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Abstract

Acinetobacter baumannii (A. baumannii) is a pathogen that has become
globally associated with nosocomial infections. Sulbactam, a potent inhibitor of
B-lactamases, was previously shown to be active against A. baumannii strains in vitro
and effective against A. baumannii infections. However, a pharmacokinetic
(PK)-pharmacodynamic (PD) analysis of sulbactam against A. baumannii infections has
not yet been performed. This is necessary because optimization of dosing regimens
should be based on PK-PD analysis. Therefore, we performed in vitro and in vivo
PK-PD analyses of sulbactam using murine thigh and lung infection models of A.
baumannii to evaluate the PK-PD of sulbactam. Sulbactam showed time-dependent
bactericidal activity in vitro against A. baumannii. The PK-PD index that correlated best
with its in vivo effects was the time that the free drug concentration remained above the
MIC (fT > MIC) in both the thigh (R*> = 0.95) and lung (R? = 0.96) infection models.
The values of fT > MIC for a static effect, 1-, 2-, and 3-logyo kill were 21.0%, 32.9%,
43.6%, and 57.3% in the thigh infection model, and 20.4%, 24.5%, 29.3%, and 37.3%
in the lung infection model, respectively. We reported the in vitro and in vivo
time-dependent activities of sulbactam against A. baumannii infection, and
demonstrated that sulbactam was sufficiently bactericidal when a fT > MIC of more
than 60% against A. baumannii thigh infection and 40% against A. baumannii lung

infection was achieved.

Keywords: sulbactam, acinetobacter baumannii, pharmacokinetic-pharmacodynamic,

infection mouse model
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1. Introduction

Acinetobacter baumannii is a significant global nosocomial pathogen [1] that
has been associated with hospital-acquired infections including pneumonia, surgical site
infection, urinary tract infections, and blood stream infections [2]. Although
carbapenems are recommended as a first-line therapy, the prevalence of
carbapenem-resistant Gram-negative bacteria is increasing, which has been attributed to
the increased use of carbapenems [3, 4]. Therefore, an alternative to carbapenems is
needed. Sulbactam, a potent inhibitor of [-lactamases, was previously shown to be
active against A. baumannii strains in vitro and effective against A. baumannii
infections [3, 5]. Fishbain et al. recommend at least 6 g per day in divided doses for
patients with normal renal function, but the optimal dosing of sulbactam to treat serious
A. baumannii infections is unknown [6]. At present, pharmacokinetic
(PK)-pharmacodynamic (PD) analysis is gaining much attention with promising results
as it is able to optimize the dosing regimen, thereby improving outcomes [7]. PK-PD
analyses, based on the principle reported by Craig [8], and other researchers to optimize
dose regimens for clinical application, are now increasing in the United States and
Europe. However, a PK-PD analysis of sulbactam against A. baumannii infections has
not yet been performed, optimized dosing regimens based on PK-PD analysis is
necessary. The aims of our study were to evaluate the in vitro antimicrobial effect of
sulbactam and determine the PK-PD index using murine thigh infection and lung

infection models of A. baumannii.
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2. Materials and methods

2.1. Bacterial strains and media

A. baumannii was used in this study: reference strain ATCC 19606 (ATCC,

Rockford, MD). A strain was stored in the Microbank (lwaki Co. Ltd., Tokyo, Japan) at

-80°C. Prior to each experiment, strains were subcultured on sheep blood agar (NISSUI

PHARMACEUTICAL Co. Ltd., Tokyo, Japan) and incubated at 37°C.

2.2. Antibiotics

Sulbactam sodium salt was purchased from Funakoshi Co. Ltd. (Tokyo, Japan).

This agent was used as a standard laboratory powder in the in vitro and in vivo studies.

2.3. Antimicrobial Susceptibility Testing

The minimum inhibitory concentration (MIC) for sulbactam was determined

using the standardized agar dilution method according to Clinical and Laboratory

Standards Institute guidelines [9]. A suspension of bacteria equivalent to the 0.5

McFarland turbidity standards was inoculated onto Mueller-Hinton agar (MHA) plates.

An E-test for sulbactam was plated onto the agar. The MIC value was read following

16-20 h of incubation at 37°C. A. baumannii ATCC 19606 was used as the quality
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control strain.

2.4. Time-kill curve

Experiments were performed in tubes with 2 mL MHB. Bacteria from a 4-h
logarithmic-growth-phase culture were added to obtain a start inoculum of 10° CFU/mL.
The bacterial inoculum and no antimicrobial drug were used as growth controls.
Time-kill curves were performed using sulbactam concentrations of one-fourth, 1, 4, 16,
and 64 x the MIC, and bacterial growth was quantified after 0, 2, 4, 6, and 8 h of
incubation at 37°C. Ten-fold dilutions were spread onto MHA and cultured at 37°C for

24 h.

2.5. In vivo studies

Neutropenic murine thigh and lung infection models

The use of animals in the present study was approved by the Institutional
Animal Care and Use Committee of Kagoshima University (approval number:
MD12011). Neutropenic murine thigh and lung infection models were described
previously by Dudhani et al [10, 11]. Five-week-old female ddY mice were rendered
neutropenic by injecting cyclophosphamide intraperitoneally (i.p.) 4 days (150 mg/kg)
and 1 day (100 mg/kg) prior to experimental infection. Mice were anesthetized with an

I.p. injection of 0.3 mg/kg of medetomidine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of
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butorpanol before the bacterial inoculation [12]. Thigh infection was produced by
injecting 100 pL of an early-logarithmic-phase bacterial suspension (3.75 x 10°
CFU/mL) intramuscularly into one posterior thigh muscle. Lung infection was produced
by intranasally introducing 50 pL of a final inoculum of 7.5 x 10° CFU/mL mixed 1:1
with 6% porcine mucin of bacterial cells (3.75 x 10° CFU/mL) in the early logarithmic
phase. Thereafter, animals were held in a vertical position with their head up for 1 min.
The sulbactam treatment commenced 2 h after the inoculation in both models, by which

time an infection was reproducibly established.

2.6. Serum concentration of sulbactam

Single-dose serum PK studies of sulbactam were performed in neutropenic
mice after the subcutaneous administration of sulbactam (30, 60, 120, and 240 mg/kg).
Blood samples (1.0 mL) were obtained 5, 15, 30, 60, and 90 min after the subcutaneous
administration, followed by cervical dislocation prior to intracardiac puncture (three
animals per time point). The sulbactam concentration of each sample was determined by
a high-performance liquid chromatography (HPLC) method [13], with minor

modifications.

2.7. Serum protein binding of sulbactam

Protein binding studies were conducted using centrifugal filter units [14].
Serum samples were incubated for thirty minutes at 37°C, placed into the prewarmed
centrifuge chamber, and were then spun at 2,000 x g for 10 minutes. Percentage protein
binding (%PB) at each prepared concentration was calculated using the following

equation: %PB = [(S-SUF)/S] x 100, where S is the sulbactam concentration in the

6
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initial serum solutions and SUF is the sulbactam concentration in the ultrafiltrate.

Sulbactam concentrations in the serum and ultrafiltrate were measured using HPLC.

2.8. Pharmacodynamics of sulbactam in neutropenic mouse thigh and lung infection
models

The sulbactam treatment was initiated 2 h following the bacterial inoculation in
the thigh muscle and lung infection studies. Sulbactam regimens for thigh-infected
animals involved subcutaneous doses over a range of 15-240 mg/kg and were
administered at 2, 3, 4, 6, 12, and 24 h intervals with 18 dosing patterns. Each dosing
regimen involved three mice. Sulbactam-treated mice were humanely killed and their
thighs were removed 24 h after the initiation of treatment. Samples were collected
aseptically from the untreated control group 2 and 26 h after the bacterial inoculation to
count the number of viable cells. The removed thighs were individually homogenized in
7 mL of sterile normal saline. The thigh homogenate was serially diluted ten-fold (six
serial dilutions) with MHB, and 50 uL each of the diluents were spread onto BTB agar
and cultured at 37°C for 24 h. The number of CFU was counted for each thigh and
expressed as the number of log;o CFU per thigh. The lower limit of counting was 160
CFU per thigh. Sulbactam regimens for lung-infected animals were as described above
with 18 dosing patterns. Each dosing regimen involved three mice. Animals were
humanely killed 2 h (untreated controls) and 24 h (untreated controls plus
sulbactam-treated mice) after the inoculation. The lungs were collected aseptically and
individually homogenized in 1.7 mL of sterile normal saline. The counts of viable
bacteria in the right and left lungs were determined as described above. The lower limit

of counting was 130 CFU per lung.
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2.9. PK-PD analyses of sulbactam

Drug concentration data for each dose of 30, 60, 120, and 240 mg/kg were
fitted to a standard one-compartment model with first order absorption and elimination
processes. The pharmacokinetic parameters in this model were apparent volume of
distribution (\Vd), absorption rate constant (ka), and elimination rate constant (ke).

Using the mean pharmacokinetic parameters (\Vd, ka and ke) for the four doses,
serum sulbactam concentrations were then simulated to estimate three major PK-PD
indices: the time that the free drug concentration remained above the MIC (fT > MIC),
the ratio of the area under the free concentration-time curve for a 24 h period to the MIC
(FAUC/MIC), and the ratio of the maximum free concentration to the MIC
(fCmax/MIC).

Data for antibacterial activities in the thigh and lung were fitted to a standard
sigmoid Emax model: E = Eg - (Emax*X")/(ECso” + XY), where E is the killing effect of
sulbactam (logip CFU of the A. baumannii per thigh or lung at 24 h), Eo is the baseline
effect in the absence of the drug, Emax is the maximum killing effect, X is the PK-PD
index (fT > MIC, fAUC,4/MIC or fCma/MIC), ECsg is the PK-PD index value needed
for 50% of Enax, and vy is the Hill coefficient describing the steepness of the sigmoid
curve.

These PK-PD analyses were performed with nonlinear least-squares regression by the

MULTI program [15].

Statistical analysis was performed using a Mann-Whitney test.
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3. Results
3.1. Antimicrobial Susceptibility Testing

The MIC of sulbactam against A. baumannii ATCC 19606 was 0.5 ug/mL.

3.2. Time-kill curve

Figure 1 illustrates a series of time-kill curves for a standard strain of A.

baumannii exposed to sulbactam at concentrations ranging from one-fourth to 64 times

the MIC. The time-kill curve at the concentration of 4-64 times the MIC showed in

time-dependently, but not in concentration dependently, to decrease bacterial cell

number. The point of maximum effect occurred at about 4 times the MIC, so an increase

in the rate on extent of killing was negligible once sulbactam concentrations exceed the

MIC. Therefore, sulbactam exhibited time-dependent bactericidal activity against A.

baumannii.

3.3. Sulbactam pharmacokinetics

The concentrations of sulbactam in neutropenic infection mice following single

subcutaneous doses of 30, 60, 120, and 240 mg/kg are shown in Figure 2. The serum PK

parameters are summarized in Table 1. The ranges of Cma and AUC,; were

23.36-230.76 pg/mL and 15.95-142.28 mg-h/L, respectively. The mean + standard
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deviation (SD) of Vd, ke, and ka for the four doses were 0.43 + 0.02 L/kg, 4.01 = 0.18
h'', and 4.27 + 0.47 h™*, respectively. Serum protein binding of sulbactam was 5.20 +

1.25%.

3.4. Relationships between PK-PD indices and antibacterial effect

At the start of treatment (2 h after inoculation), the mean + SD bacterial load in
thigh-infected animals was 6.23 + 0.18 log;o CFU/thigh. Bacterial numbers grew 0.83
0.05 logyp CFU/thigh in untreated control mice over the next 24 h. The maximal
reduction of CFU in sulbactam-treated animals after 24 h exposure was observed 4.86 +
0.05 log;o CFU/thigh down compared to numbers at the start of treatment. The
relationships between the antibacterial effect and each of the PK-PD indices (fT > MIC,
fAUC,4/MIC and fCpa/MIC) for A. baumannii ATCC 19606 are shown in Figure 3.
Regarding the PK-PD indices of sulbactam, the therapeutic efficacy of sulbactam
correlated with fT > MIC (R? = 0.95) more than fAUC,/MIC (R* = 0.60) or fCrna/MIC
(R? = 0.37) in the thigh infection model. PK-PD model parameter estimates for the fT >
MIC index for sulbactam against A. baumannii in the thigh infection model are shown
in Table 2. The Emaxwas 5.19 logip CFU/thigh down after 24 h exposure compared to

numbers at the start of treatment. The Eq was 0.52 logyg CFU/thigh. The bacterial

10
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numbers grew after 24 h in untreated control mice. The ECsowas 44.6%.

At the start of treatment (2 h after the inoculation), the mean + SD bacterial
load in lung-infected animals was 6.21 + 0.20 log;o CFU/lung. Over the next 24 h,
bacterial numbers grew 2.37 = 0.38 log;o CFU/lung in untreated control mice. The
maximal reduction of CFU in sulbactam-treated animals after 24 h exposure was
observed 6.44 + 0.27 logip CFU/thigh down compared to numbers at the start of
treatment. Relationships between the antibacterial effect and each of the PK-PD indices
(fT > MIC, fAUC2/MIC and fCna/MIC) for A. baumannii ATCC 19606 are shown in
Figure 4. Regarding the PK-PD indices of sulbactam, the therapeutic efficacy of
sulbactam correlated with fT > MIC (R? = 0.96) more than fAUC24/MIC (R? = 0.68) or
fCmadMIC (R? = 0.40) in the lung infection model. PK-PD model parameter estimates
for the fT > MIC index for sulbactam against A. baumannii in the lung infection model
are shown in Table 2. The Ema was 5.81 log;o CFU/lung down after 24 h exposure
compared to numbers at the start of treatment. The Ey was 1.87 log;o CFU/lung. The

bacterial numbers grew after 24 h in untreated control mice. The ECso was 24.7%.

3.5. Magnitude of the PK-PD index associated with efficacy

Table 3 shows the values of fT > MIC required for a static effect and 1-, 2-, and

11
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228  2-, and 3-logyo Kill were 21.0%, 32.9%, 43.6%, and 57.3% in the thigh infection model,

229  and 20.4%, 24.5%, 29.3%, and 37.3% in the lung infection model, respectively. There

230  was little difference in the fT > MIC required to achieve a given magnitude of effect in

231  both models.
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4. Discussion

The present study was designed to characterize the PK-PD characteristics of

sulbactam against A. baumannii. Sulbactam has been shown to exhibit direct

antimicrobial activity against A. baumannii [16], even though it is a potent inhibitor of

B-lactamases. In the in vitro experiments, sulbactam exhibited bactericidal activity

against A. baumannii (Fig. 1). The time-kill curve is a standard technique that is used to

demonstrate the time course of bactericidal activity. Two major patterns of bactericidal

activity were observed with increasing drug concentrations [17]. The first pattern was

characterized by marked concentration-dependent killing over a wide range of

concentrations. This pattern of killing has been observed with aminoglycosides and

fluoroquinolones. The second pattern was characterized by saturation of the rate of

killing at concentrations near the MIC. High concentrations did not kill the organism

faster or more extensively than low concentrations. Therefore, the duration of exposure

rather than the concentration was the major determinant of the extent of killing. As

shown in Figure 1, sulbactam showed bactericidal activity called time-dependent killing

as commonly as other B-lactams. In a murine pneumonia model using an imipenem- and

sulbactam-susceptible A. baumannii isolate, similar efficacies were observed between

these agents when the dosing of sulbactam reached a time above the MIC, similar to

13
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that of imipenem, which confirmed the time-dependent activity of this antimicrobial
[18]. The T > MIC is known to be the most predictive PK-PD parameter of the in vivo
efficacy of p-lactams in animal models [19].

PK-PD analysis using a murine infection model has become a standard method
to predict clinical efficacy and is often used to determine optimal doses for clinical trials.
This method was established by Craig et al [19]. In the in vivo experiments, we used
two murine infection models to determine, for the first time, the PK-PD index most
predictive of the activity of sulbactam against A. baumannii, and also the magnitude of
the predictive index required for various magnitudes of the killing effect. Non-linearity
was a feature of the unbound PK of sulbactam in neutropenic mice. The PK nonlinearity
noted in this study was observed over the very wide range of sulbactam doses needed to
fully characterize the PK-PD relationship. The superposition principle was applied to
single-dose unbound plasma sulbactam concentration-time curves to generate the
unbound plasma concentration for various dosage regimens across the 24 h treatment
period. The fT > MIC ratio in the thigh and lung infection models appeared to be
slightly more predictive of in vivo bacterial killing than fCy./MIC or fAUC,,/MIC
based on R? values and a visual examination of the fits (Fig. 3 and 4). The fT > MIC

targets required for a static effect against A. baumannii thigh and lung infection were
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estimated to be approximately 20%, 1-, 2-, and 3-logio kill were estimated as 32.9%,

43.6%, and 57.3% in the thigh infection model, and 24.5%, 29.3%, and 37.3% in the

lung infection model, respectively (Table 3). The fT > MIC required for a static effect in

the A. baumannii thigh and lung infection models were similar, the fT > MIC required

for 3-logyo kill in the thigh infection model was generally higher than that required in

the lung infection model. The activity of sulbactam was slightly more enhanced in the

lung than in the thigh. This may reflect differences in bacterial behavior between the

two sites and/or the somewhat restricted access of sulbactam to the infection site in the

thigh relative to the level of access to the infection site in the lung. Over the past 15

years, numerous PK-PD data has been good concordance between PK-PD animal

studies and data from infected patients [20]. In mice, the fAUC,4/MIC ratio of quinolons,

70-90 was associated with 2-logso kill reduction in bacterial burden, which is very

similar to the fAUC,4/MIC breakpoint identified in infected patients (FAUC,4/MIC ratio,

>87). In this study, we estimated that achievement of animal derived PK-PD target was

the 3-logyo kill. The adjustment of higher dosing regimen performed to improve the

outcome for severe infection and immunocompromised patients. Therefore, the fT >

MIC targets required for a static effect against A. baumannii thigh and lung infection

were 20%. The fT > MIC targets required for the sufficient bactericidal effects against A.
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baumannii thigh and lung infection were 60% and 40%, respectively. The fT > MIC

targets of p-lactam antibiotics (carbapenems, penicillins, and cephalosporins) required

for a static effect and near maximal bactericidal effects against organism were 20-40%

and 40-70%, respectively [8].

Lastly, the experimental design of this study was limited. We could not assess

with other bacterial isolates, other animals and observation times longer than 24 h.

Further studies are required to confirm our findings and clarify their clinical

implications.

In conclusion, two murine infection models were used to identify the PK-PD

index most predictive of the antibacterial activity of sulbactam against A. baumannii,

and the magnitude of the predictive index required for various magnitudes of the effect.

This study has defined the fT > MIC targets needed to achieve various magnitudes of

bacterial kill. We showed the in vitro and in vivo time-dependent activities of sulbactam

against A. baumannii infection, and demonstrated that sulbactam was sufficiently

bactericidal when a fT > MIC of more than 60% against A. baumannii thigh infection

and 40% against A. baumannii lung infection was achieved.
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Figure legends

Fig. 1. Time-Kkill curves of A. baumannii ATCC 19606 with exposure to sulbactam at

concentrations from one-fourth to 64 times the MIC (n = 3, mean + SD).

Fig. 2. Pharmacokinetic profiles for single subcutaneous doses (mg/kg) of sulbactam in
neutropenic-infected mice (n = 3, mean + SD). Simulation curves were generated using

Vd =0.43 L/kg, ke = 4.01 hand ka = 4.27 h",

Fig. 3. Relationships for A. baumannii ATCC 19606 between the log;o CFU/thigh at 24
h and PK-PD indices (A) fT > MIC, (B) fAUC,4/MIC, and (C) fCrna/MIC. Each symbol
represents the mean £ SD for one thigh per mouse. The horizontal dashed lines
represent the organism burden at the start of the therapy. R? is the coefficient of

determination.

Fig. 4. Relationships for A. baumannii ATCC 19606 between the logio CFU/lung at 24 h
and PK-PD indices (A) fT > MIC, (B) fAUC,4/MIC, and (C) fCrax/MIC. Each symbol

represents the mean + SD for a single lung per mouse. The horizontal dashed lines
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Table 1

Parmacokinetic parameters of sulbactam after a single subcutaneous

Dosing
. Cmax AUC24
regimen

(mg/kg)  (ug/mL) (mg-hi/L)

30 23.36 15.95

60 54.15 38.70

120 106.76 66.99

240 230.76 142.28




Table 2

PK-PD model parameter estimates predicting viable counts at 24 h for the fT > MIC

index of sulbactam against A. baumannii in the thigh and lung infection models.

Emax (10910 Eo (logso
Model ECso (%) Y
CFU/Organ)  CFU/Organ)

Thigh infection 5.19 0.52 44.6 2.93

Lung infection 5.81 1.87 24.7 3.98




Table 3

Target values of sulbactam fT > MIC (%) for a static effect and 1-, 2-, and 3-logy Kill

against A. baumannii in the thigh and lung infection models.

Thigh infection ~ Lung infection

Static effect 21.0 20.4
1-logg Kill 32.9 24.5
2-logyo kill 43.6 29.3

3-logyo Kill 57.3 37.3
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