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6 July 2008WHAT IS ALREADY KNOWN ABOUT

THIS SUBJECT
• Most b-lactams are excreted by filtration

and to a greater extent by tubular secretion,
which is a capacity-limited saturable
pathway.

• Pharmacokinetic interactions between
co-administered b-lactams have been
frequently reported; however, their
mechanism and possible clinical benefits are
not well defined.

• We are not aware of the interaction
between piperacillin and flucloxacillin being
reported in the literature.

WHAT THIS STUDY ADDS
• Piperacillin inhibits the renal and nonrenal

elimination of flucloxacillin to a clinically
significant extent, but not vice versa.

• Modelling suggests that the mechanism for
the decrease of renal clearance of
flucloxacillin is probably competitive
inhibition of renal tubular secretion by
piperacillin.

• Piperacillin has a 15-times higher affinity for
the renal transporter than flucloxacillin
based on the molar ratio.

AIMS
To explore the extent, time course, site(s), mechanism and possible
clinical relevance of the pharmacokinetic (PK) interaction between
piperacillin and flucloxacillin.

METHODS
A single-dose, randomized, six-way crossover study in 10 healthy
volunteers where all subjects received all of the following as 5-min
intravenous infusions: (i) 1.5 g piperacillin, (ii) 0.5 g flucloxacillin, (iii)
1.5 g piperacillin + 0.5 g flucloxacillin, (iv) 3 g piperacillin, (v) 1 g
flucloxacillin, and (vi) 3 g piperacillin + 1 g flucloxacillin. Drug
concentrations in plasma and urine were determined by high-
performance liquid chromatography. WinNonlin® was used for PK
modelling and statistics.

RESULTS
Piperacillin significantly decreased the renal clearance of flucloxacillin
from 5.44 to 2.29 l h-1 (medians, P < 0.01) and the nonrenal clearance of
flucloxacillin from 2.67 to 1.80 l h-1 (P < 0.01). The renal clearance of
flucloxacillin was reduced to 45% (point estimate, 90% confidence
interval 40 to 50%) and the nonrenal clearance to 66% (59, 73). The
extent of interaction was larger at the higher doses. Competitive
inhibition of tubular secretion by piperacillin was identified as the
most likely mechanism for the decreased renal clearance of
flucloxacillin. Piperacillin had a 15-times higher affinity for the renal
transporter than flucloxacillin based on the molar ratio. Piperacillin PK
was only slightly affected by flucloxacillin.

CONCLUSIONS
Piperacillin inhibits renal and nonrenal elimination of flucloxacillin. This
interaction seems clinically significant, as total clearance was reduced
by a factor of 1.5 for the lower and 2.1 for the higher doses. PK
interactions, especially with piperacillin, are likely to occur also with
other b-lactam combinations and might be useful to improve the
effectiveness of antibacterial treatment.
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Introduction

b-Lactams have remained a main therapeutic option in
Gram-positive and Gram-negative infections. Piperacillin,
an acylureido penicillin, in combination with the
b-lactamase inhibitor tazobactam, is a frequently used
intravenous antibiotic, especially in the empirical treat-
ment of hospital-acquired infections. Other combination
therapy with piperacillin involves b-lactams such as flu-
cloxacillin [1–5] or aminoglycosides [6–8].The combination
of piperacillin and flucloxacillin together with an ami-
noglycoside has been used successfully for the treatment
of infections in children with cancer [2, 3]. These examples
show that combination therapy is very important in using
b-lactams efficiently, but also that the pharmacokinetic
(PK) interactions need special attention, since they can be
of therapeutic importance by altering the pharmacody-
namic profile.

Like most b-lactams, piperacillin and flucloxacillin are
predominantly eliminated renally [9, 10] by glomerular fil-
tration and tubular secretion.Tubular secretion is an active
saturable process. If two drugs that are primarily eliminated
by tubular secretion are given concomitantly, clinically sig-
nificant decreases in clearance may result [11]. This has
been frequently shown with b-lactams and probenecid, a
well-known inhibitor of tubular secretion [9, 12, 13]. Renal
interactions have also been reported when two b-lactams
were given together [14–17].Therefore,the possibility of PK
drug–drug interactions should be considered when two or
more b-lactams are given in combination.

Interactions at transporters have been frequently
studied in vitro. With animal studies it needs to be consid-
ered that activities of transporters may exhibit species
differences, as has been shown for the organic anion
transporter 3 (OAT 3) [18]. Most recently, Nozaki et al. [19]
reported the use of human kidney slices to study the
uptake of organic anions, including benzylpenicillin, by
OAT 1 and OAT 3. They could show that human kidney
slices maintain transport activities and are useful in char-
acterization of renal drug transport. However, they also
concluded that one should be cautious when extrapolat-
ing their data to the normal human response.Therefore, PK
studies in humans are necessary. Several PK interaction
studies have been published [15,20–25].However, little has
been reported about the exact mechanism, which is
important to know in order to predict the extent and time-
course of interactions for different agents and dosage regi-
mens.Noncompartmental analysis, which has been used in
the vast majority of published studies,does not allow these
predictions.

The aim of our study was to describe the extent of
interaction between flucloxacillin and piperacillin at differ-
ent dose levels in healthy volunteers. Our secondary objec-
tive was to explore the time course, site(s) and possible
mechanisms of the interaction between the two b-lactams
by compartmental modelling techniques.

Methods

Study participants
The study included 10 healthy White volunteers (five male
and five female). All subjects had to undergo laboratory
tests including urinalysis and screening for drugs of abuse,
a physical examination, and electrocardiography before
the start of the study. The volunteers were asked to com-
plete a questionnaire on their health status on each study
day. Subjects were asked to report any adverse reactions
or discomfort, and were closely observed by physicians
during the study periods. All subjects gave their written
informed consent prior to entry into the study. The study
was approved by the investigational review board of the
Medical Faculty and University Hospital of the University of
Essen, Germany.

Study design and drug administration
A randomized,controlled,six-way crossover study was con-
ducted. Each subject received all of the following treat-
ments: (i) 1.5 g piperacillin, (ii) 0.5 g flucloxacillin, (iii) 1.5 g
piperacillin + 0.5 g flucloxacillin, (iv) 3 g piperacillin, (v) 1 g
flucloxacillin, and (vi) 3 g piperacillin + 1 g flucloxacillin.
The doses were administered as 5-min intravenous infu-
sions. Food and fluid intake were strictly standardized on
each study day. Treatment periods were separated by a
wash-out period of at least 4 days.Subjects were requested
to abstain from alcohol and caffeine-containing foods and
beverages and other medications during the study
periods.

Sampling schedule
Blood samples were drawn via an intravenous catheter
from a forearm vein contralateral to the one used for drug
administration. Blood samples were drawn immediately
before start of infusion, at the end of infusion as well as at
5, 10, 15, 20, 25, 45, 60, 75, 90 min and 2, 2.5, 3, 3.5, 4, 5, 6, 8
and 24 h after the end of the infusion. The samples were
cooled in an ice-water bath for 10–15 min before centrifu-
gation. After centrifugation plasma samples were immedi-
ately frozen and stored at -70°C until analysis. Urine
samples were collected immediately before start of the
infusion, from start of the infusion until 1 h after end of
infusion and in the following time intervals: 1–2, 2–3, 3–4,
4–5, 5–6, 6–8, 8–12 and 12–24 h after the end of the infu-
sion. The urine samples were stored at 4°C during the col-
lection period. The amount and pH of the urine were
measured. Samples were immediately frozen and stored at
-70°C until analysis.

Determination of plasma and urine
concentrations
Piperacillin and flucloxacillin concentrations in plasma and
urine were determined by high-performance liquid chro-
matography (HPLC). For drug determination in plasma,
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100 ml of the sample was deproteinized with 200 ml aceto-
nitrile containing the internal standard (mezlocillin). After
mixing and centrifugation at 21 885 g, 40 ml was injected
onto the HPLC system. For determination of piperacillin
and flucloxacillin in urine, 20 ml of the sample was diluted
with 180 ml water. After mixing, 40 ml was injected onto the
HPLC system. Drug concentrations were determined using
a reversed phase column (C18, 5 mm, 250 ¥ 4.6 mm i.d.),
0.01 M potassium dihydrogen phosphate (pH 6.2)/
acetonitrile mobile phase (4 : 1; v : v) with a flow of
2 ml min-1. Piperacillin, flucloxacillin and the internal
standard were detected at 220 nm.

The plasma and urine samples were measured against
a plasma or urine calibration row. For control of interassay
variation, spiked quality controls in plasma and urine were
prepared. No interference was observed in plasma and
urine for piperacillin, flucloxacillin and the internal stan-
dard. Calibration was performed by linear regression. The
linearity of piperacillin calibration curves in plasma and
urine was shown from 0.200 to 150 mg l-1 and 1.00 to
1000 mg l-1 for piperacillin, and from 0.500 to 250 mg l-1

and 5.00 to 400 mg l-1 for flucloxacillin. The quantification
limits were identical to the lowest calibration levels. The
interday precision and the analytical recovery of the spiked
quality control standards in human plasma ranged from
3.5 to 9.2% and 95.0 to 106.9% for piperacillin and from 4.1
to 7.7% and 84.9 to 106.0% for flucloxacillin. The interday
precision and the analytical recovery of the spiked quality
control standards in human urine ranged from 3.0 to 5.5%
and 92.0 to 97.9% for piperacillin, and from 3.3 to 5.1% and
100.0 to 103.0% for flucloxacillin.

Noncompartmental analysis
The maximum plasma concentrations for each subject
were read directly from the plasma concentration–time
curves. The area under the plasma concentration–time
curve (AUC) for each subject was calculated using the
linear up/log down method in WinNonlin™ Professional
(version 4.0.1; Pharsight Corp., Mountain View, CA, USA).

Compartmental modelling
We modelled all plasma and urine profiles from the six
different treatments simultaneously by the standard two-
stage approach in WinNonlin™. Model discrimination was
based on the following four criteria: (i) visual inspection
of the observed and predicted plasma and urine
concentration–time curves, (ii) visual comparison of the
patterns of systematic and random residuals, (iii) intra-
subject comparison of Akaike criteria (AIC) between com-
peting models, and (iv) the frequency of subjects for each
model who had the best AIC for the respective model.

For models that gave similar performance when
assessed against the above criteria, we simulated the
plasma and urine concentration–time profiles for 5000
subjects for each competing model in NONMEM version V
release 1.1 (NONMEM Project Group, University of Califor-

nia, San Francisco, CA, USA). From these data we calculated
the median and the nonparametric 80% prediction inter-
val (10–90% percentile) for the predicted plasma concen-
trations and amounts in urine. These prediction interval
lines were then overlayed the original raw data. If the
model described the data adequately, then 20% of the
observed data points should fall outside the 80% predic-
tion interval at each time point. We compared the median
predicted concentrations and the 80% prediction interval
with the raw data. For the visual predictive check we tested
whether the median and the 80% prediction interval mir-
rored the central tendency and the variability of the raw
data for the respective model.

Models
We tested one-, two- and three-compartment disposition
models for both piperacillin and flucloxacillin. The drug
input was modelled as a zero order process with 5 min
duration. We could separate between renal and nonrenal
elimination because we determined the amounts of piper-
acillin and flucloxacillin excreted in urine. We described
renal clearance as parallel first-order and mixed-order
elimination process and used the following equation for
the renal clearances of piperacillin and flucloxacillin:

CL CL
Vmax

K C
R R linear

R

mR

= +
+[ ],

CLR,linear is the first-order renal clearance, VmaxR is the
maximum rate of the mixed-order renal elimination, KmR is
the piperacillin or flucloxacillin concentration associated
with a half maximal rate (VmaxR/2) for the mixed-order renal
elimination, and [C ] is the plasma concentration of piper-
acillin or flucloxacillin. As all subjects had normal renal
function and the nonprotein-bound fraction in plasma (fU)
is reported as 6% [26, 27] for flucloxacillin, the renal filtra-
tion clearance of flucloxacillin (fU ·glomerular filtration rate)
is about 0.432 l h-1, which accounts for only approximately
5% of total body clearance. Therefore, we fixed CLR,linear

to 0.432 l h-1 for flucloxacillin and did not estimate CLR,linear

for flucloxacillin.
For models without a mechanistic interaction for non-

renal clearance of flucloxacillin, we described the nonrenal
elimination as a first-order process with a nonrenal clear-
ance (CLNR,FLU). For models with a mechanistic interaction
for nonrenal elimination we described the nonrenal clear-
ance of flucloxacillin as a mixed-order process:

CL
V

K F
NR

NR FLU

mNR FLU

=
+[ ]

max ,

,

VmaxNR,FLU is the maximum rate of the nonrenal elimina-
tion, KmNR,FLU is the flucloxacillin concentration associated
with a half maximal rate (VmaxNR,FLU/2) for the mixed-order
nonrenal elimination of flucloxacillin, and [F ] is the plasma
concentration of flucloxacillin.
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Interaction models
We assumed that the first-order renal elimination (glomeru-
lar filtration) of flucloxacillin was not influenced by piper-
acillin. The following four mechanistic interactions for the
mixed-order renal elimination process were modelled:
competitive, uncompetitive, mixed and noncompetitive
inhibition (Table 1). Besides those mechanistic interactions
we also studied static interactions. The static interactions
were expressed as two different nonrenal clearances for
flucloxacillin with (CLNR,FLU with P) and without (CLNR,FLU without P)
piperacillin. The studied models with different combina-
tions of interactions at the renal and nonrenal sites are
shown in Table 2. For competitive interactions we calcu-
lated the relative affinity (=ratio of Km,FLU/Kic) of piperacillin
and flucloxacillin to the transporter for each subject
(Table 1), while accounting for differences in molecular
weight between piperacillin and flucloxacillin.The molecu-
lar weight is 517 for piperacillin base and 453 for flucloxacil-
lin base.

Statistical analysis
The noncompartmental and compartmental parameter
estimates were tested for differences between treatments.
ANOVA statistics on log scale and an a-level of significance
of 0.05 were used.

Results

All 10 subjects completed the study. The average � SD
weight was 75.6 � 7.3 kg for men and 63.6 � 8.3 kg for
women,height 183.2 � 5.0 cm for men and 171.8 � 6.1 cm
for women, and age 26.8 � 4.2 years for men and
24.6 � 0.55 years for women. Plasma concentrations of flu-
cloxacillin after infusion of 0.5 g and 1 g were considerably
higher with piperacillin compared with flucloxacillin given
alone (Figure 1). Flucloxacillin amounts excreted in urine
during the first 2 h after administration were much lower
with the interaction treatments compared with baseline
(Figure 1).

Noncompartmental analysis
The results of the noncompartmental analysis (NCA) are
shown in Table 3. Addition of the three times (on a mg
basis) higher dose of piperacillin reduced the renal clear-
ance of flucloxacillin by 46% (from 5.44 to 2.90 l h-1) for the
low dose and by 63% (from 5.47 to 2.06 l h-1) for the high
dose (P < 0.01). Nonrenal clearance was reduced by 33%
(from 2.66 to 1.77 l h-1) for the low dose and by 35% (from
2.79 to 1.80 l h-1) for the high dose (P < 0.01). Figure 2
shows box plots for renal and nonrenal clearance of flu-
cloxacillin with and without piperacillin.The time (and con-
centration) dependence of the observed interaction is
shown in Figure 3. Median renal clearance of flucloxacillin
in the presence of piperacillin increased from 1.2 l h-1 at 1 h
after the infusion to 5.2 l h-1 at 8 h.The inhibition was more
pronounced for the high-dose than for the low-dose
regimen. Towards the end of the observation period, renal
clearances were similar for the interaction treatments and
flucloxacillin given alone.

According to NCA, volume of distribution at steady
state and mean residence time was significantly changed
for both interaction treatments compared with baseline.
We simulated the plasma concentration–time profiles for
flucloxacillin with and without piperacillin based on the
final parameter estimates from model 1. In this simulation,
all flucloxacillin PK parameters except nonrenal clearance
were identical between the treatments.The volume of dis-
tribution at steady state determined by NCA of these
curves was 25% (median) too low compared with the true
volume for the interaction treatment, but only 4.6% too
low for the treatment without interaction. Therefore,
the decrease in volume of distribution was probably an
artefact from NCA.

Table 1
Drug–drug interaction models

Type of inhibition
Inhibition
constant Apparent Km Apparent Vmax

Competitive Kic K
P

K
m

ic

⋅ +
[ ]( )1 Vmax

Uncompetitive Kiu

K
P

K

m

iu

1+
[ ]( )

V
P

Kiu

max

1+
[ ]( )

Mixed Kic, Kiu

K
P

K
P

K

m
ic

iu

⋅ +
[ ]( )

+
[ ]( )

1

1

V
P

Kiu

max

1+
[ ]( )

Non-competitive Ki Km

V
P
Ki

max

1+
[ ]( )

Vmax (mg h-1), maximum rate of the active transport process; Km (mg l-1),
Michaelis–Menten constant, flucloxacillin concentration at half Vmax; [P] (mg l-1),
piperacillin concentration; Kic (mg l-1), competitive inhibition constant, describes
the affinity of piperacillin to the drug transporter without the bound substrate (i.e.
without flucloxacillin); Kiu (mg l-1), uncompetitive inhibition constant, describes
the affinity of piperacillin to the transporter–flucloxacillin complex; Ki (mg l-1),
noncompetitive inhibition constant, represents the special case that piperacillin
binds to both the transporter without the bound substrate and the transporter–
flucloxacillin complex with the same affinity (i.e. Ki = Kic = Kiu).

Table 2
Interaction models studied

Model 1 2 3 4 5

Interaction in renal elimination C UC M NC C
Interaction in nonrenal elimination S S S S C

C, competitive interaction (see Table 1); UC, uncompetitive interaction (see
Table 1); M, mixed interaction (see Table 1); NC, noncompetitive interaction (see
Table 1); S, static interaction (two different parameters for treatment with and
without piperacillin).
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NCA of the observed data (Table 3) showed that termi-
nal half-life in plasma and fraction excreted unchanged in
urine was only significantly affected with the high-dose
interaction treatment. A higher extent of the interaction
was seen for all PK parameters at the higher dose

level compared with the lower dose. Maximum concen-
trations in plasma were not affected significantly by the
interaction.

PK parameters of piperacillin were very similar after the
treatments with and without flucloxacillin. No significant

Flucloxacillin dose: 0.5 g Flucloxacillin dose: 1 g

Plasma concentrations Plasma concentrations
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Figure 1
Median [P25%–P75%] profiles of flucloxacillin in healthy volunteers after a 5-min infusion of 0.5 g and 1 g flucloxacillin with or without piperacillin. Solid
lines: flucloxacillin alone (—); Dashed lines: flucloxacillin 0.5 g with piperacillin 1.5 g or flucloxacillin 1 g with piperacillin 3 g (––)

Table 3
Pharmacokinetic parameters from noncompartmental analysis for 0.5 g and 1 g flucloxacillin (FLU) with or without piperacillin (PIP)

Median
(P25%–P75%)

Point estimate
(90% CI) P-value*

Median
(P25%–P75%)

Point estimate
(90% CI) P-value*

Dose FLU 0.5 g 0.5 g With PIP/without PIP 1 g 1 g With PIP/without PIP
Dose PIP 1.5 g – 3 g –

CL (l h-1) 5.04 (3.80–6.07) 7.82 (7.37–9.36) 59% (54, 65) <0.01 3.79 (3.53–4.21) 7.96 (6.81–9.57) 47% (44, 50) <0.01
CLR (l h-1) 2.90 (2.20–3.46) 5.44 (4.63–6.27) 54% (46, 64) <0.01 2.06 (1.88–2.35) 5.47 (4.52–6.07) 37% (34, 41) <0.01

CLNR (l h-1) 1.77 (1.53–2.60) 2.66 (2.18–3.44) 67% (56, 80) <0.01 1.80 (1.64–1.99) 2.79 (2.17–3.48) 65% (55, 76) <0.01
fR (%) 56.7 (53.9–72.0) 68.6 (61.2–70.6) 92% (82, 102) 0.18 51.8 (50.8–58.5) 64.0 (59.7–74.6) 80% (73, 87) <0.01

Vss (l) 7.14 (6.23–7.77) 9.52 (8.38–11.1) 72% (64, 80) <0.01 6.56 (5.99–6.93) 10.4 (8.89–11.6) 64% (59, 70) <0.01
Cmax (mg l-1) 95.8 (82.0–101) 87.7 (79.1–93.0) 106% (94, 120) 0.40 183 (164–209) 173 (144–192) 109% (99, 120) 0.13

t1/2 (h) 1.35 (1.18–1.45) 1.44 (1.31–1.75) 95% (74, 121) 0.70 1.24 (1.13–1.39) 1.59 (1.32–1.84) 77% (70, 85) <0.01
MRT (h) 1.44 (1.33–1.56) 1.17 (1.06–1.41) 122% (115, 130) <0.01 1.64 (1.47–1.79) 1.18 [1.13–1.34) 136% (129, 144) <0.01

*P-value from ANOVA. CI, confidence interval; CL, total body clearance; CLR, renal clearance; CLNR, nonrenal clearance; Cmax, maximum plasma concentration; fR, fraction excreted
unchanged in urine; MRT, mean residence time; t1/2, terminal half-life in plasma; Vss, volume of distribution at steady state.
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differences were seen, except for a decrease in nonrenal
clearance from 5.2 to 4.3 l h-1 (P < 0.01) and an increase
from 0.53 to 0.60 (P = 0.02) in the fraction excreted
unchanged in urine, when 3 g piperacillin was given
together with 1 g flucloxacillin.

Compartmental modelling
For the plasma and urine concentration–time data of both
piperacillin and flucloxacillin a three-compartment model
was chosen based on the Akaike criterion (AIC) and visual
inspection of the observed and predicted plasma
concentration–time curves and profiles of amounts in
urine.

The results from the AIC (data available on request) and
the visual predictive checks showed that models 1 and 4
(Table 2) both had excellent predictive performance. The
visual predictive checks gave virtually identical results for
those two models. Model 3 achieved AIC values similar to
models 1 and 4, but was probably over-parameterized, and
models 2 and 5 were ranked less likely (median AIC at least
30 points higher). The visual predictive checks of model 1
are shown in Figure 4 for the interaction treatment. The
visual predictive checks for the profiles of piperacillin and
flucloxacillin alone showed also a highly sufficient predic-
tive performance for model 1. Table 4 lists the PK param-
eter estimates of flucloxacillin for model 1. Overall,
piperacillin reduced the nonrenal clearance of flucloxacil-
lin significantly (P < 0.01) by 33% (23–42%), point estimate
(90% confidence interval from ANOVA statistics).

The affinity of piperacillin for the renal transporter was
13.3 times (median) higher than the affinity of flucloxacil-
lin, based on the competitive interaction model and the
drug concentrations in mg l-1. After accounting for differ-
ences in molecular weight, the affinity of piperacillin was
15.1 times higher compared with flucloxacillin. As piper-
acillin had a higher affinity than flucloxacillin and similar

(about 10% higher) average plasma concentrations, piper-
acillin inhibited the renal elimination of flucloxacillin,
whereas the effect of flucloxacillin on piperacillin was
small.

Discussion

In serious hospital-related infections, multiple pathogens
may be involved and empirical treatment needs to be
implemented as soon as possible. In order to widen the
spectrum of pathogenic organisms covered, combination
antibiotic treatment is frequently used. b-Lactams are
often given together with a b-lactamase inhibitor [28, 29],
an aminoglycoside [6–8] or another b-lactam [30–33].
Combinations of b-lactams are frequently used, especially
when there is concern about nephrotoxicity with ami-
noglycosides [1, 34, 35]. The combination of piperacillin
and moxalactam was as effective as moxalactam together
with amikacin in the treatment of febrile granulocytopenic
cancer patients, and was associated with significantly less
frequent nephrotoxicity [36]. Indeed a synergistic effect
of b-lactam combinations against some Pseudomonas
aeruginosa isolates has been shown recently [37].

Concomitant administration of multiple drugs carries
the potential for PK drug–drug interactions. This is
especially true when these drugs share the same primary
elimination pathway [38]. b-Lactams are ionized at
physiological pH and are excreted by the kidneys by glom-
erular filtration and active tubular secretion [39, 40].
Tubular secretion is a capacity limited process that can be
inhibited by other substances. As b-lactams are similar in
their chemical structure and physicochemical properties,
they may compete for the same transporter for the renal
tubular secretion when given concomitantly. Reported PK
interactions between b-lactams often involve acylure-

Panel A: Renal clearance Panel B: Non-renal clearance
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Figure 2
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idopenicillins like piperacillin. Both azlocillin [14] and
mezlocillin [15] reduce the renal and nonrenal clearance of
cefotaxime, and mezlocillin also reduces the clearance of
oxacillin [17]. Piperacillin inhibits the renal clearance of
cefazolin and the renal and nonrenal clearance of cefop-
erazone in rabbits [16], as well as the total clearance of
moxalactam [17]. Concomitant administration of piperacil-
lin increased plasma concentrations of imipenem in
rabbits [41]. In addition to the interactions with other
b-lactams, azlocillin reduces the renal and nonrenal clear-
ance of ciprofloxacin [24].

These findings show that acylureidopenicillins have a
high potential to inhibit the elimination of other b-lactams
given concomitantly. In vitro and animal studies are valu-
able tools to explore transport of drugs by various trans-

porters. However, caution should be used when
extrapolating from these studies to the situation in
humans [42]. Both data from well-controlled clinical
studies and adequate data analysis are necessary to gain
insight into the extent, site and mechanism of a PK inter-
action in humans. NCA is an adequate method to explore
the extent of an interaction for the dose levels used in this
study. However, NCA cannot predict the extent of interac-
tion with other doses, because it does not directly account
for the time (and especially concentration) dependence of
an interaction. Therefore, compartmental modelling is a
much more powerful method to study the sites and
mechanisms of interactions, as compartmental modelling
explicitly accounts for the time course of interaction. We
used compartmental analysis to study the time course of
the PK interaction between piperacillin and flucloxacillin as
model drugs that are co-administered in certain clinical
situations. The time course of the PK interaction was
studied at two therapeutic dose levels and various interac-
tion models were tested to explore possible mechanisms
and site(s) of the interaction.

We performed a well-controlled, six-way crossover
study and collected frequent plasma and urine samples in
healthy volunteers. For practical reasons it is difficult to
perform such a trial in patients who might also have
varying degrees of renal dysfunction. However, flucloxacil-
lin clearance has been reported to be decreased in haemo-
dialysis patients [43] and elderly patients [44]. A trial to
investigate the extent of the interaction in elderly and
renally impaired patients would be helpful. Our model can
be used to predict the extent of interaction based on the
renal and nonrenal clearance of piperacillin and flucloxacil-
lin in these special populations. In clinical practice, piper-
acillin is frequently given together with tazobactam, also in
the combination with flucloxacillin, to prevent degrada-
tion of piperacillin by b-lactamases. It has been reported
that the PK of piperacillin is not affected by concomitant
administration of tazobactam at dose ratios of 4 : 1 or 8 : 1
[45]. Therefore, any effect of tazobactam on piperacillin PK
is likely to be small.

Although NCA indicated a significant decrease of
volume of distribution at steady state for flucloxacillin
under the influence of piperacillin, we have shown by sub-
sequent simulations that this is probably an artefact from
NCA.We confirmed this by simulations using the compart-
mental PK model and estimation of PK parameters by NCA
(data not shown). Jungbluth and Jusko have shown that
a decreased volume of distribution with increasing doses
of mezlocillin in rats was an artefact from NCA due to
saturable elimination of mezlocillin, as NCA assumes linear
disposition [46].

Piperacillin PK parameters were not affected signifi-
cantly by the low-dose interaction treatment. For the high-
dose interaction treatment nonrenal clearance of
piperacillin was reduced by 23% and the fraction excreted
unchanged in urine increased by 15% compared with 3 g
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piperacillin alone. As nonrenal clearance accounted for
only about 40% of piperacillin elimination, the small
decrease in nonrenal clearance did not result in a signifi-
cant decrease in total body clearance. The increase in
piperacillin renal clearance with decreasing plasma con-
centrations (Figure 3) was independent of flucloxacillin
and may be attributed to saturable elimination of piper-
acillin [12, 47, 48]. Therefore, we used a parallel nonsat-
urable (first-order) and saturable (mixed-order) elimination
model for piperacillin and did not include an influence of
flucloxacillin on piperacillin PK.

We used compartmental modelling and tested several
mechanistic models (Table 2). Models 1, 3 and 4 showed

similar AIC values, whereas models 2 and 5 were ranked
less likely. Model 5 included a competitive interaction at
the nonrenal site and therefore had two more parameters
to describe the nonrenal interaction compared with
models with static nonrenal interaction. Probably because
of the relatively small extent of the nonrenal interaction,
our data did not support this more complicated model
with a mechanistic interaction at both the renal and non-
renal site. Thus, a specific mechanism for the nonrenal
interaction could not be identified. Model 3 (mixed inter-
action) was probably over-parameterized. For eight of
10 subjects, model 3 (mixed inhibition) indicated that
the contribution of the noncompetitive interaction was
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Visual predictive check for plasma concentrations and amounts excreted unchanged in urine of flucloxacillin for model 1. The plots show the raw data, the
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not significant in addition to the competitive interaction
component.

Therefore, we further considered the competitive
(model 1) and the noncompetitive model (model 4) and
evaluated their predictive performance. Models 1 and 4
both had excellent predictive performance and virtually
identical visual predictive checks. In noncompetitive inhi-
bition the inhibitor binds to a site different from the active
site of the transporter or enzyme, and this site is not
changed by substrate binding. The noncompetitive inhibi-
tor is not transported by the transporter [49]. As many
b-lactams are transported by OATs in the renal tubules,
and both piperacillin and cloxacillin were identified as
competitive inhibitors of OAT 1 [50], a competitive inter-
action at an OAT seems a likely reason for the interaction
between piperacillin and flucloxacillin. As piperacillin was
shown to be both an inhibitor and a substrate of OAT, it
seems more likely to be a competitive interaction. Also, in
models with mixed inhibition, which include both a com-
petitive and a noncompetitive interaction, the noncom-
petitive part was estimated to contribute notably in only
two of 10 subjects. Therefore we chose model 1 with com-
petitive renal and static nonrenal interaction as our final
model.

Model 1 indicated that the affinity of piperacillin for the
renal transporter was 15.1 times (median) higher than the
affinity of flucloxacillin after accounting for the molecular
ratio. The average plasma concentration (in mg l-1) of pip-
eracillin from 0 to 8 h was about 10% higher than for flu-
cloxacillin when both were co-administered. Because of
the higher affinity to the renal transporter protein, there

was a marked effect of piperacillin on flucloxacillin, but not
vice versa. The extent of interaction can be quantified by
the ratio of flucloxacillin clearance under the influence of
piperacillin divided by the flucloxacillin clearance when
given alone. A competitive interaction model predicts that
this ratio is lower when both substrates are given at higher
doses, i.e. 1 g flucloxacillin and 3 g piperacillin, compared
with lower doses, i.e. 0.5 g flucloxacillin and 1.5 g piperacil-
lin, although the dose ratio stays constant at 1 : 3. These
predictions agree with the results from NCA. Overall, the
estimates from the compartmental model were in good
agreement with the results from NCA.

We observed that concomitant administration of pip-
eracillin decreased the renal clearance and, to a lesser
extent, the nonrenal clearance of flucloxacillin. This is in
agreement with literature data on acylureidopenicillins as
discussed above [14, 15, 17, 24]. Both piperacillin and flu-
cloxacillin are excreted by renal tubular secretion [9, 10].
Piperacillin increases the AUC of methotrexate at concomi-
tant administration [51], mainly due to decreasing renal
clearance [52]. Probenecid decreased the renal clearance
of piperacillin [12] and flucloxacillin AUC [53]. From studies
in rats and rabbits it was concluded that piperacillin inhib-
its renal clearance of imipenem by inhibition of its
OAT-mediated transport [41]. The interaction involves
inhibition of transporters, but it is not possible to identify
these transporter(s) by a PK study in humans. Knowledge
about transport proteins and their substrate specificity has
increased considerably during the last decade(s) [38, 54,
55]. b-Lactams have been reported to be secreted by and
also to inhibit various members of the family of OATs in the
proximal renal tubules [13, 50, 56, 57].

More specifically, Jariyawat et al. [50] tested 25 different
antibiotics, among them 17 b-lactams including piperacil-
lin and cloxacillin. All of the tested b-lactams showed com-
petitive inhibition of p-aminohippuric acid transport by
OAT 1 [50]. Cloxacillin is structurally very similar to fluclox-
acillin, with one additional fluorine as the only difference.
These findings suggest that the site of the renal interaction
of piperacillin and flucloxacillin could be an OAT, possibly
OAT 1, in the proximal renal tubules. As OATs have been
found in various organs of the body, including the liver
[58–61], a competitive interaction process could also be
the reason for the decreased nonrenal clearance of fluclox-
acillin when given with piperacillin. Further studies are
needed to identify exactly which transporter(s) are
involved in this interaction. Recently, a potentially signifi-
cant genetic contribution of OAT to the variability in renal
clearance of amoxicillin and cefaclor in Chinese subjects
has been proposed [62].

We calculated the nonprotein bound time above
minimum inhibitory concentration (MIC) (f T > MIC) for the
flucloxacillin treatments without and with piperacillin to
explore possible pharmacodynamic benefits of this PK
interaction. f T > MIC of flucloxacillin increased twofold
under interaction (1 g flucloxacillin: 1.90 � 0.31 h vs. 1 g

Table 4
Pharmacokinetic parameter estimates for flucloxacillin for model 1 (see

Table 2)

Parameter Unit Median (range)

CLR* l h-1 0.432
KmR,FLU mg l-1 334 (46.1–1406)

VmaxR,FLU mg h-1 1786 (337–7194)
Kic mg l-1 21.7 (8.95–28.3)

CLNR, FLU without PIP l h-1 2.86 (1.74–4.66)
CLNR, FLU with PIP l h-1 1.76 (1.36–2.52)

V1FLU l 4.45 (3.61–7.41)
V2FLU l 1.99 (0.86–3.51)

V3FLU l 2.30 (1.60–2.92)
CLicshallow,FLU l h-1 16.3 (2.65–22.5)

CLicdeep,FLU l h-1 1.49 (0.876–2.91)

*Fixed, not estimated. CLR, linear renal clearance; KmR,FLU, Michaelis–Menten
constant of the mixed order renal elimination; VmaxR,FLU, apparent maximum rate of
the mixed order renal elimination; Kic, competitive inhibition constant; CLNR,FLU,
linear nonrenal clearance; V1FLU, volume of distribution of central compartment;
V2FLU, volume of distribution of shallow peripheral compartment; V3FLU, volume of
distribution of deep peripheral compartment; CLicshallow,FLU, intercompartmental
clearance between the central and the shallow peripheral compartment;
CLicdeep,FLU, intercompartmental clearance between the central and the deep
peripheral compartment.
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flucloxacillin with 3 g piperacillin: 3.72 � 0.53 h) for a MIC
of 1 mg l-1. Therefore this interaction might be used to
improve the effectiveness of flucloxacillin. The dosing
interval for flucloxacillin might potentially be prolonged
when flucloxacillin and piperacillin are given together. In
addition, potential synergistic effects for bacterial killing of
piperacillin and flucloxacillin should be explored.

In conclusion, compartmental modelling identified
competitive or noncompetitive inhibition of flucloxacillin
tubular secretion by piperacillin as the most likely mecha-
nism of the renal interaction. Based on physiological con-
siderations and interaction studies from literature reports
on other b-lactams, and the similarity in chemical struc-
ture of piperacillin and flucloxacillin, a competitive inter-
action was chosen as the final model. Further in vitro
studies on the interaction of these two antibiotics are
required to elucidate further details on the mechanism of
inhibition. Piperacillin had a 15.1 times (median) higher
affinity to the renal transporter than flucloxacillin when
concentrations of both drugs were expressed in molar
units. The average plasma concentration of piperacillin
from 0 to 8 h was about 10% higher than for flucloxacillin
when both were co-administered. Therefore piperacillin
considerably inhibited the active tubular secretion of flu-
cloxacillin. Piperacillin significantly decreased the renal
clearance of flucloxacillin from 5.44 to 2.29 l h-1 (P < 0.01)
and the nonrenal clearance of flucloxacillin from 2.67 to
1.80 l h-1 (P < 0.01). The extent of the interaction was
larger for the higher doses. The interaction is potentially
clinically significant, since the total clearance decreased
from 7.96 to 4.00 l h-1 (P < 0.01) for flucloxacillin. Piperacil-
lin PK was not affected by the concomitant administration
of flucloxacillin, except for a decrease in the nonrenal
clearance from 5.2 to 4.3 l h-1 (P < 0.01) with the high-dose
interaction treatment compared with piperacillin alone.
We used piperacillin and flucloxacillin as model drugs to
explore interactions between b-lactams. The inhibition of
flucloxacillin elimination led to a prolonged time of
nonprotein-bound concentrations above the MIC, which
may be used to improve the effectiveness of flucloxacillin.
As piperacillin showed a higher affinity to the renal trans-
porter than flucloxacillin, it is the more likely drug to be
used as inhibitor in the further studies that are required to
show the clinical relevance of PK interactions between
b-lactams.
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