parameters other than colony counts.

From the host perspective, the antibiotic was efficacious against
the four strains inoculated, as evaluated by taking into account the
extent of lung damage, relative lungs weight, and loss of body
weight. The microorganism and the inflammatory exudate define
the consolidation and are related to an increase in lung weight.
For this reason, reductions in the affected area per lung and in
lungs weight can be considered therapeutic end points of treat-
ment evaluation. The extent of lung damage caused by any of the
four strains was lower in all treated animals than in untreated
controls, and as a consequence, the weight of lungs did not in-
crease, as did that of lungs from untreated animals. A significant
reduction in lung damage in treated animals versus controls was
found for the four strains, regardless of the reduction in the
bacterial load or the susceptibility of the strain. For the four
strains, the TSAC�MIC (a parameter related to therapeutic-clinical
efficacy for �-lactams) (4) was higher than 46%. These results
confirm that other therapeutic parameters, and not only the an-
tibiotic effect on colony counts, should be taken into account in
evaluating the in vivo efficacy of antibiotics, because as in this
model, lower reductions in bacterial loads in lungs may not imply
lower efficacy when other therapeutic parameters are also con-
sidered.

The results of experiments performed in order to evaluate
the effect that early or delayed treatment may have on antibi-
otic efficacy indicate that early treatment is associated with a
better outcome than delayed treatment, as observed in other
experimental infection models (20) as well as in humans (15).

In summary, amoxicillin administered to immunocompetent
rats with pneumonia caused by pneumococcus strains for
which amoxicillin MICs range from �0.015 to 4 �g/ml, and
achieving a TSAC�MIC higher than 46%, was able to reduce
lung damage by all strains to a significant degree, although in
vivo bactericidal activity (99.9% reduction in bacterial load in
lungs) was achieved only against amoxicillin-susceptible
strains, not against nonsusceptible strains (where a 95% reduc-
tion was obtained). Reductions of �95% in bacterial load
produced therapeutic efficacy regardless of the MIC, bacteri-
cidal behavior in in vitro killing curves, or the serotype of the
infecting strain.
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