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Abstract: Background: The pharmacokinetic/pharmacodynamic (PK/PD) index of carbapenems
that best correlates with in vivo antimicrobial activity is percent time of dosing interval in which
free drug concentration remains above MIC (%fT>MIC), while the magnitudes of the PK/PD index
of carbapenems remains undefined in critically ill sepsis patients. Methods: A sepsis rat model was
first developed by comparing the survival outcomes after intraperitoneal injection of different
inoculum size (1-10 x 107 CFU) of Pseudomonas aeruginosa ATCC9027 (MIC = 0.125 mg/L) in
neutropenic rats. The PK characteristics of the model drug meropenem in the developed sepsis rat
model was then evaluated, and PK modeling and simulation was applied to design meropenem
dosing regimens attaining various PD targets (40%fT>MIC, 100%fT>MIC, and 100%fT>4 x MIC). The
microbiological response and survival outcomes for different meropenem treatment regimens were
investigated in the rat sepsis model (n = 12 for each group). Results: The optimal inoculum for the
rat sepsis model was 1 x 107 CFU of Pseudomonas aeruginosa ATCC9027. A one-compartment model
with first-order absorption best described the PK of meropenem in sepsis rats. Pronounced survival
prolongation and lower hazard risk were observed in the treatment groups of 50 or 75 mg/kg/q2.4h
(100%fT>MIC) and 75 mg/kg/q2h (100%fT>4 x MIC) compared to the 75 mg/kg/q6h (40%fT>MIC)
group, while meropenem groups with PD targets of 100%fT>MIC and 100%fI>4 x MIC showed
comparable survival curves. Microbiological response for different PD targets is inconclusive due
to irregular bacterial counts in blood samples. Conclusions: The PD target of 40%fT>MIC is
suboptimal for sepsis rats, and the aggressive 100%fT>4 x MIC target does not provide a survival
benefit against the target of 100%fT>MIC.
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1. Introduction

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated
host response to infection [1], and it remains a high mortality and morbidity among
patients in intensive care units (ICUs) [2]. There are more than 30 million sepsis patients
worldwide every year, leading to about 6 million deaths, with increasing incidence year
by year [3]. Sepsis poses a serious threat to public health, as well as a huge economic
burden to patients and medical organizations [4].

From the point of pathophysiological progress, sepsis is considered to evolve from
an initial proinflammatory burst that leads to a cytokine storm, followed by a
compensatory immunosuppressed response, both of which are responsible for increased
mortality [5]. Naturally, sepsis is triggered by infection factors which have progressed to
an uncontrolled immune response. Therefore, it is critical to suppress infection progress
for sepsis treatment. The infection source of sepsis includes bacteria, virus, fungi, and
others, with bacteria predominating [6]. Early and appropriate antibiotics administration
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is one of most effective interventions for the therapy and prognosis of patients with sepsis
[7]. A number of studies have shown that initiating antibiotics as early as possible is highly
associated with lower risk of death in severe sepsis patients [8-10]. Each hour of delay
before administration of antimicrobials is associated with about 1% increased odds of
mortality with severe sepsis [10]. There is a general consensus that the pharmacokinetics
in sepsis patients is quite different from that in healthy populations. For example, sepsis
involves the increased volume of distribution for drugs due to the vasodilatation caused
by cytokine burst [5]. Therefore, careful and adequate antibiotic dosing is also important
for improving sepsis patients’ outcome. Inadequate antibiotic exposure could fail to
provide desired bacteria killing and often lead to the emergence of resistance. Currently,
the pharmaceutical industry has little incentive to develop new or advanced antimicrobial
agents for resistant infections due to the low returns on investment [11]. As a result,
optimizing the dosing regimen of existing antibiotics remains a supplemental strategy to
ensure that the regimen selected is effective while minimizing the risk of toxicity and
development of drug resistance [12].

Bacterial sepsis patients often present with polymicrobial infections with both
aerobic and anaerobic pathogens. The empirical therapy often includes gram-negative
with additional anaerobic coverage, using a beta-lactam/beta-lactamase inhibitor
combination or, a more advanced option, a carbapenem [7]. Carbapenems are notable for
their broad spectrum of activity and their ability to inhibit beta-lactamase enzymes [13].
Imipenem and meropenem are the two most commonly used carbapenems in clinical
practice, and meropenem is reported with less seizure proclivity.

As time-dependent antibiotics, the pharmacokinetic/pharmacodynamic (PK/PD)
index of carbapenems that best correlates with their in vivo antimicrobial activity is the
percent time of dosing interval in which free drug concentration remains above MIC
(%fI>MIC) [14]. Currently, the magnitude of PK/PD index (i.e, PK/PD target) of
carbapenems in critically ill sepsis patients is not clearly defined. The 40%fT>MIC target
of carbapenems derived from the neutropenic thigh infection model is commonly used in
patients with mild or moderate infection [15]. The utility of the 40%fT>MIC target was
questioned in critically ill patients, as this population usually has an
immunocompromised condition and severe infections. Accordingly, more aggressive
PK/PD targets, such as 100%fT>MIC or even 100%fT>4-6 x MIC, were proposed for
critically ill patients [16-19]. These two targets were shown to provide better a clinical
cure and/or bacteriological eradication in patients with serious bacterial infections.
However, these retrospective clinical analyses were often based on a small number of
events (i.e., failures at specific exposures) and non-actual patient concentration data
[16,17]. The stringent PK/PD target of 100%fI>4 x MIC also has the ability to prevent the
development of resistance based on in vitro pharmacodynamics research [18].

It is difficult to determine the optimal PK/PD target of carbapenems for critically ill
sepsis patients in clinical practice because of the complication of designing variables for
controlled clinical trials for pharmacodynamic analyses. In this study, we intended to
perform a systemic PK/PD analysis for the microbiological and survival outcomes of
different PK/PD targets (40%fT>MIC, 100%fIT>MIC, and 100%fI>4 x MIC) in a sepsis rat
model using meropenem as the model drug.

2. Results
2.1. In Vitro Susceptibility Testing

The determined MIC of meropenem for Pseudomonas aeruginosa ATCC 9027 was 0.125
ug/mL, and the MIC of Pseudomonas aeruginosa ATCC 27853 was 0.5 ug/mL, complying
with the quality control criteria of CLSI.

2.2. Development of Sepsis Rat Model
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The survival curves for the treatment and control groups are shown in Figure 1. The
median survival times of experimental groups infected with 1 x 108 CFU, 5 x 107 CFU, 2.5
x 107 CFU, and 1 x 107 CFU of Pseudomonas aeruginosa ATCC 9027 were 24, 39.25, 35.5, and
76.5 h, respectively. As for the 3-day survival rate, the animal group infected with 1 x 107
CFU was about 50%, while the remaining treatment groups were below 20%. As expected,
the control animals all survived. Considering these results, the inoculum size of 1 x 107
CFU of the organism was used for developing the sepsis rat model.
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Figure 1. Survival curves of neutropenic rats 7 days after infection by intraperitoneal injection of
one milliliter of different concentrations (1 x 108 CFU/mL, 5 x 10” CFU/mL, 2.5 x 107 CFU/mL, and 1
x 107 CFU/mL) of Pseudomonas aeruginosa ATCC9027.

2.3. Pharmacokinetic Parameters of Meropenem and Dosing Regimen Determination

A one-compartment model with first-order absorption was optimal for the dataset.
The mean values of apparent volume of distribution (Va), absorption rate constant (Ka),
and elimination rate constant (Ke) of meropenem in sepsis rat were 0.326 L, 3.602 h-!, and
3.212 h, respectively.

The relevant meropenem dosing regimens attaining different PK/PD targets
(40%fT>MIC, 100%fT>MIC, and 100%fT>4 x MIC) were determined by PK model
simulation as follows: 75 mg/kg/q6h (40%fI>MIC), 75 mg/kg/q2.4h (100%/T>MIC), 50
mg/kg/q2.4h (100%fT>MIC), and 75 mg/kg/q2h (100%fT>4 x MIC). The simulated
concentration—time curves for the above dosing regimens are shown in Figure 2. Of note,
the 100%fT>MIC target could be achieved by the regimens of 75 mg/kg/q2.4h and 50
mg/kg/q2.4h, and these two regimens were designed to check the dose difference on the
efficacy response.
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Figure 2. The simulated concentration-time curves and illustrative PD target attainment for
different meropenem dosing regimens of 75 mg/kg/qéh (40%fT>MIC), 50 mg/kg/q2.4h
(100%fT>MIC), 75 mg/kg/q2.4h (100%fT>MIC), and 75 mg/kg/q2h (100%/T>4 x MIC) for a treatment
duration of 12 h. The dots represent the observed mean + SD concentrations, and the Y-axis is shown
as a square root scale.

2.4. PK/PD Outcomes of Meropenem in Sepsis Rat Model

The observed mean * standard deviation (SD) concentrations of different treatment
groups are shown in Figure 2 and Supplementary Table S1, which is generally in good
agreement with the simulated profiles. The individual magnitude of PK/PD index for the
treatment groups (75 mg/kg/q6h, 75 mg/kg/q2.4h, 50 mg/kg/q2.4h, and 75 mg/kg/q2h) was
determined based on the measured meropenem concentrations and PK modeling, and the
calculated target attainments are presented in Table 1. Overall, the actual target
attainments of the PK/PD indices for different treatment groups were in good agreement
with predefined magnitudes.

Table 1. The actual target attainment of different PK/PD targets in sepsis rats receiving various
meropenem dosing regimens.

Subject  40%/T>MIC 100%/T>MIC 100%fT>MIC  100%fT>4 x MIC
(75 mg/kg/q6h) (75 mg/kg/q2.4h) (50 mg/kg/q2.4h) (75 mg/kg/q2h)
1 41.0% 100% 100% 100%
2 78.1% 100% 100% 100%
3 60.7% 100% 80.6% 100%
4 49.7% 100% 86.8% 94.4%
5 46.9% 100% 87.1% 100%
6 45.8% 100% 100% 100%
7 56.1% 92.9% 100% 100%
8 58.1% 100% 100% 100%
9 42.3% 100% 100% 100%
10 39.1% 95.5% 100% 93.7%
11 43.8% 100% 98.6% 100%
12 64.8% 100% 100% 89.6%

The bacterial counts in blood after a 12 h treatment duration are displayed in Figure
3. A large individual difference in bacterial counts was observed in each group. The
median bacterial counts in the treatment groups of 75 mg/kg/q6h, 75 mg/kg/q2.4h, and 50
mg/kg/q2.4h were lower than the control group, while similar counts were observed for
the control group and 75 mg/kg/q2h treatment group. There were no statistically
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significant differences between different groups based on a Student’s t-test (p > 0.05). No
colony was observed on the MHA plates containing 0.375 mg/mL meropenem in any
group, indicating no resistance developed during the treatment period.
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Figure 3. The box-plot distribution of bacteria counts in blood samples from sepsis rats following
12 h of treatment with meropenem. The dosing regimens for the treatment groups of A, B, C, and D
were 75 mg/kg/q6h (40%fT>MIC), 75 mg/kg/q2.4h (100%fT>MIC), 50 mg/kg/q2.4h (100%fT>MIC),
and 75 mg/kg/q2h (100%fT>4 x MIC), respectively. The control group received equal volume of
sterile saline.

The 7-day survival curves of the sepsis rats in different groups are shown in Figure
4. Graphically, the treatment groups showed better survival outcomes than the control
group. For instance, the median survival time for the treatment groups of 75 mg/kg/q6h
and 50 mg/kg/q2.4h was almost doubled compared to the control group (Table 2). The
survival rates of the treatment groups of 75 mg/kg/q2.4h and 75 mg/kg/q2h are all over
50%, so the median survival time was not defined. Among the treatment groups, the
groups of 50 mg/kg/q2.4h, 75 mg/kg/q2.4h, and 75 mg/kg/q2h displayed comparable
survival outcomes, which were visibly better than that of 75 mg/kg/q6h group. The results
of further statistical analysis for the log-rank test and hazard ratio comparison are
depicted in Tables 2 and 3. The log-rank test confirmed that the survival outcomes of the
treatment groups versus the control group were indeed statistically significant (Table 2).
The hazard ratios of the treatment groups versus the control group were all less than 1,
indicating the protective effect of meropenem treatment. The log-rank test showed that
survival outcomes between different treatment groups were insignificant (Table 3).
However, the hazard ratios of the treatment groups of 75 mg/kg/q2.4h (100%fT>MIC) and
75 mg/kg/q2h (100%fIT>4 x MIC) versus the 75 mg/kg/q6h group (40%fI>MIC) were
between 0.51-0.66, demonstrating a potentially beneficial effect of the aggressive PK/PD
target attainment.
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Figure 4. The survival curves of sepsis rats infected with 1 x 10” CFU Pseudomonas aeruginosa
ATCC9027 and followed with different meropenem regimens attaining various PD targets. A: 75
mg/kg/qbh (40%fT>MIC), B: 75 mg/kg/q2.4h (100%fT>MIC), C: 50 mg/kg/q2.4h (100%fT>MIC), and
D: 75 mg/kg/q2h (100%fT>4 x MIC). Control: sterile saline.

Table 2. Statistical results of survival outcomes between meropenem treatment groups and the
control in sepsis rat model.

Control 40%fT>MIC 100%fT>MIC 100%fT>MIC  100%fT>4 x MIC
(75 mg/kg/q6h) (75 mg/kg/q2.4h) (50 mg/kg/q2.4h) (75 mg/kg/q2h)
Log-rank test 0.0187 0.0004 0.0051 0.0008
(p value)
Median survival 76.5 138 Undefined 167 Undefined
time (h)
Hazard ratio (95% 0.3306 0.1709 0.2779 0.2096
o)) (0.1240, 0.8814) (0.0578, 0.5059) (0.1017,0.7594) (00730, 0.6017)

CI: confidence interval.

Table 3. The statistical results of survival outcomes between different meropenem treatment groups
in sepsis rat model.

B/A C/A D/A B/C B/D D/C
Log-rank test 0.2831 0.8144 0.4819 0.4234 0.7042 0.6704
(p value)
Hazard ratio 05132 0.8742 0.6587 0.6016 0.7768 0.7744

(95% CI) (0.1470, 1.7920) (0.2812,2.7180) (0.2004, 2.1650) (0.1739, 2.0820) (0.2103, 2.8700) (0.2373, 2.5270)
CI: confidence interval. A = 40%fT>MIC (75 mg/kg/q6h), B = 100%fT>MIC (75 mg/kg/q2.4h), C =
100%fT>MIC (50 mg/kg/q2.4h), D = 100%fT>4 x MIC (75 mg/kg/q2h).

3. Discussion

In the present study, the rat sepsis model was used to evaluate the microbiological
and survival outcomes of meropenem dosing regimens attaining different PK/PD targets
(40%fT>MIC, 100%fT>MIC, and 100%fT>4 x MIC). The rat sepsis model was developed to
mimic the situations for critically ill patients with severe bacterial infections. The well-
known thigh infection model is not considered for the development of a sepsis model
because it usually represents local infections [20]. Infections that lead to sepsis most often
start in the lung, abdomen, urinary tract, or central nervous system, and the abdomen is
the second most common source of sepsis [21]. Currently, there are three main methods
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for a sepsis animal model, including injection of an exogenous toxin (e.g.,
lipopolysaccharide), alteration of the endogenous protective barrier (e.g., cecal ligation
and puncture, CLP), and infusion or instillation of exogenous bacteria [22]. The CLP-
method-induced sepsis is due to polymicrobial infections by translocation of various
cecum bacteria into the blood. As we need to design an elegant sepsis model with the
infection bacteria presenting a specific MIC (facilitating PK/PD target determination), the
intra-abdominal sepsis model by intraperitoneal injection of a single species of bacteria
was utilized. Pseudomonas aeruginosa was selected as the working bacteria because it is a
difficult-to-treat bacterial infection in critically ill sepsis patients and is sensitive to
meropenem [23].

In vivo results demonstrated that meropenem treatment significantly improved
survival of rats in the sepsis model. No significant differences in survival outcome were
observed between different meropenem treatment groups. The sample size was too small
to detect a statistical difference in survival outcomes with respect to different PK/PD
targets. An increase in sample size would add to the statistical power, but this is limited
by the difficulty of the experimental workload. Nevertheless, it is evident that pronounced
survival prolongation was observed in the treatment groups of 75 mg/kg/q2.4h
(100%fT>MIC), 50 mg/kg/q2.4h (100%fT>MIC), and 75 mg/kg/q2h (100%fT>4 x MIC)
compared to the 75 mg/kg/q6h (40%fT>MIC) group, with the time of 75% survival being
105-125.5 h rather than 77 h. From the results of the hazard ratio and the time of 75%
survival, the traditional PK/PD target of 40%fT>MIC is suboptimal for sepsis patients. It
is not surprising that no survival difference was found between the treatment groups of
75 mg/kg/q2.4h (100%fT>MIC) and 50 mg/kg/q2.4h (100%fT>MIC). As a time-dependent
antibiotic, the attained magnitude of the %fI>MIC was the same between these two
meropenem groups, so the expected bactericidal effect was similar. This indicated that
excessive meropenem exposure under the same %fI>MIC in sepsis patients could not
provide an improved outcome. The comparable survival curves between meropenem
groups with PD targets of 100%fI>MIC and 100%fI>4 x MIC indicated that the aggressive
100%fT>4 x MIC magnitude could not further improve the survival outcome. However,
in vitro studies have demonstrated that 100%T>4-6 x MIC is needed for preventing the
development of resistance of the $-lactams, including carbapenems [18,24]. Using a static-
killing set-up, Mouton et al. reported that the regrowing of Pseudomonas aeruginosa was
observed after a few hours of ceftazidime treatment with a sustained concentration
around or slightly above the initial MIC, while a sustained concentration 4 to 5 times the
MIC is effective for suppressing the resistance [18]. In an in vitro dynamic killing study,
the resistance of a subpopulation of Pseudomonas aeruginosa increased after several days of
meropenem treatment with a 100%fI>1.7 x MIC target, and the emergence of resistance
can be suppressed with a 100%fT>6.2 x MIC target [24]. Although a 100%fT>4 x MIC target
provides added value for preventing resistance, the attainment of this target at clinically
safe doses is often hard to achieve. In a post hoc analysis of a prospective study, a PD
target of 100%fI>4 x MIC is very low for septic patients, even when high-loading
meropenem doses are administered over an extended infusion period [25]. In addition,
excessive drug exposure might cause adverse effects. In a retrospective study of 130 septic
patients treated with meropenem, elevated meropenem trough concentration was
associated with increased occurrence of neurological deterioration [26].

The effect of microbiological eradication for different PD targets is inconclusive due
to the “irregular” bacterial counts in blood samples. Even in the control group, we failed
to observe an obvious growing trend for Pseudomonas aeruginosa in the blood in sepsis rats.
During the development of the sepsis model, the bacterial counts in blood at several time
points (e.g., 2, 4, 8, and 24 h after intraperitoneal injection) were measured, and no clear
trends were observed for different inoculum sizes (1 x 107-1 x 108 CFU) of the bacteria.
This phenomenon was also observed in other animal studies with Pseudomonas aeruginosa
as the infection bacteria [27,28], and the intrinsic reason remains unknown. We suspected

the following reasons that may partly account for the “irregular” observations: a)
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the growth of bacteria in blood is quite complicated and is influenced by many
physiological factors, such as immunological situations; b) the response of the
immune system to similar bacterial-burden-induced infection may be quite
different in rats, resulting in potential differences in the bactericidal ability of the
body system.

Drug resistance was not observed in all treatment groups within the 12 h treatment
duration. The selective amplification of the resistance of a subpopulation often occurs
after a relative long treatment period, so our results in this rat sepsis model may not reflect
the actual resistance situation in sepsis patients because of the short treatment period and
the relatively low inoculum size (1 x 107 CFU). To unravel this question, the use of an in
vitro hollow-fiber infection model (HFIM) [29], a dynamic killing model that could
precisely simulate human PK and readily assess bacterial killing and resistance over long
periods (e.g., 14 days), could provide informative data about the microbiological effects
of the different PD magnitudes (40%fT>MIC, 100%fT>MIC, and 100%fT>4 x MIC) of
meropenem.

4. Materials and Methods
4.1. Drug, Organisms, and Media

Meropenem (Aladdin Biochemical Technology Co., Ltd., Shanghai, China) was
dissolved in sterile ultrapure water, following serially twofold dilution to the desired
concentrations used for in vitro study. For in vivo study, meropenem was reconstituted
in sterile 0.9% saline, then it was further diluted to the required concentration according
to the milligram-per-kilogram of body weight doses. Pseudomonas aeruginosa ATCC 9027
and 27853 (Shanghai Bioresource Collection Center, Shanghai, China) were included in
these experiments. The organisms were stored in 40% glycerin at —80 °C prior to use.
Microorganisms were incubated, subcultured, and quantified in Mueller-Hinton broth
(MHB) and agar (MHA) (Guangdong Huankai Microbial Sci. & Tech. Co., Ltd,,
Guangdong, China).

4.2. Antimicrobial Susceptibility Test

MICs of the aforementioned organisms to meropenem were performed by the agar
dilution method according to guidelines of the Clinical and Laboratory Standards
Institute (CLSI) [30]. The final concentrations of meropenem ranged from 0.002 to 32 mg/L.
Organisms were incubated in MHB at 37 °C to the logarithmic phase. The bacterial
suspensions were subsequently diluted with MHB and adjusted to the OD of 0.08-0.13 at
a wavelength of 625 nm, resulting in approximately 1 x 108 CFU/mL. From this dilution,
100 uL of the bacterial suspension was further mixed with 900 uL of MHB to yield a 1:10
dilution, and 2 pL of the resulting solution was added to the MHA plate containing serial
twofold dilutions of meropenem, resulting in a bacterial density of 1 x 10* CFU/spot. The
inoculated plates were then incubated at 37 °C for 16-20 h. In each run, two antimicrobial-
free MHA growth control plates were included. MIC was determined as the lowest
concentration of meropenem that inhibited visible growth of bacteria. The isolates were
tested in triplicate. Pseudomonas aeruginosa ATCC 27853 was used as the quality control.

4.3. Development of Sepsis Rat Model

Specific-pathogen-free, Sprague-Dawley rats weighting 180-220 g were obtained
from Hunan SJA Laboratory animal Co., Ltd. in Changsha, China. All animal experiments
and animal care were performed under protocols approved by the Animal Ethics
Committee of Central South University. Throughout the experiment, rats were provided
with food and water ad libitum.

Rats were transiently rendered neutropenic by intraperitoneal administration of two
doses of cyclophosphamide (100 mg/kg on day 0 (5 days before infection) plus 75 mg/kg
on day 4 (1 day before infection)) [31]. The glycerol bacteria (Pseudomonas aeruginosa ATCC
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9027) stored at —80 °C were thawed and then cultured in MHB at 37 °C under a rotation
speed of 180 rpm to the logarithmic phase. The fresh broth culture of bacteria was diluted
serially with sterile saline to obtain different working suspensions for injection at 1 x 108
CFU/mL, 5 x 107 CFU/mL, 2.5 x 10 CFU/mL, and 1 x 107 CFU/mL. On day 5, the
neutropenic rats were randomized into five groups (four treatment groups + one control
group), each containing 12 animals (six females and six males). The treatment groups were
intraperitoneally injected with 1 mL of Pseudomonas aeruginosa ATCC 9027 at different
bacterial concentrations, and the control group was intraperitoneally injected with 1 mL
sterile saline. After infection, rats were observed for physical conditions and mortality for
7 days. The optimal load of bacterial suspensions for the rat sepsis model was determined
based on the criterion of about 50% of lethality rate after 2 to 3 days infection [32].

4.4. Pharmacokinetics Study and Calculation of Free Drug Concentration

The pharmacokinetic characteristics of meropenem in the developed rat sepsis model
was investigated, and the resulting PK data was subsequently used for compartmental
modeling to determine the suitable dosing regimens to attain different PK/PD targets
(40%fT>MIC, 100%fT>MIC, and 100%fT>4 x MIC).

The optimal bacterial load for the sepsis rat model with predefined survival rate
determined in section of “2.3 Development of sepsis rat model” was intraperitoneal
injection with 1 x 107 CFU of Pseudomonas aeruginosa ATCC 9027. For the PK study, six
neutropenic rats (male/female, 50/50) were first intraperitoneally injected with 1 x 107 CFU
of Pseudomonas aeruginosa ATCC 9027. After two hours, the rats were injected
subcutaneously with meropenem at a single dose of 100 mg/kg. A small amount of blood
(10 pL) was collected through tail vein at 0.083, 0.167, 0.5, 1, 1.5, 2, and 4 h after
meropenem administration. Meropenem blood samples were analyzed based on an
adapted method of ultra-performance liquid chromatography with photodiode array
(UPLC-PDA) for plasma samples [33]. Blood samples (10 uL) were deproteinated with
acetonitrile (100 pL) containing 20 ug/mL of metronidazole (internal standard).
Chromatographic separation was performed with an ACQUITY UPLC HSS T3 column
(2.1 x 50 mm, 1.8 pum) at a flow rate of 0.5 mL/min. The calibration range was 0.3 to 150
ug/mL (r2=0.999). The intra- and inter-day precisions were less than 9.1%, and the intra-
and inter-day accuracies were between 89.0% and 99.3%.

The measured meropenem in blood samples is total concentration. To obtain free
meropenem plasma concentration, the protein binding ratio (PPB) and blood-to-plasma
concentration ratio (BPR) of meropenem in rats were measured. The conversion of total
meropenem blood concentration (Cyy¢q) to free plasma concentration (Crr.) is based on
Equation 1:

Cfree = Ctotat/BPR X (1 — PPB) 1)

The protein binding ratio of meropenem in rat plasma was determined by the
ultrafiltration method. Briefly, 400 uL of rat plasma containing 10 pg/mL meropenem (n
=3) was added onto an Amicon® Ultra 0.5 mL filter (molecular weight cutoff: 30 K, Merck).
The sample was incubated at 37 °C and centrifuged at 1500x g for 15 min. The filtrate was
measured by the UPLC-PDA method.

Blood-to-plasma concentration ratio of meropenem in the rats was measured
according to a previous report [34]. In short, 50 pL of meropenem (200 pg/mL) was added
to 950 pL of fresh rat blood, and then the blood was incubated at 37 °C for 10 min under
a rotating speed of 500 rpm (AS ONE?® Block Bath Shaker MyBL-100CS, Shanghai, Japan).
Afterwards, the blood sample was centrifuged, and the obtained plasma was analyzed by
the UPLC-PDA method.

4.5. Pharmacokinetic Modeling and Dosing Regimen Simulation
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Compartmental modeling was performed for the measured meropenem blood
concentration data using Phoenix WinNonlin software (Version 8.1, Pharsight
Corporation, Princeton, USA). The mean values of the relevant PK parameters were
calculated.

By combining the determined MIC of Pseudomonas aeruginosa ATCC 9027 (0.125
mg/L), PPB (15%), and BPR (0.65) of meropenem, the relevant meropenem dosing
regimens attaining different PK/PD targets (40%fT>MIC, 100%fT>MIC, and 100%fT>4 x
MIC) were determined by PK model simulation using R Version 4.2.0 (R Foundation for
Statistical Computing, Vienna, Austria).

4.6. Microbiological and Survival Outcomes of Meropenem in Sepsis Rat Model

Sixty neutropenic rats were randomized into five groups (four treatment groups +
one control group), each containing 12 animals (male/female, 50/50). The neutropenic rats
were intraperitoneally injected with 1 x 107 CFU of Pseudomonas aeruginosa ATCC 9027.
After two hours, the four treatment groups were given different meropenem regimens
(described in Section 3 Pharmacokinetic Parameters of Meropenem and Dosing Regimen
Determination) via subcutaneous administration for a period of 12 h, and the control
animals were injected with sterile saline.

After the injection, a small amount of blood (10 pL) at several time points (0.083, 0.5,
and 1.5 h after the first dose and 0.167, 1, and 2 h after the last dose) was collected from
the tail vein of meropenem-dosed animals. These blood samples were measured to verify
whether the targeted PK/PD indices were achieved in each treatment group. At 12 h after
the treatment, 100 puL of blood was collected from the tail vein of each animal for the
quantification of viable organisms. The samples were diluted 10-fold with sterile saline,
and 100 pL of the dilutions was spread onto the MHA plates (in triplicate) and cultured
at 37 °C for 24 h for viable organism counts. The remainder of the diluted samples (100 uL
each in triplicate) was inoculated on MHA plates that contained meropenem at a
concentration of 0.375 mg/mL (3 x MIC of Pseudomonas aeruginosa ATCC 9027) and
cultured for 72 h for resistance estimation.

The mortality of the animals was monitored for 7 days, and the times of death were
carefully monitored. A Kaplan-Meier (KM) survival curve for each group was
constructed using GraphPad Prism v.8.1 (GraphPad Software, San Diego, CA, USA). The
log-rank test was conducted to test difference in survival between different groups, and a
p value <0.05 was considered statistically significant. Also, the hazard ratio was calculated
between different groups.

5. Conclusions

In an intra-abdominal sepsis rat model, we demonstrated that an inferior survival
outcome was observed for rats attaining the traditional 40%fI>MIC target compared with
the aggressive PD targets of 100%fI>MIC and 100%fI>4 x MIC, while the 100%fT>4 x MIC
target does not provide further improvement of survival compared with the target of
100%fT>MIC.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/antibiotics11111660/s1, =~ Table ~ S1: The measured
concentrations (mean * SD) of meropenem in sepsis rats treated with four dosing regimens attaining
different PK/PD targets.

Author Contributions: Data curation, Q.W. and Q.Y.; Methodology, L.L.; Writing — original draft,
Y.W.; Writing — review & editing, F.X. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant
number: 82073940 and 82104306), the Hunan Provincial Natural Science Foundation of China (grant
number: 2021JJ40815), the Science and Technology Innovation Program of Hunan Province (grant



Antibiotics 2022, 11, 1660 11 of 12

number: 2022RC1229), and the Scientific Research Fund of the Hunan Provincial Education
Department (grant number: 21B0013).

Institutional Review Board Statement: All animal experiments were approved by the Animal
Ethics Committee of Central South University (Hunan, China) [no. 2021sydw0255].

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

Reference

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.-
D.; Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016,
315, 801-810. https://doi.org/10.1001/jama.2016.0287.

Kadri, S.S.; Rhee, C; Strich, J.R.; Morales, M.; Hohmann, S.; Menchaca, ].; Suffredini, A.F.; Danner, R.L.; Klompas, M. Estimating
Ten-Year Trends in Septic Shock Incidence and Mortality in United States Academic Medical Centers Using Clinical Data. Chest
2017, 151, 278-285. https://doi.org/10.1016/j.chest.2016.07.010.

Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi, D., Kievlan DR; et al. Global, regional, and national sepsis incidence
and mortality, 1990-2017: Analysis for the Global Burden of Disease Study. Lancet 2020, 395, 200-211.

Berg, M.V.D.; van Beuningen, F.; ter Maaten, J.; Bouma, H. Hospital-related costs of sepsis around the world: A systematic
review exploring the economic burden of sepsis. J. Crit. Care 2022, 71, 154096. https://doi.org/10.1016/].jcrc.2022.154096.

Pant, A., Mackraj, I, and Govender, T., Advances in sepsis diagnosis and management: A paradigm shift towards nanotech-
nology. J. Biomed. Sci. 2021, 28,6.

Zhang, H.; Zhang, Y.; Wu, J.; Li, Y.; Zhou, X,; Li, X,; Chen, H.; Guo, M.; Chen, S.; Sun, F.; et al. Risks and features of secondary
infections in severe and critical ill COVID-19 patients. Emerg.  Microb.  Infect. 2020, 9, 1-45.
https://doi.org/10.1080/22221751.2020.1812437.

Evans, L.; Rhodes, A.; Alhazzani, W.; Antonelli, M.; Coopersmith, C.M.; French, C.; Machado, F.R.; Mcintyre, L.; Ostermann,
M.; Prescott, H.C,; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock 2021.
Intensiv. Care Med. 2021, 47, 1181-1247. https://doi.org/10.1007/s00134-021-06506-y.

Ferrer, R.; Artigas, A.; Suarez, D.; Palencia, E.; Levy, M.M.; Arenzana, A.; Pérez, X.L.; Sirvent, ].M. Effectiveness of treatments
for severe sepsis: A prospective, multicenter, observational study. Am. J. Respir Crit. Care Med. 2009, 180, 861-866.

Kumar, A.; Roberts, D.; Wood, K.E.; Light, B.; Parrillo, J.E.; Sharma, S.; Suppes, R.; Feinstein, D.; Zanotti, S.; Taiberg, L.; et al.
Duration of hypotension before initiation of effective antimicrobial therapy is the critical determinant of survival in human
septic shock®. Crit. Care Med. 2006, 34, 1589-1596. https://doi.org/10.1097/01.ccm.0000217961.75225.€9.

Liu, V.X,; Fielding-Singh, V.; Greene, ].D.; Baker, ].M.; Iwashyna, T.J.; Bhattacharya, J.; Escobar, G.J. The Timing of Early
Antibiotics and Hospital Mortality in Sepsis. Am. ] Respir. Crit. Care Med. 2017, 196, 856-863.
https://doi.org/10.1164/rccm.201609-18480c.

Nielsen, E.I; Friberg, L.E. Pharmacokinetic-Pharmacodynamic Modeling of Antibacterial Drugs. Pharmacol. Rev. 2013, 65, 1053—
1090. https://doi.org/10.1124/pr.111.005769.

Drusano, G.L. Prevention of Resistance: A Goal for Dose Selection for Antimicrobial Agents. Clin. Infect. Dis. 2003, 36, 542-S50.
https://doi.org/10.1086/344653.

Hawkey, P.M.; Livermore, D.M. Carbapenem antibiotics for serious infections. BM] 2012, 344, e3236—3236.
https://doi.org/10.1136/bm;j.e3236.

Craig, W.A.,Pharmacokinetic/pharmacodynamic parameters: Rationale for antibacterial dosing of mice and men. Clin Infect
Dis 1998, 26, 1-10.

Nightingale, C.H.; Ambrose, P.G.; Drusano, G.L.; Murakawa, T. Antimicrobial Pharmacodynamics in Theory and Clinical Practice;
CRC Press: Boca Raton, USA, 2007.

Li, C; Du, X,; Kuti, ]J.L.; Nicolau, D.P. Clinical Pharmacodynamics of Meropenem in Patients with Lower Respiratory Tract
Infections. Antimicrob. Agents Chemother. 2007, 51, 1725-1730. https://doi.org/10.1128/aac.00294-06.

McKinnon, P.S.; Paladino, J.A.; Schentag, ].J. Evaluation of area under the inhibitory curve (AUIC) and time above the minimum
inhibitory concentration (T>MIC) as predictors of outcome for cefepime and ceftazidime in serious bacterial infections. Int. J.
Antimicrob. Agents 2008, 31, 345-351. https://doi.org/10.1016/j.ijjantimicag.2007.12.009.

Mouton, J.W.; Hollander, J.G.D. Killing of Pseudomonas aeruginosa during continuous and intermittent infusion of ceftazidime
in an in vitro pharmacokinetic model. Antimicrob. Agent. Chemother. 1994, 38, 931-936. https://doi.org/10.1128/aac.38.5.931.
Mouton, J.W.; Vinks, A.A. Is continuous infusion of beta-lactam antibiotics worthwhile? —Efficacy and pharmacokinetic
considerations. |. Antimicrob. Chemother. 1996, 38, 5-15.

Velkov, T.; Bergen, P.J.; Lora-Tamayo, J.; Landersdorfer, C.B.; Li, J. PK/PD models in antibacterial development. Curr. Opin.
Microbiol. 2013, 16, 573-579. https://doi.org/10.1016/j.mib.2013.06.010.



Antibiotics 2022, 11, 1660 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

Hecker, A.; Reichert, M.; Reufs, C.J.; Schmoch, T.; Riedel, J.G.; Schneck, E.; Padberg, W.; Weigand, M.A.; Hecker, M. Intra-
abdominal sepsis: New definitions and current clinical standards. Langenbeck’s Arch. Surg. 2019, 404, 257-271.
https://doi.org/10.1007/s00423-019-01752-7.

Doi, K.; Leelahavanichkul, A.; Yuen, P.; Star, R.A. Animal models of sepsis and sepsis-induced kidney injury. J. Clin. Investig.
2009, 119, 2868-2878. https://doi.org/10.1172/jci39421.

Diekema, D.J.; Hsueh, P.-R.; Mendes, R.E.; Pfaller, M.A.; Rolston, K.V.; Sader, H.; Jones, R.N. The Microbiology of Bloodstream
Infection: 20-Year Trends from the SENTRY Antimicrobial Surveillance Program. Antimicrob. Agent. Chemother. 2019, 63, €00355-
19. https://doi.org/10.1128/aac.00355-19.

Tam, V.H.; Schilling, A.N.; Neshat, S.; Poole, K.; Melnick, D.A.; Coyle, E.A. Optimization of meropenem minimum concen-
tration/mic ratio to suppress in vitro resistance of pseudomonas aeruginosa. Antimicrob. Agent. Chemother. 2005, 49, 4920-4927.
Delattre, L.K.; Hites, M.; Laterre, P.-F.; Dugernier, T.; Spapen, H.; Wallemacq, P.E.; Jacobs, F.; Taccone, F.S. What is the optimal
loading dose of broad-spectrum {-lactam antibiotics in septic patients? Results from pharmacokinetic simulation modelling.
Int. ]. Antimicrob. Agents 2020, 56, 106113. https://doi.org/10.1016/j.jjantimicag.2020.106113.

Beumier, M., Casu, G.S.; Hites, M.; Wolff, F.; Cotton, F.; Vincent, ].L.; Jacobs, F.; Taccone, F.S. Elevated (3-lactam concentrations
associated with neurological deterioration in icu septic patients. Minerva Anestesiol. 2015, 81, 497-506.

Scott, R.E.; Robson, H.G. Synergistic Activity of Carbenicillin and Gentamicin in Experimental Pseudomonas Bacteremia in
Neutropenic Rats. Antimicrob. Agents Chemother. 1976, 10, 646—651. https://doi.org/10.1128/aac.10.4.646.

Tsuji, M.; Matsuda, H.; Miwa, H.; Miyazaki, S. Antimicrobial-induced release of endotoxin from Pseudomonas aeruginosa:
Comparison of in vitro and animal models. ]. Antimicrob. Chemother. 2003, 51, 353-359. https://doi.org/10.1093/jac/dkg042.
Sadouki, Z.; McHugh, T.D.; Aarnoutse, R.; Canseco, ]J.O.; Darlow, C.; Hope, W.; van Ingen, J.; Longshaw, C.; Manissero, D.;
Mead, A; et al. Application of the hollow fibre infection model (HFIM) in antimicrobial development: A systematic review and
recommendations of reporting. J. Antimicrob. Chemother. 2021, 76, 2252-2259. https://doi.org/10.1093/jac/dkab160.

Clinical and Laboratory Standards Institute Antimicrobial Susceptibility, M100—Performance Standards for Antimicrobial
Susceptibility Testing, 32nd ed. 2022. Available online:
https://www.clsi.org/standards/products/microbiology/documents/m100/ (accessed 10 September 2022).

Johnson, D.E.; Calia, F.M.; Snyder, M.].; Warren, J.W.; Schimpff, S.C. Imipenem therapy of pseudomonas aeruginosa bac-
teraemia in neutropenic rats. |. Antimicrob. Chemother. 1983, 12, 89-96.

Mayr, F.B.; Yende, S.; Angus, D.C. Epidemiology of severe sepsis. Virulence 2013, 5, 4-11. https://doi.org/10.4161/viru.27372.
Xie, F; Liu, L.; Wang, Y.; Peng, Y.; Li, S. An UPLC-PDA assay for simultaneous determination of seven antibiotics in human
plasma. J. Pharm. Biomed. Anal. 2022, 210, 114558. https://doi.org/10.1016/j.jpba.2021.114558.

Sparreboom, A.; Van Zuylen, L.; Brouwer, E.; Loos, W.].; De Bruijn, P.; Gelderblom, H.; Pillay, M.; Nooter, K.; Stoter, G.; Verweij,
J. Cremophor EL-mediated alteration of paclitaxel distribution in human blood: Clinical pharmacokinetic implications. Cancer
Res. 1999, 59, 1454-1457.



