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The aim of this study is to develop a physiologically based pharmacokinetic (PBPK) model in intra-
abdominal infected rats, and extrapolate it to human to predict moxifloxacin pharmacokinetics profiles
in various tissues in intra-abdominal infected human. 12 male rats with intra- abdominal infections,
induced by Escherichia coli, received a single dose of 40 mg/kg body weight of moxifloxacin. Blood
plasma was collected at 5, 10, 20, 30, 60, 120, 240, 480, 1440 min after drug injection. A PBPK model
was developed in rats and extrapolated to human using GastroPlus software. The predictions were
assessed by comparing predictions and observations. In the plasma concentration versus time profile
of moxifloxcinin rats, Cmax was 11.151 g g/mL at 5 min after the intravenous injection and ty: was
2.936 h. Plasma concentration and kinetics in human were predicted and compared with observed datas.
Moxifloxacin penetrated and accumulated with high concentrations in redmarrow, lung, skin, heart,
liver, kidney, spleen, muscle tissues in human with intra-abdominal infection. The predicted tissue to
plasma concentration ratios in abdominal viscera were between 1.1 and 2.2. When rat plasma con-
centrations were known, extrapolation of a PBPK model was a method to predict drug pharmacokinetics
and penetration in human. Moxifloxacin has a good penetration into liver, kidney, spleen, as well as
other tissues in intra-abdominal infected human. Close monitoring are necessary when using moxifloxacin
due to its high concentration distribution. This pathological model extrapolation may provide reference
to the PK/PD study of antibacterial agents.
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INTRODUCTION monly not located in the plasma [3]. Knowledge on pharma-

cokinetics in plasma alone, therefore, is often not sufficient

Moxifloxacin is an 8-methoxyquinolone with enhanced ac- to estimate if certain bacterial pathogens can be killed at
tivity against Gram-positive pathogens and maintenance of the infected site. Previous researches have studied the
activity against Gram-negative organisms. It is a broad- pharmacokinetics and penetration of moxifloxacin under
spectrum fluroquinolone used to treat a variety of infections, different pathological state [4-10]. Only Stass [11] and Rink
including complicated intra-abdominal infections (approved [12] have studied the pharmacokinetics of moxifloxacin in
in the USA) [1]. It is mainly metabolized to the N-sulfate abdominal infection and reported that it has a good pene-
(metabolite M1) and the acylglucuronide (metabolite M2) [2]. tration into peritoneal exudates and abscess fluid in peri-
Tissue distribution is an important component for under- tonitis and intra-abdominal abscess patients, respectively.
standing anti-infective efficacy, since target sites are com- However, data on drug penetration into various tissues in-

human is rare, especially in the patients with intra-abdomi-
nal infection.
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scriptions of a chemical’s absorption, distribution, metabo-
lism, and elimination (ADME) [13]. Movement of a drug
between the organ compartments, as well as the steady-
state distribution of drug into each organ, can be defined
by both the physicochemical parameters of the drug itself
and the content of lipid, water and protein in each organ
[3]. The difference lies in the PBPK models ability to sub-
stitute species-specific physiological and biochemical para-
meters into the model [13]. Therefore, moxifloxacin blood and
tissue concentration predictions can be extrapolated from rats
to humans by developing a PBPK model.

METHODS
Chemicals

Moxifloxacin hydrochloride sodium chloride injection
(BAY 12-8039; Cs1H24FN304 « xHCL; 250 mL:0.4 g) was syn-
thesized by Bayer HealthCare, Beijing, China.

Animals

Twelve healthy rats (breed SD), male, were included in
the experiment, weighing 200~220 g. All the rats were ob-
tained from the Laboratory Animal Center of Tianjin. The
animals were housed under identical conditions (at room
temperature), according to the requirements of the species.
Standard particle feed and water were supplied.

Bacterial strain

Escherichia coli (E. coil, isolate 6857), used in our study,
kindly supplied by Tianjin First Central Hospital. The or-
ganisms were stored at —65°C before being subcultured on
MH agar. Prior to use, the strains were grown, subcultured
at 35°C for 18 h and the fresh isolates were prepared as
bacterial-liquid with sterile saline at the day of experiment.

Experimental

Intra-abdominal infection model were induced by intra-
peritoneal injection of 10 ml/kg of E. coli bacteria liquid
(2x10° CFU/ml) through left lower abdomen [14]. 2 h after
bacteria liquid injection, the rats were clearly infected with
the symptoms of erecting the fur and twisting the body. Then
twelve rats were injected with a single dose of 40 mg/kg body
weight of moxifloxacin through tail veins, which is equiv-
alent to adult dose of 400 mg according to the conversion
relation between human and rats. Blood samples were col-
lected from the inter canthus at 5, 10, 20, 30, 60, 120, 240,
480, 1440 min after drug treatment, respectively. The col-
lection was performed in heparinized syringes. Plasma was
obtained from centrifugation of blood samples. The sepa-
rated plasma was stored at below —80°C until further analy-
sis. The study was performed in accordance with the “Guide
for the Care and Use of Laboratory Animals” published by
the National Institutes of Health (NIH publication No.
8623, revised 1985), and was approved by the Experimental
Animal Care and Use Committee of Tianjin Medical Uni-
versity.

Analytical

The moxifloxacin concentrations were determined by high-

performance liquid chromatography (HPLC) and ultraviolet
detection via a method validated in our laboratory. Plasma
was mixed with ciprofloxacin solution (internal standard)
and deproteinized with acetonitrile. The chromatography
was done at room temperature on a reversed-phase Kroma-
sil C18 column (150x4.6 mm, 5 xm) with an injection vol-
ume of 20 L. The mobile phase consisted of 0.1% (v/v)
triethylamine, at PH 2.8 (adjusted with dilute phosphoric
acid) and methanol (38:62 v/v) at a flow rate of 1 mL * min™.
Detection was performed at 296 nm using UV detector.
Under these conditions, rentention times of moxifloxacin
and the internal standard were 14.1 and 5.9 min, respec-
tively. The bioanalytical method was validated according
to the FDA guidelines (USDHHS, FKA, CDER, 2001). The
linearity of the calibration curve was prepared with seven con-
centrations and determined using linear regression analysis.
The lower-limit of quantification was 0.2 xg/mL. The method
showed acceptable linearity with correlation coefficients, r*>
0.9991, as well as high precision (RSD%<5%), recovery (93.3~
115.8%), intra- and inter-day accuracy (RSD% <5.42%) and
selectivity.

Pharmacokinetic parameters of moxifloxacin in rat plas-
ma were calculated by non-compartmental method with
WinNonlin software (Version 5.2.1, Pharsight Corporation,
US).

PBPK model development

The PBPK model of moxifloxacin was built by GastroPlus
version 8.0 (Simulations Plus, Inc, Lancaster, CA, USA).
In summary, this model was composed of 14 tissue compart-
ments, including the heart, lung, brain, adipose, muscle,
skin, spleen, reproductive, gastrointestinal tract, liver, kid-
ney, yellow marrow, red marrow and rest of the body. These
compartments were linked together by venous and arterial
blood circulation. All of the tissues were considered to be
well-stirred compartments, and drug distribution into these
compartments was driven by perfusion-limited kinetics.
Each compartment was defined by an associated tissue
blood flow rate, volume and a tissue-to-plasma partition co-
efficient (Kp). And the Kps (Table 1) were predicted using
established tissue-composition based models [15-17] and
they roughly followed the order shown in previous paper

Table 1. The tissue-to-plasma partition coefficients (Kp) of
moxifloxacin calculated using established tissue-composition
based models

Tissue/organ Partition coefficient
Lung 5.48
Adipose 16.52
Muscle 2.79
Liver 4.82
Spleen 2.60
Heart 3.76
Brain 11.33
Kidney 4.42
Skin 6.08
Repro org 4.42
Red marrow 5.78
Yellow marrow 16.52
Rest of body 2.60
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[3]. They depended on compound biopharmaceutical proper-
ties such as lipophilicity (log P), pKa, and fraction of free
drug in plasma as well as the composition of lipids, water
and proteins in each tissue compartment.

In the rat PBPK model, the physicochemical properties
required as input information were depicted in Table 2. The
logP, solubility, and pKa were obtained from the literatu-
res. The effective permeability, plasma protein binding and
blood- to-plasma concentration ratio were obtained using
the ADMET Predictor™ module of GastroPlus, which has
been consistently ranked as the most accurate predictive soft-
ware in quantitative structure-pharmacokinetic relationship
models (OSPKR models) of biopharmaceutical properties
[18-20]. A PBPK model would be built in rats, plus the soft-
ware defaulted rat physiologic parameters, the above physi-
cochemical properties and moxifloxacin plasma concentra-
tion data in rats. And then human physiological and the
metabolic parameters were substituted into the model. Ky,
and Vimax values of moxifloxacin used in the human model
were taken from Senggunprai et al. [21]. And then moxiflo-
xacin concentrations in different tissues in man could be
predicted based on the established model. Thus, the model
would be extrapolated to human.

Validation of PBPK model

Experimental rat study was used to establish and vali-
date the rat PBPK model. The same chemical specific and
physiological parameters that used in the rat model were
also employed in the human model. After the model ex-
trapolated to human, the predicted plasma concentrations
were validated by the data from an experimental human
study, in which volunteers intravenously received a single
of 400 mg moxifloxacin after complicated intra-abdominal

Table 2. Physicochemical properties and in vitro data used in the
simulation of rat and human

Property Value Source
logP 1.9 [22]
Solubility (mg/mL) 24 [23]
Effective permeability 0.2 Estimated by ADMET
(Peff, cm/sx104) Predictor™

pKa 6.4/9.5 [24]
Rbp (Blood-to-plasma 0.74 Estimated by ADMET

™

concentration ratio) Predictor
Plasma protein 45% [25]
binding
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Fig. 1. The concentration versus time profile of moxifloxacin (mean
+SD) in rat plasma following a single dose of 40 mg/kg.

infected [11]. The overall accuracy of the predicted pharma-
cokinetic parameters were assessed from the fold-error
(difference between predicted and observed in vivo values),
and the prediction was considered successful if the fold-er-
ror was less than two [26,27]. Validation of the predicted
tissue concentrations (except plasma concentration) was
problematic, due to the limited human data available and
inconsistent units between prediction and observed data.
But some tissue-to-plasma concentration ratios were avail-
able from the published literature. Thus, the model pre-
dictions in different tissues in human would be roughly va-
lidated by the ratios.

RESULTS
Pharmacokinetic studies

The concentration versus time profile of moxifloxacin
(mean+SD) in rat plasma was shown in Fig. 1. The main
PK parameters were summarized in Table 3. Plasma con-
centration of moxifloxacin at 5min after the intravenous in-
jection of moxifloxacin was 11.151 ¢ g/mL, and decreased
progressively during the sampling period, reaching a geo-
metric mean of 0.275 xg/mL at 24 h.

Rat PBPK model

Input of moxifloxacin physicochemical parameters and
plasma concentration data in rats into the WB-PBPK model
produced a plasma concentration-time curve (Fig. 2). The
predicted and observed pharmacokinetic parameters with
prediction accuracy were summarized in Table 4. The simu-
lated intravenous plasma concentration time profile of mox-
ifloxacin by PBPK modeling corresponded well with the ob-

Table 3. Pharmacokinetic parameters for moxifloxacin in
plasma after a single intravenous of 40 mg/kg in twelve rats

Parameter Values (mean+SD)

Non-compartmental model

Cmax (2£g +mL™Y 11.151+3.183

Ty (h) 2.936+£2.912
AUCoa4 (h+ zg-mL™h) 28.913+8.753
CL (L-h™Y 0.287+0.128
V (L) 1.709+0.852
K. b h 0.236+0.238
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Fig. 2. Observed (mean+SD) and whole-body physiologically based
pharmacokinetic (WB-PBPK) model-simulated plasma concentration-
time profile in rats after injection of moxifloxacin.
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served profile. Most of the predicted pharmacokinetic pa-
rameters were reasonably consistent (<2-fold error) with
the observed values. Therefore, the PBPK model was estab-
lished in rats.

Human PBPK model and validation

Successfully established PBPK model in rats was ex-
trapolated to human and created a plasma concentration
versus time profile (Fig. 3). The predicted plasma concen-
tration data was validated by the data from paper of a sin-
gle intravenous infusion of 400mg moxifloxacin in human
with complicated intra-abdominal infections [11]. Fig. 3
showed that the simulated moxifloxacin concentration-time
profile was qualitatively similar to the observed data, al-
though the maximum plasma concentration (Cmax) was
overestimated. All the fold-errors of the predicted and ob-

Table 4. Observed and simulated pharmacokinetic parameters
of moxifloxacin after intravenous administration of 40 mg/kg
in rats with intra-abdominal infections

Pharmacokinetic

Observed  Predicted Fold-error
parameters
Crmax (2 g/mL) 12.028 1195.900 >2
Ci=0.083 n (2 g/mL) 12.028 20.523 1.706
Tmax (h) 0.083 0 0.083
AUCoq.inf (h* 1 g/mL) 30.713 24.588 1.249
AUCo.24 (h* 12 g/mL) 26.399 24.456 1.079

centration (ug/mL)
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Fig. 3. Observed and WB-PBPK model simulated moxifloxacin
plasma concentration-time profile in human following a single
intravenous infusion of 400 mg.

served pharmacokinetic parameters were less than two
(Table 5) which indicated that the human model ex-
trapolated from rat was successful and the model was able
to accurately simulate the plasma concentration-time profile.

Based on the extrapolated PBPK model, moxifloxacin
concentration-time profiles in various tissues were also si-
mulated and the profiles in the main abdominal organs
were showed in Fig. 4. The predicted moxifloxacin tis-
sue-to-plasma concentration ratios and Cmax In main tissues
were shown in Table 6.

DISCUSSION

The present study was the first attempt to predict moxi-
floxacin penetration into various tissues in human with in-
tra-abdominal infections using a PBPK model, which was
extrapolated from rat pathological model based on the plas-
ma concentrations in rats and validated in both rats and

Table 5. Observed and WB-PBPK model simulated pharma-
cokinetic parameters of moxifloxacin following a single intra-
venous infusion of 400 mg in human

Pharmacokinetic Observed  Predicted Fold-error
parameters
Cmax (1 g/mL) 3.610 5.769 1.598
Tmax (h) 1.000 1.000 1.000
AUCq.int (h* 1 g/mL) 30.531 31.414 1.029
AUCo.24 (h* 1 g/mL) 26.637 27.893 1.047

Concentration (ug/mL)

0 2 4 6 8 10 12 14
Simulation Time (h)

16 18 20 2 24

Fig. 4. Whole-body physiologically based pharmacokinetic model
simulated moxifloxacin abdominal tissue concentrations-time
profile in human after a single intravenous infusion of 400 mg.

Table 6. PBPK predicted moxifloxacin tissue to plasma concentration ratios in human after a single intravenous infusion of 400 mg

T/P* concentration ratios (0~24 h)

Tissues geometric mean (range) Cmax (1 g/mL)
Plasma — 3.61
Redmarrow 2.72 (0.56-3.67) 13.98
Kidney 2.14 (1.89-2.20) 12.53
Liver 1.94 (1.18-2.12) 11.81
Spleen 1.74 (1.20-1.86) 10.43
Heart 1.73 (1.12-2.17) 9.78
Lung 1.33 (1.30-1.34) 7.72
Skin 1.26 (0.29-1.75) 8.10
Muscle 1.00 (0.06-1.77) 4.03

*T/P, tissue to plasma.
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human.

To assess whether an antimicrobial drug was likely to
be of value in the therapy of infections in certain parts,
it was important to determine the tissue concentrations of
the agent, since drug concentrations in plasma do not reli-
ably predict clinical efficacy [28]. Our research attempted
to use model extrapolation method from rats to human to
predict moxifloxacin tissue distribution in the model of in-
tra-abdominal infection. Compared with classical pharma-
cokinetic models, there were several advantages offered by
PBPK models including (1) the capacity to provide simulta-
neous time versus concentration curves for a compound in
various tissues; (2) the incorporation of anatomical and
physiologic information as well as chemical specific in vitro
derived parameters; (3) the ability to predict the time ver-
sus concentration curve of chemicals across species by allo-
metric scaling; (4) the resultant PBPK model has the poten-
tial for extrapolations from observed data to predicted sit-
uations [13].

In rat PBPK model, it was interesting to note that the
predicted Cpmax of moxifloxacin in rat plasma (1195.9 1 g/ml)
was much higher than that observed (12.028 1 g/mL). Since
there was no absorption phase when moxifloxacin was in-
jected through the tail vein and rapidly distributed among
the tissues. Maximum concentration in the plasma occurred
as soon as moxifloxacin was intravenously injected.

Based on moxifloxacin physicochemical properties and
low protein binding, it was expected that it would readily
pass through membranes to exert its high antibacterial ac-
tivity [29]. In our study, predictions for human tissues
based on the PBPK model showed that the tissue/plasma
concentration ratios were higher than 1.0 in most of the
tissues (Table 6), indicating that moxifloxacin penetrated
and accumulated well in the human body, which also vali-
dated the conclusion that moxifloxacin concentrations in
most of the tissues were higher than that in blood [29,30].
It was reported that moxifloxacin could accumulate in ute-
rine tissue, which located in abdomen, and the tissue to
plasma ratios were between 1.7 and 2.1 [31]. That was close
to the results of abdominal tissues in our study (1.7~2.2).
The relatively short time period until reaching maximum
concentrations in abdominal viscera (Fig. 4) indicated that
relatively rapid drug penetration from plasma to soft
tissues. Throughout 24 h simulation, the predicted concen-
tration of moxifloacin in abdominal viscera exceeded the in
vitro MICs of moxifloxacin for the pathogens commonly iso-
lated in intra-abdominal infections, which have been re-
ported as <1 xg/mL for a variety of Gram-negative and
Gram-positive organisms [32]. In our study, moxifloxacin
achieved high concentrations in abdominal viscera (liver
11.81 xg/mL; kidney 12.53 1 g/ml; spleen 10.43 1 g/mL),
which indicated that it could play a good antibacterial activ-
ity in the abdominal cavity and that was in accordance with
moxifloxacin clinical use in the treatment of intra-abdomi-
nal infection and was supported by the finding that moxi-
floxacin was effective in an in vitro pharmacokinetic- phar-
macodynamic model with mixed aerobic (E. coli) and anae-
robic (B. fragilis) strains [33].

Our results that moxifloxacin penetrated and accumu-
lated with high concentrations in lung, skin, heart, liver,
kidney, spleen, redmarrow, muscle tissues was considered
as one of the cause of its indications and adverse drug re-
actions (ADRs). Moxifloacin was expected to be useful as
an anti-infective agent for respiratory tract, skin, soft tis-
sues and intra-abdominal infections, including biliary tract

and uterine infection [4-6,11,12,31], which was accordance
with our results. Meanwhile, drug abuse could cause organ
damage both in human and animal [34,35]. The risks of
ADRs, which was related to the high concentrations and
long-term use, should be monitored, such as QT interval
prolongation, tachycardia, palpitation, toxic epidermal nec-
rolysis, rash, digestive system injury, etc [36,37]. Moxiflox-
acin was metabolized in liver [2]. Although no adjustment
of dosage was needed for the patients with liver dysfunction
[9], drug monitoring would be required to assess possible
liver side effects caused by the higher concentration of mox-
ifloxacin in liver in those population. Moreover, the tissue
concentrations-time profiles and parameters simulated by
the PBPK model were of great value in the further study
of moxifloxacin tissue pharmacodynamics.

In conclusion, when plasma concentrations in rats are
known, extrapolation of a PBPK model from rats to human
is a method to predict plasma and local tissue concen-
trations in human, which may lead to a better under-
standing of PK/PD relationship of antimicrobial agents. In
this study, the results indicate that moxifloxacin widely dis-
tributed in redmarrow, heart, lung, skin, muscle, etc. The
tissue to plasma concentration ratios are all higher than
1.0. Moreover, moxifloxacin is especially applicable to the
patients with intra-abdominal infection because of its high-
er concentration in intra-abdominal tissues, including kid-
ney, liver and spleen. At the same time, adverse drug re-
actions caused by high concentration of moxifloxacin in
these tissues should be carefully monitored while using the
agent.
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