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Doripenem is a carbapenem with potent broad-spectrum activity against Gram-negative pathogens, including
antibiotic-resistant Enterobacteriaceae. As the incidence of extended-spectrum �-lactamase (ESBL)-producing
Gram-negative bacilli is increasing, it was of interest to examine the in vivo comparative efficacy of doripenem,
imipenem, and meropenem against a Klebsiella pneumoniae isolate expressing the TEM-26 ESBL enzyme. In a
murine lethal lower respiratory infection model, doripenem reduced the Klebsiella lung burden by 2 log10 CFU/g lung
tissue over the first 48 h of the infection. Treatment of mice with meropenem or imipenem yielded reductions of
approximately 1.5 log10 CFU/g during this time period. Seven days postinfection, Klebsiella titers in the lungs of
treated mice decreased an additional 2 log10 CFU/g relative to those in the lungs of untreated control animals.
Lipopolysaccharide (LPS) endotoxin release assays indicated that 6 h postinfection, meropenem- and imipenem-
treated animals had 10-fold more endotoxin in lung homogenates and sera than doripenem-treated mice. Following
doripenem treatment, the maximum endotoxin release postinfection (6 h) was 53,000 endotoxin units (EU)/ml,
which was 2.7- and 6-fold lower than imipenem or meropenem-treated animals, respectively. While the levels of
several proinflammatory cytokines increased in both the lungs and sera following intranasal K. pneumoniae inoc-
ulation, doripenem treatment, but not meropenem or imipenem treatment, resulted in significantly increased
interleukin 6 levels in lung homogenates relative to those in lung homogenates of untreated controls, which may
contribute to enhanced neutrophil killing of bacteria in the lung. Histological examination of tissue sections
indicated less overall inflammation and tissue damage in doripenem-treated mice, consistent with improved
antibacterial efficacy, reduced LPS endotoxin release, and the observed cytokine induction profile.

Bacterial infections of the lower respiratory tract continue to
be a major cause of morbidity and mortality despite the develop-
ment of broad-spectrum antibiotics (11). Infections originating in
the lung more frequently lead to sepsis than those originating in
the abdomen or the urinary tract, with community-acquired pneu-
monia (CAP) emerging as one of the leading causes of death
worldwide (4). Klebsiella pneumoniae is an increasingly important
CAP pathogen, particularly in individuals with impaired pulmo-
nary defenses, and is also a key pathogen in nosocomial pneumo-
nia (42). Pulmonary infections caused by K. pneumoniae are often
characterized by a rapid clinical course that includes multilobar
involvement, formation of abscesses, and dissemination of bacte-
ria from the pulmonary air space into the bloodstream, leading to
widespread systemic effects and death (27, 31, 43). Treatment of
K. pneumoniae infections can be complicated by the presence of
extended-spectrum �-lactamases (ESBLs), which confer resis-
tance to many broad-spectrum penicillin and cephalosporin anti-
biotics. K. pneumoniae in nosocomial infections is becoming more
prevalent, with the global incidence of ESBLs in Klebsiella clinical
isolates ranging from 8% to 44% (15, 33, 36, 43). In the United

States, TEM- and SHV-type ESBLs predominate among Enter-
obacteriaceae, while in Canada and Europe, SHV and CTX
ESBLs, respectively, are most frequently reported (8). Carbapen-
ems are resistant to hydrolysis by most serine �-lactamases and
are the drugs of choice for suspected ESBL- or AmpC �-lacta-
mase-producing organisms (26).

Doripenem (DOR) is the most recently approved carbapenem,
with MIC values up to 8-fold lower than that of imipenem (IPM)
and comparable to that of meropenem (MEM) against ESBL-
producing K. pneumoniae (25, 55). In the United States, dorip-
enem is approved for complicated intra-abdominal infections
(cIAI) and complicated urinary tract infections (cUTI). In Eu-
rope, and in various countries in Latin America and Asia, dorip-
enem is approved for cIAI and cUTI and nosocomial pneumonia,
including ventilator-associated pneumonia. Carbapenems are as-
sociated with low levels of lipopolysaccharide (LPS; also referred
to as endotoxin) release relative to those associated with cepha-
losporins in the treatment of Gram-negative infections (21, 23,
41). Since sepsis and its accompanying sequelae are risk factors
for mortality and antibiotic-induced release of LPS can aggravate
septic shock (29, 32, 46), it was of interest to examine the effects
of the different carbapenems on the pathogenesis of an ESBL-
producing K. pneumoniae isolate in an established murine pneu-
monia model of infection.

MATERIALS AND METHODS

Bacterial strains. Klebsiella pneumoniae OC4105, a TEM-26-producing iso-
late, was obtained from the Johnson & Johnson Pharmaceutical Research &
Development collection (35).
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MIC. MICs were determined by the broth microdilution method, according to
CLSI guidelines (10). The MIC was defined as the lowest concentration of
antibiotic that prevented visible growth after an incubation period of 16 to 20 h.

Compound preparation. Doripenem (DOR) was obtained from Shionogi &
Co., Ltd. (Osaka, Japan). Ampicillin, imipenem, cilastatin, and meropenem were
obtained from the United States Pharmacopeia (Rockville, MD). Imipenem
(IPM) and meropenem (MEM) were prepared with cilastatin in a 1:1 dilution
ratio for rodent dosing because of their instability to murine renal dehydropep-
tidase I (20, 40). Compounds were prepared fresh daily and refrigerated between
doses.

Preparation of inoculum. K. pneumoniae was inoculated into brain heart
infusion (BHI) broth (Becton-Dickinson, Franklin Lakes, NJ) containing 100
�g/ml ampicillin and incubated at 37°C and 200 rpm for 18 h. Following cen-
trifugation, the cell pellet was washed twice by resuspension in 0.85% NaCl.
After the second wash, the pellet was resuspended to 1/10 the original culture
volume in 0.85% NaCl to yield the infecting inoculum. The number of CFU in
the inoculum was confirmed on tryptic soy agar (TSA) using spiral plate meth-
odology (Autoplate 4000 and QCount; Spiral Biotech, Norwood, MA).

In vivo models. All animal studies were approved by the Johnson & Johnson
Institutional Animal Care and Usage Committee. The studies were conducted in
an Association for Accreditation and Assessment Laboratory Animal Care
(AAALAC)-accredited facility in compliance with U.S. regulations governing the
housing and use of animals.

Klebsiella respiratory infection. Four- to six-week-old female C3H/HeJ mice
(Jackson Laboratory, Bar Harbor, ME) were briefly anesthetized with 3% isoflu-
rane (IsoFlo; Abbott, Chicago, IL) maintained with oxygen at 3 liters/min and
then infected intranasally with approximately 9 � 108 CFU of K. pneumoniae
OC4105, an inoculum that was experimentally determined to yield a lethal
infection within 3 to 4 days. At 1.5 h postinfection, a group of mice was eutha-
nized, and the lungs were removed aseptically. Additional groups of animals
were dosed subcutaneously with doripenem, meropenem-cilastatin, or imi-
penem-cilastatin at 1.5, 3, 6, 9, 12, 24, 27, 30, 33, 48, 51, 54, and 57 h postinfec-
tion. This dosing schedule was designed to achieve levels of plasma exposure
(area under the concentration-time curve [AUC]) similar to those reported for
doripenem, imipenem, and meropenem at the approved 500-mg clinical dose (3,
9, 24). Lung tissue samples were aseptically taken from groups of mice prior to
dosing at 6, 12, 24, and 48 h postinfection and at 72 and 168 h postinfection. All
lungs were weighed, diluted in 1 ml 0.85% saline, and homogenized (Omni Prep
multisample homogenizer; Omni International, Marietta, GA). Serial 100-fold
dilutions were performed and plated on TSA as described above. The numbers
of CFU for each drug and dose were determined, and efficacy was assessed by the
reduction in bacterial load (log10 CFU/g lung tissue) compared to those of the
infected, untreated controls. At least three independent studies were conducted,
with 3 to 5 mice per dose group in each study.

Telemetry. Four- to six-week-old female C3H/HeJ mice were anesthetized,
and TA-F20 transmitters (PhysioTel; DSI, St. Paul, MN) were implanted intra-
peritoneally. Animals were monitored for 5 days prior to being placed in the
study. Mice were infected and dosed as described above (3 to 4 mice per group).
Temperatures were monitored hourly, and the average value for each dose group
was used for analysis.

Single-dose pharmacokinetics. Four- to six-week-old female C3H/HeJ mice
were infected as described above. At 1.5 hours postinfection, mice were given a
single 50-mg/kg body weight subcutaneous dose of doripenem or meropenem-
cilastatin or a 100-mg/kg dose of imipenem-cilastatin. At time points ranging
from 0.13 to 3 h after dosing, mice (5 mice per time point) were euthanized, and
blood samples were collected into lithium heparin tubes by cardiac puncture.
Plasma was obtained from whole-blood samples following centrifugation at
10,000 � g for 5 min. Lungs were removed following blood collection and
homogenized with 1 ml saline. The concentrations of doripenem and imipenem
in plasma and lung extracts were quantitated by agar diffusion bioassay using
Escherichia coli ATCC 25922 as the indicator organism. The limits of detection
for doripenem and imipenem were 0.156 �g/ml and 1.25 �g/ml, respectively.
Meropenem concentrations in plasma specimens and lung tissue were deter-
mined by reverse-phase high-pressure liquid chromatography (HPLC) using a
Zorbax SB-C8 column (Agilent). Samples were analyzed in an increasing linear
gradient of acetonitrile-methanol (4:1) in 5 mM ammonium acetate, pH 4.5,
against a decreasing aqueous mobile phase consisting of 5 mM ammonium
acetate, pH 4.5. Elution of meropenem was monitored by diode array detection
at 295 nm. The limit of detection for meropenem was 0.5 �g/ml. Plasma protein
and lung tissue binding were determined by ultrafiltration (13).

In vivo endotoxin release. Mice were infected intranasally with K. pneumoniae
as described above. At 1.5, 3, 6, and 9 h postinfection, groups of mice were dosed
subcutaneously with doripenem, meropenem-cilastatin, or imipenem-cilastatin.

At 3, 6, and 12 h after dosing, mice (5 per time point) were euthanized, whole-
blood samples were obtained via cardiac puncture, and the blood samples were
allowed to clot and then were centrifuged for 10 min at 10,000 � g. Lungs were
removed following blood collection, homogenized in saline, and centrifuged.
Serum samples and lung homogenate supernatants were frozen at �80°C pend-
ing analysis. Endotoxin release in sera and lung homogenates was quantitated
enzymatically using a Limulus amebocyte lysate (LAL) assay kit (Lonza, Walk-
ersville, MD) (23, 49). Untreated infected and naive animals served as controls.

Cytokine expression. Mice were infected and dosed as described above. At 1.5,
3, 4.5, 6, 7.5, 12, and 24 h postinfection, groups of 5 animals were euthanized.
Whole-blood samples were obtained via cardiac puncture, and the blood was
allowed to clot. Sera were obtained as described above and were frozen at �80°C
until assayed. Nonperfused lungs were collected into FastPrep lysing matrix D
tubes (MP Biomedicals, Solon, OH) containing 1 ml of phosphate-buffered
saline (Invitrogen, Carlsbad, CA). The tubes were then processed in the Fast-
Prep machine (MP Biomedicals) at 4.0 m/s for 40 s. After homogenization, the
tubes were centrifuged at 16 � g for 5 min to ensure that cellular debris was
limited in the assay. Thawed serum and lung homogenate samples were tested
for levels of specific cytokines and chemokines using a mouse 22-multiplex bead
kit (Millipore, Billerica, MA) by following the manufacturer’s protocol.

Statistical analyses of serum and lung cytokine concentrations were performed
using analysis of variance (ANOVA), followed by the Tukey posttest.

Histology. At 12, 24, 48, 72, and 168 h postinfection, groups of 3 mice were
euthanized, and lungs were removed, inflated, and fixed in 10% neutral buffered
formalin (NBF; Poly Scientific R&D Corp., Bay Shore, NY). The lungs were
trimmed in a frontal plane and processed for light microscopy, and sections were
cut at 5 to 7 �m on a rotary microtome. All sections were dried overnight and
placed in a 60°C oven for 15 min prior to staining with basic hematoxylin (Gill 2;
Thermo Scientific, Pittsburgh, PA) and eosin (alcoholic eosin Y; Thermo Scien-
tific) on 1 set of slides. A second set of slides from the same tissue sections as the
hematoxylin and eosin (H&E) slides were stained using the Brown-Hopps
method (Poly Scientific R&D Corp.) for Gram-positive and Gram-negative bac-
teria (6). Photographs of stained lung sections were taken using a SPOT Idea
camera, model number 27.2-3.1 MP (Diagnostic Instruments, Inc., Sterling
Heights, MI). Images were adjusted (color balance, brightness, contrast, and
unsharp mask) using Adobe Photoshop CS3 (Adobe Systems, Incorporated,
Ottawa, ON, Canada). The histological sections of the lungs were reviewed in a
blinded fashion by the pathologist, without knowledge of the treatment groups.

Statistical analyses. The significances of mean response treatment differences
for both lung weights and bacterial counts at the 6-, 12-, 24-, 48-, 72-, and 168-h
sampling times were determined using a one-sided Wilcoxon test (14). The
differences in treatment values were considered significant if the P values were
less than or equal to 0.05. For cytokine analyses (see Fig. 3), a one-way ANOVA
with Tukey’s posttest was performed. Significance relative to that of untreated
controls around P values less than 0.001, 0.01, or 0.05 are described.

RESULTS

Klebsiella lower respiratory infection. MIC values of dorip-
enem and meropenem against the TEM-26-producing K. pneu-
moniae strain used in the lower respiratory infection model
were 0.06 �g/ml. Imipenem was 16-fold less potent (Table 1).
The time course of the infection is shown in Fig. 1 (a tabulated
form of Fig. 1 can be found in Table S1 in the supplemental
material). Following intranasal instillation of approximately 9
log10 CFU of K. pneumoniae, over the first 1.5 h of the infec-
tion, approximately 9 log10 CFU/g were recovered from the
lung. At 6 h after intranasal infection, the number of CFU in
the lungs of untreated animals decreased by 0.5 log10 CFU/g;
this slight decrease in the number of CFU is consistent with an
initial lag in growth of the K. pneumoniae strain in vivo, in
conjunction with an observed influx in neutrophils into the
lungs by 3 h postinfection (data not shown). This initial lag in
K. pneumoniae growth in control animals is similar to that
shown in results obtained by Ye et al. in a K. pneumoniae
mouse lung infection model (54). By 12 h postinfection, the
number of CFU in untreated animals rebounded to 9 log10

CFU/g. Thereafter, the lung burden of the untreated animals

VOL. 55, 2011 IN VIVO ACTIVITY OF CARBAPENEMS 837



continued to increase over time, with most animals expiring by
48 h. Animals that survived for 72 h had Klebsiella counts of
approximately 11 log10 CFU/g. In contrast, there was a reduc-
tion in the number of CFU throughout the dosing and recovery
phases in all carbapenem-treated animals. At 6 h postinfection,
doripenem-treated animals had 8.2 log10 CFU/g lung, a 0.5-
log10 CFU/g greater reduction in Klebsiella than meropenem
and imipenem-treated animals and untreated controls (Fig. 1;
see also Table S1 in the supplemental material), although this
difference did not achieve statistical significance. At 12 h
postinfection, doripenem-treated mice had 0.6-log10 CFU/g
fewer bacteria than meropenem-treated animals (statistically
significant; P � 0.01) and approximately 0.3-log10 CFU/g fewer
bacteria than imipenem-treated animals (statistically signifi-
cant for the 50-mg/kg imipenem dose [P � 0.01] but not for the
100-mg/kg imipenem dose). By 24 h, the number of CFU of
doripenem-treated mice was 0.2 log10 lower than that of mero-
penem and approximately 0.6 log10 lower than those at both
imipenem doses (Fig. 1; see also Table S1 in the supplemental
material); these differences between doripenem and the com-
parators were statistically significant (P � 0.01). By 48 h, the
lung burden in doripenem-treated animals was 7 log10 CFU/g,
approximately 0.5 log10 CFU/g lower than that in meropenem

(statistically significant; P � 0.04) and imipenem (statistically
significant at either imipenem dose; P � 0.01) treatment
groups and 3 log10 CFU/g lower than that in untreated control
animals. Seven days postinfection, doripenem-treated animals
had a lung burden of 5.1 log10 CFU/g, nearly a 4 log10 decrease
in the number of CFU relative to that in the infecting inocu-
lum, and decreases in the numbers of meropenem and imi-
penem CFU were similar to that of doripenem CFU.

Telemetry. The average core body temperature of unin-
fected mice was approximately 36°C. The core body tempera-
tures of meropenem- and imipenem-treated animals decreased
by 1.8 and 1.9°C, respectively, at 3 h postinfection. In dorip-
enem-treated animals, the temperature at 3 h postinfection
decreased by 1.2°C, followed by a 1.8°C increase in tempera-
ture at 4 h postinfection (Fig. 2). Meropenem- and imipenem-
treated animals experienced a decrease in temperature of 11 to
12°C until 13 to 14 h postinfection, at which time core body
temperatures began to increase. Mice treated with doripenem
experienced a biphasic temperature decline, stabilizing at 35°C

TABLE 1. Plasma and lung PK/PD parameters following a single 50- or 100-mg/kg subcutaneous dose of drug
in mice infected with K. pneumoniae OC4105

Drug Dose
(mg/kg)

PK/PD parametersd

Plasma Lung

MIC
(�g/ml)

fCmax
(�g/ml)a Tmax (h) t1/2 (h) fAUC�

(�g � h/ml)
fT�MIC

(h)
fCmax

(�g/g)b Tmax (h) t1/2 (h) fAUC�

(�g � h/g)
fT�MIC

(h)

DOR 50 0.06 75 0.5 0.24 54 2 12.3 0.5 0.25 12 1.5
MEM 50 0.06 87 0.13 0.42 41 3 21.7 0.13 0.17 11.4 1.5
IPM 50 1 43 0.13 0.26 16 1.5 11 0.25 0.32 7.2 NDc

IPM 100 1 108 0.25 0.52 68 3 25 0.25 0.86 25 2

a Protein binding values of 19% and 2.5% for meropenem and imipenem were used, respectively (20). A protein binding value of 5% for doripenem was used
(1, 50).

b Free drug in lung tissue was determined experimentally using protein binding values of 6.6%, 1%, and 0% for doripenem, meropenem, and imipenem,
respectively.

c ND, not detectable in the lung after 0.75 h.
d t1/2, half-life.

FIG. 1. Decrease in viable counts of K. pneumoniae in lung homog-
enates following treatment with DOR, IPM, or MEM. Error bars
represent the standard errors of the means. Symbols: �, untreated; F,
DOR; f, MEM; Œ, IPM (50 mg/kg); �, IPM (100 mg/kg).

FIG. 2. Core body temperature changes in mice infected with K.
pneumoniae and treated with DOR, IPM, or MEM. Individual data
points were no more than 3 standard error units from the mean.
Symbols: �, untreated; F, DOR; f, MEM; �, IPM.
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(a 2°C decrease) at between 5 and 12 h and then decreasing to
approximately 29°C by 14 h postinfection The maximum core
body temperature decrease in doripenem-treated mice was
8.5°C. By 24 h postinfection, core body temperatures for all
treated animals had increased to 34°C. The core body temper-
ature of doripenem-treated mice reached 35°C by 49 h postin-
fection, whereas the temperatures of meropenem- and imi-
penem-treated mice did not reach 35°C until 84 and 81 h
postinfection, respectively. The average core body temperature
reached 36°C at 64 h in doripenem-treated animals; however,
it took 142 h to reach 36°C in imipenem-treated animals. Core
body temperatures in untreated mice decreased until 15 h
postinfection, but in contrast with treated animals, at 24 h, the
average temperature was only 28°C. Temperatures averaged
30°C until 52 h postinfection, when core body temperatures
decreased until the animals expired. No untreated animals
survived beyond 99 h postinfection.

Pharmacokinetic and pharmacodynamic (PK/PD) analyses.
Plasma and lung pharmacokinetic parameters are shown in
Table 1. Using plasma protein binding values of 5%, 19%, and
2.5% and lung protein binding values of 6.6%, 1%, and 0% for
doripenem, meropenem, and imipenem, respectively, maximal
free-drug concentrations (fCmax) and exposures for unbound
drug in plasma samples and lung homogenates (1, 20, 50) were
calculated. At a dose of 50 mg/kg, doripenem reached an fCmax

of 75 �g/ml and 12 �g/g in the plasma and lung homogenates,
respectively. Meropenem (50 mg/kg) achieved 14 and 43%
higher fCmax in the plasma and lungs than doripenem, respec-
tively. In contrast, the plasma free-drug infinite AUC (fAUC�)
value for an equivalent dose of imipenem was approximately
3-fold lower, and the plasma fCmax was 1.8- to 2.4-fold lower
than those of doripenem and meropenem, respectively (Table
1). Increasing the dose of imipenem to 100 mg/kg resulted in
plasma fAUC�, fCmax, and free-drug time above the MIC
(fT�MIC) values that more closely matched those of dorip-
enem and meropenem, and as such, the 100-mg/kg dose was
used for studies described in further detail in this study. The
time required to achieve the maximal concentration (Tmax) of
doripenem was 0.5 h in plasma and lung homogenates, 2- and
4-fold longer than those of imipenem and meropenem, respec-
tively.

The fAUC�s for equivalent doses of doripenem and mero-
penem were 54 and 41 �g � h/ml, respectively. The 100-mg/kg
dose of imipenem yielded an fAUC� value of 68 �g � h/ml.
Notably, representative human clinical AUC values reported
for doripenem, meropenem, and imipenem (using a 500-mg

dose with a 0.5-h infusion) are 36 �g � h/ml, 30 �g � h/ml, and
64 �g � h/ml, respectively (3, 9, 24), indicating that the murine
exposure levels observed in our studies were similar to those
obtained clinically. In whole-lung extracts, fAUC� values of
doripenem and meropenem were similar, 12 and 11 �g � h/g,
respectively, and one-half the value of imipenem.

The calculated pharmacodynamic parameters are also
shown in Table 1. At the 50-mg/kg dose, doripenem exceeded
the fT�MIC in plasma and lung homogenates for 2 and 1.5 h,
respectively. The fT�MIC for meropenem was 3 h in plasma
and 1.5 h in the lung. The fT�MIC for imipenem was 3 h in
plasma and 2 h in the lung.

In vivo endotoxin release. Liberation of LPS from Klebsiella
in the lungs and sera of carbapenem-treated mice was deter-
mined using the Limulus amebocyte assay. In the sera, dorip-
enem-treated animals had 3.8-fold-greater levels of LPS than
untreated control mice at 3 h postinfection; however, endo-
toxin concentrations of both groups of animals were similar at
6 and 12 h (Table 2). Meropenem- and imipenem-treated
animals had serum LPS levels averaging 1,100 endotoxin units
(EU)/ml and 1,300 EU/ml, respectively, at all time points,
which were 10-fold higher than that of doripenem-treated an-
imals.

The amount of LPS in the lungs of untreated mice increased
by 44-fold to 8,220 EU/ml at 3 h postinfection (Table 2). At 3 h
postinfection, the amounts of endotoxin released into the lungs
of treated mice were 39,501, 111,700, and 110,820 EU/ml for
doripenem-, meropenem-, and imipenem-treated mice, respec-
tively. In untreated animals, the concentration of LPS in the
lungs tripled after 12 h to 25,499 EU/ml. Endotoxin concen-
trations in the lungs of doripenem- and meropenem-treated
animals peaked after 6 h (53,206 EU/ml and 317,750 EU/ml,
respectively) before decreasing slightly after 12 h. The concen-
tration of LPS in the lungs of imipenem-treated mice increased
at all time points, reaching 162,160 EU/ml after 12 h.

Cytokine/chemokine expression. Cytokine and chemokine
levels were determined in lung homogenates and sera follow-
ing intranasal K. pneumoniae inoculation (Fig. 3 and data not
shown). In lung homogenates, there was a common trend to-
ward increased levels of the cytokines gamma interferon
(IFN-	) (Fig. 3F), interleukin 1� (IL-1�), granulocyte colony-
stimulating factor (G-CSF) IL-9, IL-12p70, IL-13, IL-15, IP-10,
and granulocyte-macrophage colony-stimulating factor (GM-
CSF) following K. pneumoniae inoculation that was not signif-
icantly modulated by any of the three drug treatments (data
not shown). However, the level of IL-6 was significantly higher

TABLE 2. Endotoxin LPS release in the sera and lungs of mice infected with K. pneumoniae OC4105

Time (h)b

Endotoxin LPS concn (EU/ml 
mean �SEM�)a

Serum Lung

None DOR MEM IPM None DOR MEM IPM

0 6 � 2 NT NT NT ND ND ND ND
1.5 6 � 1 NT NT NT NT NT NT NT
3 35 � 27 132 � 26 1,269 � 246 1,436 � 262 8,220 � 1,927 39,501 � 13,356 111,700 � 9,116 110,820 � 5,165
6 80 � 20 117 � 41 1,082 � 147 1,467 � 277 8,553 � 972 53,206 � 3,238 317,750 � 37,282 145,890 � 2,616
12 118 � 34 109 � 27 1,049 � 118 995 � 78 25,499 � 4,774 49,119 � 13,947 273,900 � 24,665 162,160 � 11,714

a NT, not tested; ND, not determined, below the limit of detection (�5 EU/ml).
b Times are postinfection.
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in lung homogenates of doripenem-treated animals relative to
those in meropenem-treated or imipenem-treated animals or
untreated controls at 4.5 and 6 h postinoculation, respectively
(Fig. 3B). This same trend was also observed in lung homog-
enates with G-CSF and KC but was not statistically significant
(data not shown). A trend toward increased levels of IL-10
(Fig. 3D), MCP-1 (data not shown), and MIP-1 (data not
shown) in doripenem-, meropenem-, or imipenem-treated an-
imals relative to those in untreated animals at 24 h post-K.
pneumoniae inoculation was observed but was not statistically
significant.

In sera, a trend toward an increased level of IL-6 in dorip-
enem-treated animals at 4.5 h postinoculation was observed
but was not statistically significant (Fig. 3A). An increased level
of the anti-inflammatory cytokine IL-10 (Fig. 3C) was also
observed in the sera of doripenem-treated animals relative to
that of meropenem-treated, imipenem-treated, or untreated
animals at 7.5 h postinoculation. It is especially interesting to
note that (i) animals treated with imipenem had consistently
lower serum levels of the important macrophage-activating
cytokine IFN-	 relative to those of doripenem-treated, mero-
penem-treated, or untreated animals at 4.5, 6, 12, and 24 h
postinoculation and that (ii) meropenem-treated animals also

had reduced serum IFN-	 levels at 12 and 24 h postinoculation
(Fig. 3E).

Histopathology. The lung sections of animals infected with
K. pneumoniae were evaluated microscopically using H&E and
Brown-Hopps staining (Fig. 4 and 5). During the early phase of
the infection (6 h), there was an increase in the number of
neutrophils, and free bacteria were visible in the alveolar
spaces as well as within macrophages (data not shown).

At 12 hours postinfection, an influx of neutrophils and nu-
merous free K. pneumoniae cells were visible in the alveoli of
all animals (Fig. 4a to d). Bacteria were also present within the
alveolar macrophages of untreated and imipenem-treated an-
imals (Fig. 4a and d). In contrast, few free bacteria were seen
in lungs of doripenem- and meropenem-treated animals (Fig.
4b and c). K. pneumoniae cells in the macrophages of carbap-
enem-treated animals had a more rounded appearance com-
pared to the rod-shaped organisms seen in alveoli or in mac-
rophages of untreated animals. In contrast to those of
doripenem-treated animals, lungs of meropenem- and imi-
penem-treated animals (Fig. 4d) had increased numbers of
neutrophils and alveolar macrophages containing bacteria,
with congested capillaries and hemorrhage into the alveoli.

Numerous free bacteria were visible in the lung parenchyma

FIG. 3. Serum and lung homogenate cytokine levels following intranasal Klebsiella pneumoniae infection in mice. Animals (2 to 4 mice/group)
were either dosed subcutaneously with doripenem (blue circles), meropenem-cilastatin (green triangles), or imipenem-cilastatin (red squares) at
1.5, 3, 6, 9, and 12 h postinfection with Klebsiella pneumoniae on day 1 or remained untreated (black circles). Each data point represents the
cytokine level of a single mouse, and the bar represents the group mean. Statistical analysis consisted of a one-way ANOVA with Tukey’s posttest
(*, P � 0.05; **, P � 0.01; ***, P � 0.001, relative to the untreated control at the same time point).
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and in the alveolar macrophages of untreated animals at 24 h
postinfection (data not shown). Meropenem-treated animals
continued to show congestion in the pulmonary capillary vas-
culature, whereas the lungs of imipenem-treated animals
showed interstitial and alveolar infiltrates composed of acute
inflammatory cells, primarily neutrophils and alveolar macro-
phages filled with organisms. Multiple areas of emphysema
were also present in the lungs from both of these treatment

groups. In doripenem-treated animals, most organisms were
contained within the alveolar macrophages; however, multifo-
cal infiltrates of neutrophils were also evident.

At 48 hours postinfection, numerous free organisms were
seen within the pulmonary vasculature and in the alveolar
macrophages of untreated animals (Fig. 5a to d). Increased
numbers of acute inflammatory cells (neutrophils and mac-
rophages) were present, and exudates were also visible in
the alveoli of the lungs (Fig. 5a). Animals treated with either
meropenem or doripenem had fewer free organisms in the
alveoli or lung parenchyma, and most of the bacteria were
located in alveolar macrophages; however, focal areas of
neutrophil infiltrates were present (Fig. 5b and c). Animals
treated with imipenem similarly had focal neutrophilic in-
filtrates, in addition to edema in the bronchioles and alveoli
(Fig. 5d).

At 7 days (168 h) postinfection, bronchioles and alveoli
from both doripenem- and meropenem-treated animals con-
tained a limited number of type II pneumocytes but ap-
peared to be clear of exudates and bacteria (Fig. 6.). Imi-
penem-treated mice had focal areas of fibroblast infiltrates,
resulting in the thickening of the interstitia. Alveoli from
these mice contained numerous foamy macrophages and
neutrophils, and the capillaries in the alveolar septa re-
mained congested.

FIG. 4. Brown-Hopps stain of lung sections at 12 h postinfection.
Magnification, �100. (a) Untreated control animals, free organisms,
and organisms in phagocytic cells. (b) Doripenem treatment. Alveolar
macrophages contain bacteria. Mixed infiltrates of macrophages and
neutrophils. (c) Meropenem treatment. Alveolar hemorrhage and
macrophages in alveoli. (d) Imipenem treatment. Alveoli filled with
neutrophils and macrophages containing organisms.

FIG. 5. Brown-Hopps stain of lung sections at 48 h postinfection.
Magnification, 100�. (a) Untreated control animals. Numerous
rod-shaped organisms in blood vessels and in adjacent alveoli. (b)
Doripenem treatment. Organisms in alveolar macrophages, sur-
rounded by a few neutrophils. Note the rounded appearance of
cells. (c) Meropenem treatment. Aggregating neutrophils present in
alveoli, with a mixture of mature and immature cells. (d) Imipenem
treatment. Alveolar macrophages containing organisms/neutrophils
in the alveoli.

FIG. 6. Brown-Hopps stain of bronchioles and alveoli from lung
sections at 168 h postinfection. (a and c) Doripenem and meropenem
treatment, respectively (magnification, �4). (b, d, and f) Doripenem,
meropenem, and imipenem treatment, respectively (magnification,
�100). (e) Imipenem treatment (magnification, �20). Note focal areas
of interstitial fibroblast infiltrates, macrophages, neutrophils, and sep-
tal thickening.
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DISCUSSION

In these studies of doripenem, meropenem, and imipenem
in a K. pneumoniae mouse lung infection model, although the
in vitro activities of doripenem and meropenem were compa-
rable, there were marked differences in their in vivo efficacy
and lung pathology.

In the murine lower respiratory infection model, doripenem
significantly reduced the lung burden of K. pneumoniae more
rapidly and to a greater extent than meropenem or imipenem
over the course of the infection. The bacterial lung burdens in
meropenem- and imipenem-treated mice were similar, though
a higher imipenem dose was required to achieve a similar
reduction in bacteria (Fig. 1).

The pharmacodynamic parameter associated with in vivo
efficacy of �-lactam agents is fT�MIC, with a target of 40 to
60% for Gram-negative pathogens (12, 28). In our studies, at
the selected doses, the fT�MIC for meropenem and imipenem
was 60% of the dosing interval, while that for doripenem was
52%. In the lung, the fT�MIC value for doripenem, mero-
penem, and imipenem was approximately 50% of the dosing
interval. Thus, the fT�MIC values achieved in our studies are
within the target range for efficacy. Although doripenem and
meropenem had equivalent lung percent T�MICs, dorip-
enem-treated animals had lower Klebsiella lung burdens at
most time points examined. In spite of greater exposure
(fAUC�) and equivalent or greater fT�MICs in both the
plasma and lung, imipenem was the least effective agent in vivo
against this isolate of K. pneumoniae.

It has been well documented that decreased core body tem-
perature is a sign of deteriorating health in rodents challenged
with an infectious agent (2, 30). In our studies, mice treated
with doripenem were better able to maintain normal core body
temperature than those treated with meropenem and imi-
penem. Decreases in temperature are also associated with
greater pathological changes in the lung (2). Consistent with
these findings, doripenem-treated mice had less alveolar con-
solidation, fewer neutrophil infiltrates, and less edema than
imipenem or meropenem-treated animals.

Increased levels of LPS release in Gram-negative bacteria
have been associated with antibiotics such as cephalosporins
that bind predominantly to PBP 3 and cause cell filamentation,
whereas carbapenems demonstrate higher affinity to PBP 2
and typically induce spheroplasting and overall reduced
amounts of endotoxin release (7, 21–23, 51). Consistent with
past studies, in our in vivo studies, treatment of K. pneumoniae
with doripenem, meropenem, or imipenem yielded spherical
or ovoid cells (Fig. 5). Notably, in spite of similar cell mor-
phologies, doripenem treatment was associated with signifi-
cantly lower levels of LPS release than meropenem or imi-
penem treatment. Among the carbapenems, there are
differences in binding to PBPs. In E. coli, all three carbapen-
ems bind with equal affinity to PBP 2; however, meropenem
also has a high affinity for PBP 3 (16). The affinity of imipenem
for PBP 1 is reportedly greater than that of doripenem and
meropenem (16, 53), which may contribute to enhanced bac-
terial lysis. Thus, in our studies, the smaller amounts of LPS
released from doripenem-treated mice may result from the
impact of differing carbapenem PBP-binding profiles on the
cell physiology of this K. pneumoniae isolate. LPS release from

bacteria has been associated with a decrease in body temper-
ature (19). Furthermore, Rudaya et al. have demonstrated that
mice injected with 104 mg/kg LPS have a greater decrease in
body temperature than mice injected with 103 mg/kg LPS or
those injected with saline (45). The diminished hypothermic
response observed in the doripenem-treated animals relative
to those receiving meropenem or imipenem is consistent with
the reduced amount of endotoxin released by Klebsiella ex-
posed to doripenem.

Innate immunity is the principal pathway for elimination of
virulent extracellular Gram-positive and Gram-negative patho-
gens, including K. pneumoniae, from the lung (27). Resident
alveolar macrophages and recruited neutrophils (polymorpho-
nuclear leukocytes [PMNs]) are essential in host defense
against bacterial pneumonia, and selective depletion of either
cell population results in defects in the clearance of bacteria
from the alveolar space (27). In response to larger inocula or
more-virulent organisms, alveolar macrophages synthesize and
secrete a wide array of proinflammatory cytokines, including
tumor necrosis factor alpha (TNF-), IFN-	, IL-1�, and IL-6,
several chemokines, and arachidonic acid metabolites, which
initiate the inflammatory response, activate macrophages, and
recruit activated neutrophils into the alveolar spaces (5, 18, 44,
47). In our studies, after 12 h, all infected animals exhibited an
influx of neutrophils into the alveolar space (Fig. 4). After 24 h,
doripenem-treated animals exhibited fewer multifocal infil-
trates (primarily neutrophils) than meropenem- and imi-
penem-treated animals, who exhibited higher levels of neutro-
phils and macrophages. Forty-eight hours postinfection,
imipenem-treated animals had multifocal neutrophilic infil-
trates and macrophages, whereas animals treated with mero-
penem and doripenem had fewer focal areas of neutrophilic
infiltrates (Fig. 5). Taken together, through 24 h, the lesser
degree of infiltration of acute inflammatory cells in doripenem-
treated animals is consistent with doripenem’s improved effi-
cacy relative to those of imipenem and meropenem. Seven
days postinfection, all treated animals had similar bacterial
burdens; however, imipenem-treated animals still exhibited
pathological changes not seen in doripenem- and meropenem-
treated mice, including septal thickening, neutrophil infiltrates,
and congestion (Fig. 6).

In addition to its role in infection, the alveolar macrophage
also plays a role in resolving inflammation within the air space
(34, 44). In our studies, with doripenem-treated animals, there
is an increase in macrophages at 48 h postinfection (Fig. 5) that
is not observed in meropenem- or imipenem-treated animals
until 72 h and 168 h postinfection, respectively (data not
shown). Seven days postinfection, lungs of imipenem-treated
animals continued to show numerous focal areas of interstitial
thickening, indicative of a chronic inflammatory response (Fig.
6). The earlier accumulation of macrophages in doripenem-
and meropenem-treated animals may contribute to the more
rapid resolution of the infection and inflammation.

We observed that doripenem-treated animals had an in-
creased level of IL-6 in the lungs and a trend toward increased
IL-6 in the sera at 4.5 h, relative to those of imipenem- and
meropenem-treated mice. IL-6 is considered to be an impor-
tant mediator of acute inflammatory responses and has been
reported to play a protective role in systemic Klebsiella infec-
tion by enhancing the ability of neutrophils to kill bacteria (48).
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We also found that meropenem- and imipenem-treated ani-
mals, but not doripenem-treated animals, had reduced serum
levels of the important macrophage-activating cytokine IFN-	
relative to those of the untreated controls at various time
points postinfection (meropenem treatment reduced IFN-	
levels at 12 and 24 h postinfection, whereas imipenem treat-
ment reduced IFN-	 levels at 4.5, 6, 12, and 24 h postinfec-
tion). IFN-	 has been demonstrated to play a protective role in
pulmonary Klebsiella pneumoniae infection (38). Although
IFN-	 in the lungs is likely more important in the protective
immune response to pulmonary K. pneumoniae infection, sys-
temic levels of IFN-	 may be important in controlling the
systemic manifestations following dissemination of the bacteria
from the lung to the blood (38). Therefore, it is tempting to
speculate that the improved in vivo efficacy of doripenem treat-
ment relative to those of meropenem and imipenem treatment
may be a result of enhanced IL-6 production and sustained
systemic IFN-	 production that lead to enhanced macrophage-
and neutrophil-mediated killing of Klebsiella pneumoniae in
the lungs of mice. However, additional studies will be needed
to support this hypothesis.

Anti-inflammatory cytokines such as IL-10 are thought to
control and downregulate the inflammatory response by limit-
ing further recruitment of activated neutrophils, macrophages,
and proinflammatory mediators (IL-I�, IL-6, and TNF-) (17,
18, 52). The elevated levels of IL-10 observed selectively with
doripenem-treated animals at 7.5 h postinfection suggest that
doripenem-treated animals may be more effective at mounting
a compensatory anti-inflammatory response, reducing the lung
damage observed in doripenem-treated animals. Consistent
with these results, mice treated with doripenem had a more
rapid resolution of infection, less lung pathology, and exhibited
less lethargy than mice treated with either imipenem or mero-
penem. These findings are likely the result of enhanced anti-
bacterial activity, a reduction in endotoxin release, and a more
favorable immunological response.
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