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The objective of the present study was to investigate the potential bactericidal activity of amoxicillin-
clavulanate against �-lactamase-producing Escherichia coli strains and to elucidate the extent to which enzyme
production affects the activity. Six adult Yucatan miniature pigs received a single intravenous dose of 1.1 g of
amoxicillin-clavulanate as an intravenous infusion over 30 min. The pharmacokinetic parameters were deter-
mined for the serum samples and compared to the published data for humans (2.2-g intravenous dose). The
parameters were comparable for the two species, and therefore, the miniature pig constitutes a good model for
pharmacodynamic study of amoxicillin-clavulanate. Therefore, the model was used in an ex vivo pharmaco-
dynamic study of amoxicillin-clavulanate against four strains of Escherichia coli producing �-lactamases at
different levels. The E. coli strains were cultured with serial dilutions (1:2 to 1:256) of the serum samples from
the pharmacokinetic study, and the number of surviving bacteria was determined after 1, 3, and 6 h of
exposure. Amoxicillin-clavulanate at concentrations less than the MIC and the minimal bactericidal concen-
tration had marked bactericidal potency against the strain that produced low levels of penicillinase. For
high-level or intermediate-level �-lactamase-producing strains, the existence of a clavulanate concentration
threshold of 1.5 to 2 �g/ml, below which there was no bactericidal activity, was demonstrated. The index of
surviving bacteria showed the existence of mixed concentration- and time-dependent actions of amoxicillin (in
the presence of clavulanate) which varied as a function of the magnitude of �-lactamase production by the test
strains. This study shows the effectiveness of amoxicillin-clavulanate against low- and intermediate-level
penicillinase-producing strains of E. coli. These findings are to be confirmed in a miniature pig experimental
infection model.

Amoxicillin-clavulanate is a combination of a �-lactam with
a �-lactamase inhibitor which restores the potency of amoxi-
cillin against strains producing �-lactamases. The potential for
the clinical use of such combinations depends in part on the
concentrations achieved in serum and tissue after the admin-
istration of the usual dosages compared to the MIC for the
infecting organism. In particular, it is necessary to obtain con-
centrations sufficiently inhibitory for the �-lactamase in vivo to
inactivate the enzymes produced by the bacteria at the infec-
tion site.

The sensitivity of Escherichia coli to the combination of
amoxicillin plus clavulanate depends on the strain’s level of
�-lactamase production. The number of resistant or interme-
diate-resistant strains is increasing (1); and in E. coli overpro-
duction of chromosomal �-lactamases of class C (cephalospo-
rinase) or plasmid enzymes, e.g., TEM-1, TEM-2, and OXA (1,
3, 23), is the most common mode of �-lactam resistance.

The aim of the present study was to evaluate the bactericidal

potency of amoxicillin-clavulanate in an ex vivo bactericidal
model using the Yucatan miniature pig.

The miniature pig is physiologically similar to humans (17)
and shows similarities to humans in terms of the pharmacoki-
netics of several �-lactams (cefepime, cefpirome, and mero-
penem) and other xenobiotics (6). The animal is docile and,
because it is small, easy to handle (8). In addition, it is feasible
to take repeated samples of sufficient volume to enable phar-
macokinetic studies.

Initially, we studied the pharmacokinetics of amoxicillin-
clavulanate administered intravenously (i.v.) at 1.1 g to minia-
ture pigs as a 30-min infusion in order to compare the results
with those obtained for humans following administration of
2.2 g i.v. Subsequently, using that model, we conducted an ex
vivo pharmacodynamic study of amoxicillin-clavulanate using
four strains of E. coli producing �-lactamases at different lev-
els.

MATERIALS AND METHODS

Miniature pigs. Adult Yucatan miniature pigs were supplied by the Charles
River Company (St-Aubin-les-Elbeuf, France). Six miniature pigs (females) were
used in the pharmacokinetic and pharmacodynamic studies. The body weights
ranged from 16 to 25 kg (mean, 22.2 � 3.4 kg). Each animal was placed in an
individual pen in the same room. The diet consisted of a special miniature pig
diet (UAR, Epinay-sur-Orge, France) that does not contain antibiotics or any
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other drug. The handling required for the kinetic studies was conducted with
conscious animals constrained in a special hammock (Panepinto model; Charles
River) (18).

The experimental procedures were in accordance with the recommendations
of the French Ministry of Forest and Agriculture for the use of laboratory
animals. Permission (A67482-11) to conduct experiments with the animals was
given by the French Ministry of Forest and Agriculture.

Catheterization. Fasting animals were premedicated by intramuscular admin-
istration of 2.5 mg of droperidol (2.5 mg/ml; Droleptan; Janssen-Cilag) and then
received general anesthesia by halothane inhalation and propofol (4 mg/kg of
body weight) by i.v. administration in order to catheterize the external jugular.
The catheter was lodged in a tunnel and exited in a dorsal medial sagittal
position, as described previously (2, 9, 20).

Antibiotics. The human formulation of amoxicillin-clavulanate for i.v. injec-
tion was supplied by SmithKline Beecham (Heppignies, Belgium), as were
amoxicillin and clavulanate titrated powder. Titrated piperacillin powder was
supplied by Sanofi Winthrop (Gentilly, France).

Antibiotic assay. Serum amoxicillin and clavulanate concentrations were de-
termined by high-performance liquid chromatography by a previously reported
protocol (12, 13, 15). Briefly, both drugs were analyzed on a reversed-phase
analytical column (System Gold high-performance liquid chromatograph; Beck-
man-Coulter, Fullerton, Calif.). The samples were run in a high-speed Ultra-
sphere C18, 3-�m spherical 80-Å-pore-size column (75 by 4.6 mm; Beckman-
Coulter). The mobile phase for clavulanic acid consisted of 8% acetonitrile in 3
mM tetraethylammonium bromide, 2 mM octanesulfonic acid, and 25 mM phos-
phate buffer (pH 6.5). The final pH was adjusted to 2 with orthophosphoric acid.
The flow rate was set at 1 ml/min, and detection occurred at 315 nm. Fifty
microliters of the extracted sample (15), derivatized with 10 �l of imidazole, was
injected into the chromatograph. The intraday coefficients of variation were as
follows: for a concentration of 0.01 �g/ml, 1.3% (n � 10); for a concentration of
0.10 �g/ml, 2.3% (n � 10); and for a concentration of 1.00 �g/ml, 1.3% (n � 10).
The interday coefficients of variation were 3.9, 3.4, and 3.3% for the three
concentrations, respectively. For amoxicillin, the mobile phase consisted of 13%
acetonitrile in 5 mM tetrabutylammonium bromide and 15 mM ammonium
acetate. The pH was adjusted to 7.5 with natrium hydroxide. The flow rate was
set at 1 ml/min, and detection occurred at 227 nm. Fifty microliters of the sample,
which was extracted from serum (15), was directly injected into the chromato-
graph. The intraday coefficients of variation were as follows: for a concentration
of 0.5 �g/ml, 4.0% (n � 9); for a concentration of 10.0 �g/ml, 1.8% (n � 9); and
for a concentration of 100.0 �g/ml, 3.0% (n � 9). The interday coefficients of
variation were 5.9, 2.6, and 3.4% for the three concentrations, respectively. The
limit of detection for amoxicillin was 0.1 �g/ml, and that for clavulanate was 0.01
�g/ml.

Pharmacokinetic study. A single dose of amoxicillin-clavulanate was injected
through a short catheter that had been inserted for that purpose into an auricular
vein. Given the body weights of the miniature pigs (16 to 25 kg), the amoxicillin-
clavulanate dose administered was 1.1 g (1 g of amoxicillin plus 0.1 g of clavu-
lanate), equivalent to half the standard dosage used in human clinical practice
(2.2 g administered i.v.). Amoxicillin-clavulanate was diluted in normal saline in
a 50-ml syringe. Amoxicillin-clavulanate was administered as an i.v. infusion over
30 min.

Blood samples were obtained from a three-way connector extension attached
to the connector of the jugular catheter, enabling the first fraction of blood
collected to be reinjected (purge) and thus minimizing the volume changes. The
specimens (about 10 ml each) were taken preinfusion (control) and then at 0.25,
0.5, 0.75, 1, 1.5, 2, 2.5, 3, 5, 8, and 12 h postinfusion. All the specimens were
immediately centrifuged at 2,000 � g at 4°C for 10 min. The serum was stored at
�80°C until analysis.

Pharmacokinetic analyses. The standard kinetic parameters were determined
as described by Gibaldi and Perrier (11). The area under the serum concentra-
tion-time curve (AUC) was determined by the trapezoidal method (Sigma Plot;
SPSS Science, Chicago, Ill.). Total clearance was calculated as the ratio of the i.v.
dose injected to the AUC and was expressed relative to the individual body
weight of each miniature pig (7). The elimination half-life (t1/2) was estimated by
linear regression (Sigma Plot).

The results were expressed as means � standard deviations, and the param-
eters were compared with those published for humans for a dosage of 2.2 g of
amoxicillin-clavulanate administered i.v. (21).

Bacterial strains. The �-lactamase-producing E. coli strains used in the study
had recently been isolated from patients presenting with urinary tract infections.
The strains were selected on the basis of their degrees of resistance to amoxi-
cillin, piperacillin, and amoxicillin-clavulanate. On the basis of the MICs of those
three antibiotics, the strains were rated as low-level penicillinase-producing

(LLP), intermediate-level penicillinase-producing (ILP), or high-level penicilli-
nase-producing (HLP) strains.

In vitro sensitivities of the bacterial strains by MIC and MBC determinations.
The MICs of piperacillin and amoxicillin were determined by the reference
microdilution method (4) in broth medium with drug concentrations over a range
from 0.125 to 256 �g/ml. For amoxicillin-clavulanate MIC determination, 2 �g of
clavulanate per ml was added to serial amoxicillin dilutions. The bacterial inoc-
ulum, prepared from a 3-h culture in the exponential growth phase, was diluted
to obtain 106 to 107 CFU/ml. Briefly, each antibiotic was added to 1.8 ml of the
inoculum in 20-fold concentrations from 2.5 to 5,120 �g/ml for amoxicillin and 40
�g/ml for clavulanate. The MICs were the lowest concentrations at which no
visible growth was observed after 18 h of incubation at 37°C. For the control, the
bacterial inoculum was serially diluted to 1/104, and 100 �l was transferred to a
Mueller-Hinton (MH) agar plate.

The minimum bactericidal concentration (MBC) was determined by plating
100 �l from each tube without visible growth. The MBC was defined as the
lowest concentration that reduced the CFU of the inoculum by at least 99.99%,
corresponding to 0.01% survivors after 24 h of exposure.

Pharmacodynamic analysis. The serum samples from the miniature pigs taken
for the pharmacokinetic analysis were pooled at each time point in equal vol-
umes to obtain sufficient volumes to enable the study of all bacterial strains,
which means that all the pig serum samples from 0.25 h were pooled, all serum
samples from 0.5 h were pooled, and so on up to 12 h.

Serial dilutions of the serum samples from 1:2 to 1:256 were prepared in MH
broth enriched with 5% bovine albumin (8). A suspension of each of the test
strains containing 106 CFU/ml was added. The final volume was 1 ml. The
bactericidal kinetic study was conducted at 37°C.

Bacterial counts were measured from serial dilutions of the serum samples at
time zero and then after 1, 3, and 6 h of exposure by manually transferring a
volume of 50 �l to MH agar. Reading of the bacterial counts was conducted after
24 h of incubation at 37°C. The limit of detection of the bacterial counts was 20
CFU/ml.

Determination of ISB. For each dilution of serum obtained from the pharma-
cokinetic study at 0.25 to 12 h and tested with the various strains, the resulting
bactericidal kinetic data enabled calculation of the index of surviving bacteria
(ISB), as described by Garraffo et al. (10). For each dilution, the ISB (in percent)
was equal to the ratio of the area under the bacterial killing curve (surviving
bacteria) following treatment in comparison with the hypothetical area under the
growth curve of the initial inoculum if no bactericidal activity occurred: (AUC for
surviving bacteria/AUC for initial inoculum) � 100.

The AUC of the bactericidal kinetics used in the calculation was determined
by the trapezoidal method (Sigma Plot). This calculation was performed at 6 h of
incubation. If no bactericidal effect was obtained, the AUC for the surviving
bacteria was then above the AUC for the initial inoculum, and the ISB was above
100% and was not represented (see Fig. 4). A time-kill curve only allows spec-
ification of the degree of the decrease in the inoculum at a time (either 1, 3, or
6 h) when the ISB, which is the ratio of the whole curve on the inoculum curve,
explores the global bactericidal activity between 0 and 12 h and further allows the
evolution of ISB as a function of the antibiotic concentrations. The value of the
slope obtained by correlating the ISB and the in vivo concentration of amoxicillin
indicates the concentration or time dependence of the bactericidal activity. The
more the slope is negative, the faster is the rate of killing and the greater is the
dependence of the bactericidal activity on the concentration.

RESULTS

Pharmacokinetics. Figure 1 shows the mean � standard
deviation serum amoxicillin and clavulanate concentrations ob-
tained as a function of time in the six miniature pigs following
infusion of 1.1 g of amoxicillin-clavulanate over 30 min. The
concentrations in human serum following infusion of 2.2 g over
30 min are shown for comparison.

The resulting pharmacokinetic parameters are shown in Ta-
ble 1 and compared with those reported for humans in the
study by Staniforth et al. (21). In the miniature pig, the mean
� standard deviation concentrations in serum obtained at the
end of infusion were 139.7 � 18.7 �g/ml for amoxicillin and
11.6 � 2.0 �g/ml for clavulanate. The AUCs as a function of
time were 108.3 � 15.8 mg � h � liter�1 for amoxicillin and 13.2
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� 3.8 mg � h � liter�1 for clavulanate. The t1/2s, obtained from
fitting of the elimination data, were 1.1 � 0.5 h for amoxicillin
(r2� 0.9261) and 0.9 � 0.1 h for clavulanate (r2�0.9887).

Pharmacodynamics. The MICs and MBCs for all E. coli
strains tested are shown in Table 2.

LLP strain. The ex vivo bactericidal kinetics for the various
dilutions of serum sampled at the time of the peak concentra-
tion in serum (0.5 h) for the LLP strain are shown in Fig. 2. For
the 1:2 and 1:4 dilutions, after 1 h of exposure, 5-log10 reduc-
tions in bacterial counts were observed. A bactericidal re-
sponse was observed up to the 1:16 dilution (amoxicillin con-
centration, 8.7 �g/ml; clavulanate concentration, 0.7 �g/ml)
following 6 h of exposure.

At 12 h, a bactericidal effect equivalent to a 5-log10 reduc-
tion was again obtained with the 1:2 dilution (Fig. 3). That
dilution is equivalent to trough concentrations of 0.2 �g of
amoxicillin per ml and �0.01 �g of clavulanate per ml. A
bactericidal response was observed up to a dilution of 1:8
(amoxicillin concentration, 0.05 �g/ml; clavulanate concentra-
tion, �0.01 �g/ml).

The bactericidal potencies of the dilutions of serum ob-

tained at the various time points in the pharmacokinetic study
are summarized in Table 3.

By using the plots of bactericidal activity, ISBs were calcu-
lated for a 3-h period and then a 6-h period. For the LLP
strain, Fig. 4A shows ISB as a function of the amoxicillin
concentration after 6 h of exposure. Despite divergences in ISB
inherent to the natural variability, it should be observed that,
overall, the ISBs were constant (about 9%), irrespective of the
amoxicillin concentration. The ISBs determined after 3 h of
exposure (data not shown) were close to 15%. The lower ISBs
after 6 h of exposure and the low value of the regression line
slope (y � �4.72x � 15.31) confirm the time-dependent phar-
macodynamics of amoxicillin (in the presence of clavulanate)
with respect to LLP E. coli strains

Strain ILP 8425. At 0.5 h the 1:2, 1:4, and 1:8 dilutions
induced 5-log10 reductions in bacterial counts after 6 h of
exposure. A 5-log10 reduction in the bacterial count was again
obtained with the 1:2 dilution at 2 h (Table 3). The amoxicillin
concentration was 4.4 �g/ml, and the clavulanate concentra-
tion was 1.5 �g/ml.

The ISBs determined from the set of bactericidal plots after

FIG. 1. Mean serum concentration-time curves for amoxicillin (A) and clavulanic acid (B) after a 30-min infusion of 1.1 g of amoxicillin-
clavulanate i.v. to miniature pigs (F) and a 30-min infusion of 2.2 g of amoxicillin-clavulanate i.v. to humans (ƒ) (21).

TABLE 1. Pharmacokinetics of amoxicillin and clavulanate after a 30-min infusion of amoxicillin-clavulanate at 1.1 g i.v.a to miniature pigs
and comparison with the values for humansb

Drug and subject Dose (mg) Cmax (�g/ml) Tmax (h) t1/2 (h) AUCc (mg � h � liter�1) Clearance (ml/min)

Amoxicillin
Miniature pigs 1,000 139.7 � 18.7 0.5 1.1 � 0.5 108.3 � 15.8 202 � 35.2
Humansd 2,000 108.3 � 20.6 0.5 1.0 125.0 240

Clavulanate
Miniature pigs 100 11.6 � 2.0 0.5 0.9 � 0.1 13.2 � 3.8 178 � 52.8
Humansd 200 13.8 � 2.8 0.5 0.8 18.3 180

a The dose corresponded to one of 2.2 g for humans.
b Abbreviations: Cmax, maximum concentration in drug in serum; Tmax, time to maximum concentration of drug in serum.
c From 0 to 8 h.
d Data for humans are from Staniforth et al. (21).
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6 h of exposure are shown in Fig. 4B. At a concentration of 10
�g/ml, the ISB was approximately 10%. However, at concen-
trations below 10 �g/ml there was a trend toward increasing
ISBs.

Strain ILP 425. Very significant bactericidal potencies were
obtained with 1:8 dilutions of the peak concentrations of the
drugs in serum after up to 6 h of exposure (Table 3), with the
equivalent of 5-log10 reductions for the 1:2 and 1:4 dilutions
and a 4-log10 reduction for the 1:8 dilution. The last serum
dilution enabling marked (3-log10) ex vivo bactericidal potency
was obtained at 1.5 h (Table 3), with the amoxicillin concen-
tration equivalent to 8.3 �g/ml and the clavulanate concentra-
tion equivalent to 2.1 �g/ml.

The resulting ISBs were approximately 40% after 3 h of
exposure (data not shown) and 10% after 6 h of exposure to
amoxicillin at concentrations of approximately 20 �g/ml (Fig.
4C). At concentrations below 20 �g/ml following 6 h of expo-
sure, the ISBs were generally higher (20 to 40%).

HLP strain. At the time of the peak concentration of drug in
serum (0.5 h), a 5-log10 reduction in bacterial counts was ob-
tained after 3 h of exposure to serum diluted 1:2 and 1:4 (Fig.
5). The reduction in the bacterial inoculum was followed by a
fast renewal of growth of 2 log10 after 6 h of exposure. The 1:16
dilution induced a bacteriostatic effect. The serum sample ob-
tained at the 1.5-h time point in the pharmacokinetic study was
the last one with a bactericidal effect against the strain in
question (2 log10), with the amoxicillin trough concentration
equivalent to 8.3 �g/ml and the clavulanate trough concentra-
tion equivalent to 2.1 �g/ml (Table 3).

At a concentration of 20 �g/ml or greater, the ISB was
approximately 9%, irrespective of the amoxicillin concentra-
tion. However, at lower concentrations there was once again a
general trend toward an increased ISB as the amoxicillin con-
centration decreased. The slope of the regression line was
�35.04 (Fig. 4D).

DISCUSSION

The first part of the study consisted of an investigation of the
pharmacokinetics of amoxicillin-clavulanate in a Yucatan min-
iature pig model. Amoxicillin-clavulanate have similar kinetic
behaviors in the Yucatan miniature pig and humans, and the
kinetics of the 1.1-g dose in the miniature pig closely approx-
imating those in humans following the administration of 2.2 g
i.v. The time at which the serum amoxicillin concentrations
were greater than the amoxicillin-clavulanate MIC for a strain,
like the LLP strain, for which the MIC was 4 �g/ml was equiv-
alent to 37.5% of the 8-h period separating the two drug intake
times (Table 4).

The prior validation of the model enabled us to use it to
study the ex vivo antibacterial potency of amoxicillin-clavu-
lanate against �-lactamase-producing strains of E. coli.

In pharmacodynamic terms, the ISB data present the advan-

FIG. 2. Kinetic killing curves for the LLP E. coli strain exposed to serial dilutions of serum (1:2 to 1:32) sampled 0.5 h after i.v. infusion of 1.1 g
of amoxicillin-clavulanate (amoxicillin concentration, 139.7 �g/ml; clavulanate concentration, 11.6 �g/ml).

TABLE 2. Susceptibilities of the E. coli strains tested to
amoxicillin-clavulanate, amoxicillin, and piperacillin, as determined

by the microdilution methoda

E. coli strain
MIC (�g/ml) MBC (�g/ml)

AMX AMCb PIP AMX AMCb PIP

LLP 	256 4 64 	256 4 64

ILP
425 	256 16 	256 	256 16 	256
8425 	256 8 	256 	256 16 	256

HLP 	256 	256 	256 	256 	256 	256

a Abbreviations: AMX, amoxicillin; AMC, amoxicillin-clavulante; PIP, piper-
acillin.

b Tested with 2 �g of clavulanate per ml and expressed as the concentration of
amoxicillin.
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tage of allowing evaluation of the overall bactericidal activity
over a determined period of time. The value of the slope
obtained by correlating the ISB and the in vivo concentrations
of amoxicillin supports the time-dependent behavior of amoxi-
cillin-clavulanate. These ISBs correlated with the amoxicillin

concentrations independently of the clavulante concentrations.
However, for the more resistant strains there appears to be a
trend toward a concentration dependence for amoxicillin con-
centrations at or below the MIC. It is possible that this con-
centration-dependent effect may reflect the limited clavulanate
concentrations used. However, in vitro time-kill studies have
demonstrated an increased extent and rate of bacterial killing
as the �-lactam concentrations are increased up to one to two
times their MICs (5). Thus, for amoxicillin concentrations at or
near the MIC there is the potential for mixed (both concen-
tration and time-dependent) pharmacodynamic behavior. This
has also previously been observed in an in vitro-ex vivo study of
the potency of amoxicillin against Streptococcus pneumoniae
(14). These findings confirm the importance of achieving con-
centrations that result in a proportion of the time above the
MIC of about 40%.

For the LLP strain, reductions in bacterial numbers as large
as 5 log10 were obtained with some dilutions of the test sera in
which the drug concentrations were equivalent to trough
amoxicillin and clavulanate concentrations and were markedly
lower than the MICs and MBCs. This marked bactericidal
potency may be related to various factors. First, it is possible
that the intrinsic bactericidal activity of the serum may have an
effect, but antibiotic-free pig serum was not seen to have bac-
tericidal activity against any of the E. coli strains tested. More-
over, no additive effect of the serum was observed when the
MIC was determined with 50% serum (data not shown), re-
gardless of the strain used. To study the addictive effect of pig
serum on the bactericidal activity during the MIC determina-
tion experiments, bacterial counts were determined after 2 h of
contact with antibiotics. To take into account the dilution of
broth medium by 50% serum, a control was achieved by use of
50% NaCl (0.9%). No increase in bactericidal activity was
measured in 50% pig serum compared with that measured for
the control.

Second, it is probable that the MICs and MBCs, measured at

FIG. 3. Kinetic killing curves for the LLP E. coli strain exposed to serial dilutions of serum (1:2 to 1:32) sampled 12 h after i.v. infusion of 1.1 g
of amoxicillin-clavulanate (amoxicillin concentration, 0.4 �g/ml; clavulanate concentration, �0.01 �g/ml).

TABLE 3. Ex vivo bactericidal activity of amoxicillin-clavulanate at
1.1 g against the four E. coli strains tested

Log10 decrease in
bacterial counta

Corresponding
dilution

All samples from the
following times or time
intervals (h) from the
pharmacokinetic study

LLP
5 1:2 0–12
5 1:2 and 1:4 0–5
5 1:2 to 1:16 0.5
3 1:2 to 1:8 0–12
3 1:32 0.5–1

ILP 425
5 1:2 0.5, 0.75, 1
5 1:2 to 1:4 0.5, 0.75
4 1:2 to 1:8 0.5
3 1:2 1.5
2 1:4 1
1 1:2 2

ILP 8425
5 1:2 0.5–2
5 1:2 to 1:4 0.5, 0.75
5 1:2 to 1:8 0.75
3 1:2 to 1:8 0.75
2 1:2 to 1:16 0.5

HLP
5 1:2 0.5, 0.75, 1
5 1:2 to 1:4 0.5, 0.75
3 1:8 0.5
2 1:2 1.5

a Decrease from the starting inoculum.
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the end point by dilution in broth medium, are not equivalent
to the real potencies of penicillins against the strain and are, as
a consequence, overestimated. Indeed, the MICs and MBCs
measure a composite end point of killing and regrowth. The
release of �-lactamases may also render the antibiotic ineffec-
tive by hydrolytic cleavage of amoxicillin. This may not be a
true reflection of the clinical situation, in which dosing would
occur every 6 to 8 h. This shows once again the difficulty of
establishing a reliable resistance level for this type of �-lacta-
mase-producing strain by the method used (16, 19).

Rapid resumption of growth of the bacterial inoculum was
observed following the bactericidal action of the serum on the
HLP strain, a high-level �-lactamase producer. The existence
of a threshold clavulanate concentration at which the serum no
longer had bactericidal activity ex vivo is also of interest. For
the HLP and ILP 425 strains, the threshold concentration was
about 1.5 to 2 �g/ml, which justifies the use of 2 �g of clavu-
lanate per ml for determination of MICs and MBCs. Clavu-
lanate concentrations therefore seem to be a limiting factor
with respect to the bactericidal potency of amoxicillin-clavu-

lanate, and this is probably related to the high levels of �-lac-
tamase produced by these strains.

At the end of the infusion, the high concentrations of �-lac-
tamase inhibitor were able to restore the antibacterial poten-
cies of the �-lactam, even against strains with high-level �-lac-
tamase production. This was observed ex vivo in the first few
hours following the start of infusion, when a 5-log10 reduction
in the bacterial inoculum was obtained, irrespective of the
strain tested (Table 3). The ex vivo bactericidal potency studies
were conducted independently of each other, over time, and do
not take into account the reduction in the bacterial inoculum.
Reguera et al. (19) have shown the correlation that exists
between the density of the bacterial inoculum and the efficacy
of amoxicillin-clavulanate. Thus, the reduction in bacterial
density is accompanied by a reduction in the level of �-lacta-
mase production, which, in vivo, would prolong the bacteri-
cidal activity of amoxicillin-clavulanate to time points beyond
those obtained ex vivo.

In addition, clavulanate has been reported to exert a post-
�-lactamase inhibitor effect against strain 425 (V. Murbach, S.

FIG. 4. Relationship between ISB and amoxicillin concentrations for the E. coli strains tested after 6 h of contact. (A) LLP strain (amoxicillin-
clavulanate MIC, 4 �g/ml); (B) ILP strain 8425 (amoxicillin-clavulanate MIC, 8 �g/ml); (C) ILP strain 425 (amoxicillin-clavulanate MIC, 16
�g/ml); (D) HLP strain (amoxicillin-clavulanate MIC, �256 �g/ml).
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Bronner, L. Linger, R. Dillenseger, W. Sougakoff, N. Dhoyen,
H. Monteil, and F. Jehl, Abstr. 19th Interdisc. Meet. Anti-
Infect. Chemother., abstr. 97/P1, 1999) and other �-lactamase-
producing strains (22). This effect would not have been seen in
the present studies since the bacteria were freshly exposed to
the sera. The delay in the resumption of growth observed
following preexposure to amoxicillin-clavulanate may reach
several hours and, in vivo, should increase the duration of the
efficacy of amoxicillin-clavulanate against �-lactamase-produc-
ing strains, despite the rapid fall in serum clavulanate concen-
trations.

In conclusion, this study showed that amoxicillin-clavu-
lanate, at concentrations similar to those seen in human
plasma following administration of 2.2 g i.v., has bactericidal
potential against LLP and ILP E. coli strains. This is in contrast
to what is suggested by the MICs and MBCs. The marked
reduction in the inoculum over the first few hours, when the
antibiotic and inhibitor concentrations are high, and the post-
�-lactamase inhibitor effect should further enhance that po-
tency.

This requires demonstration in a miniature pig experimental
infection model. The study is ongoing.
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Niedergang, Y. Salmon, R. C. Thierry, H. Monteil, and F. Jehl. 1997. Phar-
macocinétique de l’amikacine in vivo et sa pharmacodynamie en association
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analytiques et pénétration tissulaire. Med. Mal. Infect. 23:1–11.

13. Jehl, F., C. Gallion, and H. Monteil. 1990. High performance liquid chro-
matography of antibiotics. J. Chromatogr. 531:509–548.

14. Jehl, F., N. Kamili, H. Elkhaïli, and H. Monteil. 1997. Pharmacodynamie in
vitro de l’amoxicilline et bactéricidie ex vivo après 1 g per os sur S. pneu-
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