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The activity of ampicillin-sulbactam against B-lactamase-producing Escherichia coli has been questioned.
Therefore, in this study, the killing activity of ampicillin-sulbactam was investigated in an in vitro infection
model which simulates human pharmacokinetics. One ampicillin-sensitive strain (E. coli ATCC 25922, ampi-
cillin-sulbactam MIC = 4/2 pg/ml) and three ampicillin-resistant TEM-1-producing strains with various levels
of ampicillin-sulbactam resistance (EC11, MIC = 4/2 pg/ml; TIM2, MIC = 12/6 pg/ml; and GB85, MIC >
128/64 ng/ml) were studied. The E. coli strains were exposed to ampicillin-sulbactam at a starting inoculum of
6 to 7 log,, CFU/ml. Ampicillin-sulbactam was infused over 30 min to simulate doses of 3 and 1.5 g every 6 h
for 24 h. The 3-g ampicillin-sulbactam dose was bactericidal against E. coli ATCC 25922, EC11, and TIM2. The
1.5-g dose displayed bactericidal activity against ATCC 25922 and EC11 similar to that of the higher dose but
failed to kill TIM2 due to inadequate time above the MIC and increased MICs over 24 h. GB85 was highly
resistant and grew similarly to controls. Despite an MIC at 10’ CFU/ml indicating resistance (20/10 pg/ml),
TIM2 was killed by the 3-g dose of ampicillin-sulbactam. Current MIC breakpoints may not adequately portray
the activity of ampicillin-sulbactam, considering both the activity in in vitro infection models and clinical data.

Ampicillin-sulbactam was introduced in 1986 as an effective
alternative antibiotic for numerous infections, including those
caused by bacteria producing B-lactamase. However, contro-
versy has surrounded the in vitro determination of resistance
to antibiotic—f-lactamase inhibitor combinations in the clinical
laboratory (1, 7, 8). The disk diffusion and microdilution meth-
ods have used a fixed ratio of ampicillin to sulbactam. This
approach has several potential problems: the inhibitor is not
tested at concentrations that are achieved clinically, and the
inhibition of B-lactamase activity may be sub- or supraphysi-
ologic. Studies evaluating Escherichia coli susceptibility to am-
picillin-sulbactam have shown a resistance rate of 20 to 80% (7,
12, 16). The mechanism of E. coli resistance to ampicillin
consists primarily of the production of TEM-1 B-lactamase
(17). Sulbactam is an effective inhibitor of TEM-1 and other
B-lactamases, although it is less active than clavulanic acid (7).
Therefore, the observed resistance could be a result of inade-
quate concentrations of sulbactam or difficulties with the sus-
ceptibility testing methodology.

To overcome these obstacles, ampicillin-sulbactam was in-
vestigated in an in vitro infection model simulating human
pharmacokinetics against TEM-1-producing E. coli isolates for
which the MICs vary.

MATERIALS AND METHODS

Bacterial strains. Four E. coli strains were evaluated. E. coli EC11, TIM2, and
GBS85 (kindly supplied by Christine Sanders) produce different amounts of
TEM-1 B-lactamase. E. coli ATCC 25922 served as a control strain since it does
not produce a B-lactamase.

Antibiotics and medium. Ampicillin, lot M00996-01, and sulbactam, lot Y013-
39140, were provided by Pfizer, Inc., New York, N.Y. Appropriate antibiotic
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concentrations were produced immediately prior to experiments through dilu-
tion in distilled deionized water. Mueller-Hinton broth (Difco, Detroit, Mich.)
supplemented with calcium (25 mg/liter) and magnesium (12.5 mg/liter) (SMHB)
was used for all experiments and susceptibility testing.

Susceptibility testing. MICs were determined by broth microdilution in
SMHB according to National Committee for Clinical Laboratory Standards
methods (14). MICs were also measured with an inoculum of 107 CFU/ml.
Arithmetic antibiotic dilutions were used to obtain a more accurate MIC for
TIM2.

In vitro model. The model consisted of separate central and peripheral com-
partments (13). The central compartment was a 450-ml glass chamber which
allowed exposure of the peripheral compartment to simulated serum antibiotic
concentrations. The peripheral compartment was a hollow 7-ml glass T tube
containing the bacterial inoculum. Each end of the T tube was covered with an
inert 0.2-wm-pore-size polysulfone membrane to both allow antibiotic penetra-
tion and hold the bacterial inoculum. A programmable peristaltic pump supplied
fresh SMHB to the system at the rate at which antibiotic-containing broth was
removed. This model clearance produced a logarithmic decline in antibiotic
concentrations and a 1-h half-life. The entire apparatus was maintained in a
water bath at 37°C. Model experiments were assessed over 24 h in duplicate on
different days.

The bacterial inoculum was injected aseptically into the peripheral compart-
ment 1 h prior to antibiotic infusion to allow exponential growth. Ampicillin-
sulbactam was infused over 30 min into the central compartment at 0, 6, 12, and
18 h. Ampicillin-sulbactam regimens of 3 and 1.5 g every 6 h were simulated in
the model. Desired peak concentrations of ampicillin for the 3- and 1.5-g doses
were 100 and 50 pg/ml, respectively (5). Sulbactam peak concentrations were
50% of ampicillin concentrations.

Pharmacodynamic analysis. Aliquots (0.1 ml) were removed for determina-
tion of bacterial counts at 0, 1, 2, 4, 6, 7, 8, 10, 12, 13, 14, 16, 18, 19, and 24 h.
After suitable 10-fold dilutions with cold 0.9% sodium chloride, 20 pl was plated
onto tryptic soy agar (TSA) in triplicate. The plates were incubated for 18 to 24 h,
colonies were counted, and log;, CFU per milliliter were calculated.

Antibiotic carryover experiments were conducted to identify samples affected
by residual ampicillin-sulbactam. Antibiotic samples were allowed to adsorb to
TSA or placed in 10 ml of 0.9% sodium chloride and passed through a 0.45-um-
pore-size filter. Samples with known bacterial counts were then placed on TSA
or filtered in the same way. Filters were then aseptically transferred to TSA
plates and incubated overnight, and colonies were counted. Carryover was de-
fined as a decrease in bacterial count to less than 80% of control growth for both
methods. No filtered concentrations demonstrated antibiotic carryover. For sam-
ples with bacterial counts below the level of detection or dilutions affected by
antibiotic carryover, 0.05-ml samples were filtered as described above. The over-
all limit of detection for this methodology was 200 CFU/ml. Killing curves were
prepared by plotting the log;, CFU per milliliter versus time. The time required
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TABLE 1. Susceptibilities of E. coli strains to ampicillin-sulbactam

MIC, 2:1 (ng/ml), with an inoculum of:
E. coli strain

5 % 10° CFU/ml 1 X 107 CFU/ml

ATCC 25922 4/2 8/4
EC11 4/2 4/2
TIM2 12/6 20/10
GB85 >128/64 >128/64

to achieve a 99.9% reduction in log,, CFU per milliliter was determined visually
from the killing curves.

Resistance. The development of resistance was monitored by determining
MIC:s for isolates from the 6-, 12-, 18-, and 24-h time points. The samples were
grown overnight and exposed to ampicillin-sulbactam (2:1) at 5 X 10> CFU/ml.

Pharmacokinetics analysis. Samples were taken from the central compart-
ment at 0.5, 1, 3, 6, 6.5, 9, and 12 h and from the peripheral compartment at 0.5,
3, 6,9, and 12 h. Ampicillin and sulbactam half-lives were determined for the
central compartment from the slope of the log concentration-versus-time curve.
Ampicillin and sulbactam concentrations were determined by high-pressure lig-
uid chromatography in the laboratory of Roger Bawdon as previously described
(11). The coefficients of variation for ampicillin and sulbactam were less than
10%, and the assay was linear from 1 to 200 pg/ml. Time above the MIC
(T>MIC) was calculated directly from the pharmacokinetic parameters and the
MIC at 5 X 10° CFU/ml. The area under the curve from 0 to 6 h (AUC,_¢) for
the central compartment was determined by the trapezoidal-rule method.

Statistical analysis. Analysis of variance was used to assess change in the log,,
CFU per milliliter at 24 h with Tukey’s test for multiple comparisons. A P value
of <0.05 was considered significant.

RESULTS

Susceptibility. The MICs of ampicillin-sulbactam are listed
in Table 1 for each isolate at 5 X 10° CFU/ml. The model also
utilized an inoculum of 107 CFU/ml; therefore, MICs were
evaluated for this inoculum as well. At 107 CFU/ml, the MICs
for ATCC 25922 and TIM2 increased by 1 dilution. E. coli
TIM2 was classified as having intermediate susceptibility at
5 X 10° CFU/ml and as resistant at 10’ CFU/ml. E. coli GB85
was highly resistant to ampicillin-sulbactam.

Pharmacokinetics. The pharmacokinetic profiles of ampicil-
lin and sulbactam are shown in Fig. 1. Peak ampicillin and
sulbactam concentrations for the simulated 3-g dose were
94.2 = 3.8 pg/ml and 55.1 £ 3.5 pg/ml, respectively. The 1.5-g
dose produced ampicillin and sulbactam peak concentrations
of 32.4 = 0.8 pwg/ml and 24.4 = 0.3 pg/ml, respectively. Trough
concentrations for ampicillin and sulbactam were generally
undetectable. The mean elimination half-life was 0.9 h in the
central compartment. The AUC,_gs for the 3-g ampicillin and
sulbactam doses were 150 and 86 g - h/ml, respectively. The
1.5-g dose produced AUC,_4s of 52 g - h/ml for ampicillin and
43 pg - h/ml for sulbactam. A limited number of samples were
drawn from the peripheral compartment; therefore, compre-
hensive peak concentrations, AUCs, and elimination half-lives
could not be calculated. Measured peripheral-compartment
peak concentrations were above the MIC for ATCC 25922 and
EC11; however, they were never above the MIC of 20/10 pg/ml
for TIM2. Peak peripheral-compartment sulbactam concentra-
tions were 15.7 and 7.9 pg/ml for the 3- and 1.5-g doses,
respectively.

Pharmacodynamics. (i) Ampicillin-sulbactam at a 3-g dose.
The killing curves for all isolates are shown in Fig. 2. Growth
controls were similar for all strains (data not shown). Table 2
shows the bactericidal activities and pharmacodynamic param-
eters. Against strains ATCC 25922, EC11, and TIM2, the 3-g
ampicillin-sulbactam dose required 4.6 to 6.5 h to decrease the
bacterial count by 99.9%. E. coli GB85 grew unaffected by
ampicillin-sulbactam. At 24 h, bacterial counts were either at
or below the level of detection for ATCC 25922, EC11, and
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FIG. 1. Ampicillin-sulbactam pharmacokinetic profiles for 3-g (A) and 1.5-g
(B) doses. @, ampicillin in the central compartment; m, sulbactam in the central
compartment; A, ampicillin in the peripheral compartment; V¥, sulbactam in the
peripheral compartment.

TIM2. The 24-h colony count was statistically higher for GB85
than for the other strains (P < 0.05). Ampicillin-sulbactam
central-compartment concentrations were above the MIC for
3.2 t0 4.6 h (53 to 77%) of the 6-h dosing interval for ATCC
25922, EC11, and TIM2. At no time were the concentrations in
the central compartment above the MIC for GB85. MICs for
isolates in the model did not show any changes during the 24-h
experiment.

(ii) Ampicillin-sulbactam at a 1.5-g dose. The killing curves
for the 1.5-g dose are shown in Fig. 3. The lower dose of
ampicillin-sulbactam was effective against ATCC 25922 and
EC11. However, it had a minimal and short-lived inhibitory
effect on the growth of TIM2. E. coli GB85 growth was similar
to that of controls. The T>MICs were lower for all isolates
than they were with the 3-g dose and were maintained for only
27% of the dosing interval for TIM2. The 24-h colony count for
ATCC 25922 was statistically different from those for EC11,
TIM2, and GB85 (P < 0.05). Colony counts at 24 h for TIM2
and GB85 were also statistically different from those for EC11
(P < 0.05). MIC:s for isolates from the TIM2 model experi-
ments were increased at 12, 18, and 24 h (=64/32 pg/ml).

DISCUSSION

High rates of E. coli resistance to ampicillin-sulbactam have
been reported; however, clinical resistance to ampicillin-sul-
bactam is infrequent (6-8). An in vitro infection model was
employed to investigate ampicillin-sulbactam’s activity against
E. coli producing TEM-1 B-lactamase.
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FIG. 2. Killing curves for 3 g of ampicillin-sulbactam every 6 h. Values are
means * standard deviations. @, ATCC 25922; m, EC11; A, TIM2; ¥, GBS5.

The four E. coli strains were chosen to represent a range of
TEM-1 B-lactamase production. E. coli ATCC 25922, a B-lac-
tamase nonproducer, served as a control. E. coli EC11, TIM2,
and GB85 produced various amounts of TEM-1 B-lactamase,
as evidenced by the MICs for each strain. E. coli EC11 was
ampicillin-sulbactam susceptible, with MICs similar to those
for ATCC 25922. E. coli TIM2 had intermediate susceptibility
at the inoculum of 5 X 10° CFU/ml. When tested at the
inoculum of 107 CFU/ml, TIM2 was classified as resistant to
ampicillin-sulbactam. Ampicillin-sulbactam was not expected
to have activity against GB85, on the basis of its MIC and the
achievable concentrations.

Ampicillin-sulbactam model pharmacokinetic parameters
were similar to literature values except that the ampicillin peak
concentration and AUC for the 1.5-g dose were lower than
expected (5). The calculated 7>MICs ranged from 0 to 77% of
the dosing interval. For B-lactam antibiotics, the 7>MIC is the
best predictor of efficacy (9, 19). In this experiment, too, the

TABLE 2. Bactericidal activities and pharmacodynamic parameters

Time for Col ¢
.. Dose bacterial count T>MIC olony coun
E. coli isolate at 24 h
(g) to decrease (h) (log,0 CFU/ml)
99.9% (h) B0
ATCC 25922 3 6.5 4.6 1.3
1.5 7.5 32 1.3
ECI11 3 4.6 4.6 1.3
1.5 9.3 32 2.2¢
TIM2 3 6.1 32 1.3
1.5 >24 1.6 9.1°
GBS85 3 >24 0 9.2
1.5 >24 0 9.2

“ P < 0.05, compared to all other values.
b P < 0.05, compared to values for all strains except GB85 (3- and 1.5-g doses).
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FIG. 3. Killing curves for 1.5 g of ampicillin-sulbactam every 6 h. Values are
means *+ standard deviations. @, ATCC 25922; m, EC11; A, TIM2; V¥, GBS5.

T>MIC was correlated with efficacy. Failures were seen when
T>MICs were 27% or less of the dosing interval. The mini-
mum 7>MIC necessary for efficacy is not well defined in the
literature. However, T>MICs of less than 50% of the dosing
interval are more frequently observed to result in poor efficacy
(19). The pharmacodynamic parameter most associated with
efficacy for B-lactamase inhibitors has not been well defined
(8). However, sulbactam concentrations were above the 0.5 to
10 pg/ml necessary to restore ampicillin susceptibility (4, 15,
20). Sulbactam concentrations were similar to values reported
for drug penetration into blister fluid (5).

Ampicillin-sulbactam administered in a 3-g dose every 6 h
was effective against all E. coli strains except for the highly
resistant GB85. The time required to reduce the viable counts
by 99.9% was similar to that required for other B-lactams
against gram-negative bacteria in this model (13). Minimal
regrowth at the end of the dosing interval was observed for
ATCC 25922 and TIM2. These findings were likely due to
antibiotic concentrations falling below the MIC. In both in-
stances, the next dose was capable of reducing the colony
counts to the level of detection or below. The ampicillin-sul-
bactam 1.5-g dose was bactericidal against ATCC 25922 and
EC11; however, it failed to kill TIM2. Overall, the time re-
quired for a 99.9% reduction in the viable counts was longer
for the 1.5-g dose as a result of the shorter 7>MIC. E. coli
EC11 colony counts were statistically higher than those for
ATCC 25922 at 24 h. However, this would not likely result in
a clinical difference, since the bacterial count had already been
reduced by 99.9% and subsequent doses would continue to
contribute to efficacy. Against TIM2, the 1.5-g dose was insuf-
ficient to kill the organism or prevent the emergence of a
resistant subpopulation. The lower-than-expected ampicillin
peak concentrations may have contributed to the failure. How-
ever, the 7>MIC would have increased to a maximum of only
2.3 h, or 38% of the dosing interval, which would be inade-
quate for maximum efficacy. In clinical situations with a large
inoculum, a MIC of =16/8 to 32/16 wg/ml, and neutropenia,
the 3-g dose would be preferred, based on these results.
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Several investigators have evaluated the efficacy of ampicil-
lin-sulbactam against B-lactamase-producing strains of Enter-
obacteriaceae. Rice and colleagues evaluated ampicillin-sulbac-
tam and cefoxitin against E. coli in a rat intra-abdominal-
abscess model (16). Two strains, M6 and M44, produced
TEM-1 B-lactamase, and the ampicillin-sulbactam MICs were
32/16 and 128/64 pg/ml, respectively. Ampicillin-sulbactam at a
dosage of 500/250 mg/kg of body weight/day was administered
by continuous infusion for 3 days. Cefoxitin was more effective
in this model; however, ampicillin-sulbactam demonstrated ac-
ceptable activity against M6 despite the fact that it never
reached concentrations above the MIC in serum. This may
indicate that our current susceptibility testing method does not
correlate directly with achievable concentrations in serum.
Rice and colleagues concluded that ampicillin-sulbactam may
be considered for the treatment of infections caused by mod-
erately resistant B-lactamase (TEM)-producing isolates. Lister
and Sanders investigated the efficacy of ampicillin-sulbactam in
a murine bacteremia model (10). Both 3- and 1.5-g doses were
simulated over only a 6-h period. Numerous E. coli strains
producing TEM-1 B-lactamase were evaluated. Due to the
higher clearance rates seen in this model, ampicillin-sulbactam
was administered at the beginning of the experiment and 1 h
later. This dosing method successfully simulated expected hu-
man peak concentrations, AUCs, and T>MICs. Ampicillin-
sulbactam in both the 3- and 1.5-g doses was effective in pre-
venting lethal septicemia from E. coli strains for which MICs
were =32/16 pg/ml. Craig and Ebert studied 16 strains of
Enterobacteriaceae in a neutropenic mouse thigh infection
model (3). Pharmacokinetics comparable to those in humans
were achieved through induction of reproducible nephrotoxic-
ity. Mice were treated for 24 h with high and low ampicillin-
sulbactam dosages given every 6 h. Enterobacteriaceae for
which MICs were greater than 16/8 pg/ml were minimally
killed; therefore, the in vivo MIC breakpoint appeared to be
16/8 pg/ml.

Direct comparisons between the present study and previous
animal models are difficult. From this experiment and others,
it appears that ampicillin-sulbactam has activity against E. coli
for which MICs are 16/8 to 32/16 wg/ml. The findings of Lister
and Sanders and of Craig et al. may be interpreted as conflict-
ing; however, the use of a neutropenic host may have influ-
enced the results. Both Rice et al. and Lister and Sanders
observed that ampicillin-sulbactam maintained a low degree of
activity even against E. coli for which MICs were 128/64 pg/ml.
Lister and Sanders (10) hypothesized that the bactericidal ac-
tivity of serum, subinhibitory antibiotic concentrations, and
leukocyte phagocytosis may have contributed to these findings
(9, 18). It is unknown how these factors may affect more sus-
ceptible bacteria.

Clinical data which evaluates ampicillin-sulbactam’s efficacy
against resistant bacteria is limited. Castellano reviewed five
lower respiratory tract infection studies and reported three
patients with ampicillin-sulbactam-resistant pathogens (E. coli,
Serratia marcescens, and Klebsiella pneumoniae) (2). The dos-
age was 3 g every 6 h for 5 to 10 days. Of these three patients,
only the E. coli-infected patient was clinically and bacteriolog-
ically cured. Giineren evaluated a multicenter study of outpa-
tient infections treated with 0.5/0.25 g of ampicillin-sulbactam
given intramuscularly every 12 h (6). Treatment length ranged
from 4 to 15 days depending on the type of infection. The sites
of infections included the genitourinary tract; the ear, nose,
and throat; the respiratory tract; and skin and soft tissue. Clin-
ical efficacies (cure plus improvement) were similar regardless
of ampicillin-sulbactam susceptibility. In fact, no clinical fail-
ures were seen in the 12 patients with ampicillin-sulbactam-
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resistant bacteria. Bacteriologic persistence occurred in 18 of
409 (4.4%), 5 of 43 (11.6%), and 1 of 12 (8.3%) patients
infected with ampicillin-sulbactam-sensitive, intermediate, and
resistant isolates, respectively. A greater rate of persistence in
genitourinary tract infections was noted with E. coli. Possible
explanations for this result may have been complicated patient
presentation, low doses of ampicillin-sulbactam, and resistance
mechanisms other than B-lactamase production. From this
data, it is not clear that ampicillin-sulbactam resistance ulti-
mately leads to clinical failure.

A more recent review of the clinical and bacteriologic re-
sponse to ampicillin-sulbactam has been completed by Jones
and Dudley (8). Two hundred fifty-two patients with a defined
clinical and bacteriologic response from an infection caused by
members of the Enterobacteriaceae were reviewed. For the 185
patients who received the 3-g dose, there was no correlation
between MIC and clinical or bacteriologic response. The per-
centages of patients with a clinical cure or improvement and
bacteriologic eradication for MICs of =8/4, 16, 32, and =64
pg/ml were 85, 87.5, 80, and 81.6%, respectively. All eight
patients with isolates for which the MIC was 16/8 pg/ml were
either cured or improved, and seven had complete eradication
of the baseline pathogen. Sixty-seven patients receiving the
1.5-g dose had greater percentages of bacteriologic persistence
than those receiving the 3-g dose (13.4 versus 6.5%), and, of
particular interest, the MICs for all of the persistent isolates in
the 1.5-g group were =8/4 pg/ml. However, clinical responses
for the doses were equivalent when isolates for which MICs
were =16/8 pg/ml were evaluated (95 versus 93%). After con-
sidering this data and evaluating studies of in vitro susceptibil-
ity and interpretative error, Jones and Dudley recommended
susceptible, intermediate, and resistant MIC breakpoints of
=16/8, 32/16, and =64/32 wg/ml, respectively.

In conclusion, 3 g of ampicillin-sulbactam every 6 h was an
effective regimen for all susceptible strains, including an E. coli
strain for which the MIC was 20/10 wg/ml at the model inoc-
ulum of 107 CFU/ml. The lower dose of ampicillin-sulbactam
was bactericidal against ATCC 25922 and EC11 but were not
effective against TIM2 as a result of an inadequate 7>MIC
and the growth of a resistant subpopulation. A 3-g dose in this
model and an ampicillin-sulbactam MIC of 16/8 pg/ml were
predictive of efficacy; an MIC of 32/16 pg/ml would be some-
what less effective. Current MIC breakpoints may not ade-
quately portray the activity of ampicillin-sulbactam, consider-
ing both the activity in in vitro infection models and clinical
data.
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