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Article history: To assess the mechanism of the pharmacokinetic interaction between piperacillin and
Received 1 September 2018 tazobactam, renal excretion and pharmacokinetic studies of piperacillin/tazobactam were
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tam. Pharmacokinetic studies of g-lactamase in rats were performed to study the con-

tribution of rOatl/3 to the inhibition of tazobactam on p-lactamase. The AUC (from
2.93+0.58 to 6.52+1.44 mg-min/ml) and the plasma clearance (CLp) (from 2.41+1.20 to
0.961 +0.212 ml/min/kg) of tazobactam were both altered after the intravenous coadmin-
istration of piperacillin and tazobactam in the bacteremia rats. The renal clearance (CLg) of
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tazobactam decreased from 1.30+0.50 to 0.361 +0.043 ml/min/kg. In summary, there was

a beneficial interaction between piperacillin and tazobactam mediated by rOatl and rOat3.

Piperacillin enhances the inhibitory effect of tazobactam on g-lactamase through the inhi-

bition of rOatl and rOat3 in rats. The contribution rate of rOat1/3 for the synergistic effect
was 20% when the two drugs were coadministered.
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1. Introduction

Piperacillin/tazobactam is an effective antibacterial drug
against clinical common gram-negative and gram-positive
bacteria, including many bacteria that produce g-lactamases
[1]. Piperacillin/tazobactam is helpful in treating respiratory
infections, soft tissue infections, intra-abdominal infections,
urinary infections, gynecologic infections and bacteremia [2].
With the prevalence of g-lactamase-producing bacteria, the
clinical challenge posed by B-lactamase is complex [3]. Com-
pound formulations of tazobactam and piperacillin have suc-
cessfully protected and expanded the activity of piperacillin
against g-lactamase-producing bacteria, thus enhancing its
potential clinical applications.

Previous studies have shown that piperacillin significantly
reduces the clearance ratio (C;) and renal clearance (CLg)
of tazobactam in dogs [4]. Probenecid can also significantly
inhibit the renal excretion of piperacillin and tazobactam.
Piperacillin and tazobactam are excreted mainly through the
kidneys (50%—60%), with very little bile excretion (<2%) [5].
The metabolite of tazobactam, which is formed by the cleav-
age of the g-lactamase ring and further breakdown to a bu-
tanoic acid derivative, has no g-lactamase inhibitory activity.
The two metabolites formed by the g-lactamase ring cleavage
contribute insignificantly to the elimination of piperacillin [6].
Furthermore, tazobactam and piperacillin are secreted mainly
through the renal tubular anion transporters [4], and a longer
half-life of tazobactam and a stronger antibacterial activity of
piperacillin were noted in the PK-PD model [7]. These stud-
ies suggested that in addition to traditional theories, in which
tazobactam inhibits g-lactamase to reduce the hydrolysis of
piperacillin, piperacillin might also enhance the efficacy of
tazobactam by inhibiting the excretion of tazobactam. On
the one hand, piperacillin may increase the plasma exposure
of tazobactam by inhibiting the renal excretion of tazobac-
tam. On the other hand, increasing the plasma exposure of
tazobactam may further enhance the ability of tazobactam to
inhibit g-lactamase. To summarize, there might be a benefi-
cial interaction between piperacillin and tazobactam, possibly
through their renal excretory process, which enhances the ef-
ficacy of tazobactam.

Itis generally known that most f-lactamase antibiotics are
excreted into the urine through OATs located on the baso-
lateral membranes of proximal tubules [8]. According to the
report, piperacillin could inhibit the renal excretion of vari-
ous B-lactamase antibiotics [9]. These findings showed that
OATs played an important role in the renal excretion of g-
lactamase antibiotics. However, it is unclear whether OATs
are involved in piperacillin and if this involvement enhances
the inhibitory effects of tazobactam on g-lactamase. Thus, we
speculated that there might be a beneficial interaction be-
tween piperacillin and tazobactam and that piperacillin might
interfere with the renal transport of tazobactam via OAT1/3,
thus slowing the renal clearance of tazobactam and further
enhancing the inhibitory effect of tazobactam on g-lactamase.

To elucidate the mechanism of the drug interaction be-
tween piperacillin and tazobactam in the infective state, the
pharmacokinetic interactions were investigated by in vivo
pharmacokinetic study and in vitro kidney slices. This work

was carried out in a rat model of bacteremia induced by Kleb-
siella pneumonia infection. Moreover, we investigated the activ-
ity of p-lactamase in the plasma after intravenously admin-
istrating g-lactamase with piperacillin and/or tazobactam in
rats. The AUCy.o, of g-lactamase was assessed as an indicator
of B-lactamase activity to evaluate the contribution of rOat1/3
to the inhibition of g-lactamases.

2. Materials and methods
2.1. Materials

Sodium salts of piperacillin, tazobactam, sulbactam and
avibactam were all purchased from Dalian Meilun Biotech Co.,
Ltd. (Dalian, China). p-Aminohippuric acid (PAH), penicillin
G (PCG) and probenecid were purchased from Sigma (USA).
The strain of K. pneumonia producing extended spectrum g-
lactamases (ESBLs) was a clinical isolate and was obtained
from the first affiliated hospital of Dalian medical univer-
sity. B-lactamase production was confirmed using polymerase
chain reaction (PCR) and isoelectric focusing. Bacterial strains
were stored at —70 °C as glycerol stocks. TEM-1 -lactamase
was purchased from Shanghai Aladdin Biochemical Technol-
ogy Co. LTD. (Shanghai, China). All other chemical reagents
were of analytical grade.

2.2. Animals

Male Wistar rats weighing 220-250 g were purchased from the
SPF Experimental Animal Center of Dalian Medical Univer-
sity (SCXK 2013-0003). Rats were housed in an animal room
with an alternating 12-h light/dark cycle at 20 °C and 60% rel-
ative humidity. They were acclimated for 1 week. Rats were
fasted for 12h before the experiment. All rat experiments
were conducted in accordance with the UK Animals (Scientific
Procedures) Act, 1986 and associated guidelines, EU Directive
2010/63/EU for animal experiments. Every effort was made to
ensure the welfare of the animals.

2.3.  Rat model of bacteremia

Rat models of bacteremia were based on a method described
in the previous literature [10]. In short, the strain of K.
pneumonia was inoculated in liquid Luria-Bertani broth at
37 °C (shaken at 120rpm) and harvested by centrifugation
at 4000 x g for 10min. The precipitate was washed three
times with sterile 20 mM phosphate buffered saline (pH 7.4).
The precipitate was suspended in sterile saline solution and
adjusted to the desired concentration. The bacterial con-
centration and duration of infection were optimized in the
preliminary experiment. A total of 0.3ml of 4 x 10° CFU/ml
K. pneumonia was the maximum concentration that could be
intravenously injected without causing mortality. Rats were
injected with 0.3ml of K. pneumonia (4 x 10° CFU/ml) via the
tail vein. A total of 0.2ml of whole blood was collected from
the orbital venous plexus at 1, 5, 10, 24, 48 and 72h after
administration for a white blood cell count. The levels of
C-reactive protein and procalcitonin were also assayed.
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2.4. Pharmacokinetic interactions in rats

Rats were divided randomly into four groups: (1) tazobactam
administration in normal rats; (2) tazobactam+piperacillin
administration in normal rats; (3) tazobactam administration
in the rat model of bacteremia; (4) tazobactam+piperacillin
administration in the rat model of bacteremia. The doses of
piperacillin and tazobactam were 210 mg/kg and 26.25 mg/kg,
respectively. The tested drugs were dissolved in 0.9% saline.
The rats received an intravenous injection in the caudal vein
of a suspension of K. pneumonia 5h before the intravenous ad-
ministration of the tested drugs in groups 3 and 4. Rats were
fixed on the operating table after being anesthetized with pen-
tobarbital (60 mg/kg, ip). Their bladders were intubated with
tubing for urine collection. Blood samples (~200 pl) were col-
lected from the jugular vein at 2, 5, 15, 30, 60, 120, 180, 240, 300
and 360 min after intravenous administration. Blood samples
were collected in heparin centrifuge tubes and immediately
centrifuged at 4000 x g for 5 min to obtain the plasma samples.
Urine samples were collected from the bladder cannula at 1, 2,
4,6, 8,12 and 24 h after administration. Samples were stored
at —20 °C. The concentration of tazobactam and piperacillin
were measured by LC-MS/MS.

2.5.  Invitro uptake in kidney slices

Normal rats and bacteremia rats were fixed on the operating
table after anesthetizing with pentobarbital (60 mg/kg, ip). Rats
in the bacteremia group received an intravenous injection in
the caudal vein of a suspension of K. pneumonia 5h before
the operation. After anesthesia, the rat kidneys were removed
quickly and immediately placed into an oxygenated buffer at
4 °C [11,12]. The collected kidneys were sectioned to a thick-
ness of 300 pm using a tissue slicer (ZQP-86). After preincuba-
tion for 5min in buffer at 37 °C, kidney slices were put into
1ml of buffer containing piperacillin (250 pM), tazobactam
(50.0 pM) and piperacillin (250 pM) + tazobactam (50.0 pM), re-
spectively. Piperacillin and tazobactam were dissolved in the
transport buffer. After incubation, the kidney slices were re-
moved from the buffer at 1, 5, 10, 15, 20 and 30 min, respec-
tively. The kidney slices were rinsed with ice-cold water three
times, then dried with filter paper and homogenized (IKA-T10)
with 300 pl of normal saline solution. The inhibitory effects of
PAH (0.100 mM), PCG (0.100 mM) and probenecid (0.100 mM) on
the uptake of tazobactam were also investigated. The accu-
mulated concentrations of piperacillin and tazobactam in the
kidney slices were determined by LC-MS/MS. The transport
buffer consisted of 120 mM NacCl, 16.2 mM KCl, 1.00 mM CacCl,,
1.20mM MgSO, and 10.0 mM NaH,PO4/Na,HPOy,, adjusted to
pH 7.4.

2.6. Sample preparation

Plasma sample preparation was based on a method referred
to in the previous literature [13]. In short, 200l of acetoni-
trile and 50.0 pl of sulbactam (IS of tazobactam, acetonitrile) or
avibactam (IS of piperacillin, acetonitrile) was added to 50.0 pl
of plasma sample. The mixed liquid was vortex-mixed and
centrifuged at 11 000 x g for 10 min. The preparation of kidney

slices and urine was the same as that of the plasma samples.
Then, 10pl of supernatant was injected into the LC-MS/MS
system for analysis.

2.7. Pharmacokinetic study of p-lactamase in rats

The normal rats were divided randomly into four groups: (1)
B-lactamase administration; (2) g-lactamase+tazobactam ad-
ministration; (3) B-lactamase+piperacillin administration; (4)
B-lactamase+tazobactam+piperacillin administration. The
doses of piperacillin and tazobactam were the same as be-
fore. p-lactamase, prepared with 0.9% saline and stored at
—20 °C, was intravenously administered to groups 1, 2, 3 and 4
at doses of 25.0 mU/kg (2 min before the intravenous adminis-
tration of other test drugs). The sampling time and processing
method of plasma samples were consistent with previous de-
scriptions.

To determine the g-lactamase activity in the plasma, PCG
was used as a probe drug. An LC-MS/MS method was estab-
lished to measure the amount of PCG remaining in samples
after incubation. The samples were processed as previously
described [14], with some modifications. To 100 pl of plasma,
20.0 1 of PCG solution (500 pg/ml, PBS) and 100 ul of PBS (pH
7.4) were added. The incubating system was then incubated at
37 °C for 1 h. Each sample was analyzed in duplicate. The reac-
tion was stopped by 200 jl of acetonitrile containing IS (peni-
cillin V, 100 pg/ml). Then, the mixture was vortex-mixed and
centrifuged at 11 000 x g for 10 min. Then, 10 pl of supernatant
was injected for LC-MS/MS analysis. The activity levels of 8-
lactamase were calculated by linear regression analysis of the
percentage of PCG remaining versus standards of g-lactamase
activity.

2.8.  LC-MS/MS equipment and conditions

An Agilent HP1200 liquid chromatography system (Agilent
Technology Inc., USA) was used. Mass spectrometric detec-
tion was performed on an API 3200 triple-quadrupole mass
spectrometer (Applied Biosystems, USA). The analysis condi-
tion was described separately as follows:

2.8.1. Analysis condition for piperacillin and tazobactam
Chromatographic separation was achieved on a Venusil ASB-
Cyg column (150 mm x 4.6 mm, 5 um). The mobile phase
system consisted of 80% (v/v) 5 mM ammonium acetate so-
lution with 0.1% formic acid and 20% (v/v) acetonitrile for
tazobactam and sulbactam (IS); 50% (v/v) 5 mM ammonium
acetate solution with 0.1% formic acid and 50% (v/v) acetoni-
trile for piperacillin and avibactam (IS). The flow rate was set
at 0.7 ml/min.

The mass spectrometer was operated in negative ion mode
using an electrospray ionization source (ESI). Optimized ion
spray voltage and temperature were set at —4500V and 500 °C.
The multiple reaction monitoring (MRM) mode was utilized
to detect the fragmentation transitions: m/z 298.7—138.3
for tazobactam, and m/z 231.8—140.1 for sulbactam (IS). DP
and CE were set at 60V and 30eV, respectively, with m/z
516.1—233.4 for piperacillin, and m/z 263.7—95.8 for avibac-
tam (IS). The DP and CE levels were 80 V and 40 eV, respectively.
PAH, PCG and probenecid were measured as described previ-
ously [15].
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2.8.2. Analysis conditions for B-lactamase activity
Chromatographic separation was achieved on a Venusil ASB-
C1g column (150 mm x 4.6 mm, 5 pm). The mobile phase sys-
tem consisted of 75% (v/v) water with 0.1% formic acid and
25% (v/v) acetonitrile for PCG and penicillin V (IS) at a flow
rate of 0.8 ml/min.

The electrospray ionization source was chosen for MS de-
tection. Optimized ion spray voltage and temperature were set
at 4500V and 450 °C. The scanning mode was set as MRM, and
the related parameters were as follows: m/z 335.1—-217.2 for
PCG, and m/z 351.2—257.0 for penicillin V (IS). The DP and CE
were set at 50V and 35 eV, respectively.

2.9.  Data analysis

The Analyst software (versionl.4.1) was used for the data
acquisition and analysis. The pharmacokinetic parameters
of piperacillin and tazobactam were calculated using DAS2.0
software.

CL, was calculated using Eq. (1); CLg of tazobactam was cal-
culated using Eq. (2):

CLp = Dose/AUC;, (1)

CLR = Atotal /AUCiU (2)

where AUC;, was the area under the plasma concentration-
time profile after intravenous injection; Ay Was the total
cumulative amount of tazobactam excreted in the urine over
a 24 h period.

The contribution of interaction between piperacillin and
tazobactam was mediated by rOatl/3 by enhancing the in-
hibitory effects of tazobactam on B-lactamase. This was cal-
culated using Egs. (3)-(6).

AUCﬂ—tomI = AUCg_; — AUC4_3 ©)]
AUCj_pip = AUCy 1 — AUC; 4 @)
AUCp_yoat1/3 = AUCg_5 — AUCg_3 (5)

Contribution rate of rOatl1/3 to inhibition of 8 — lactamase
= AUCg_r0at1/3/AUCs _total (6)

where AUCg_; was the area under the plasma concentra-
tion of the B-lactamase-time profile after the intravenous
administration of g-lactamase; AUCy;_, was the area under
the plasma concentration of the g-lactamase-time profile
after the intravenous coadministration of g-lactamase and
tazobactam. AUCgz_3 was the area under the plasma con-
centration of B-lactamase-time profile after the intravenous
coadministration of g-lactamase, piperacillin and tazobac-
tam; AUC4_4 was the area under the plasma concentration of
the g-lactamase-time profile after the intravenous coadminis-
tration of g-lactamase and piperacillin. AUCg_,;q) Was the de-
crease in the area under the plasma concentration of the 8-
lactamase-time profile after the intravenous coadministration
of B-lactamase, piperacillin and tazobactam compared with
intravenous administration of g-lactamase alone; AUCg.0at1/3

was the decrease in the area under the plasma concentra-
tion of B-lactamase-time profile after intravenous coadmin-
istration of B-lactamase, piperacillin and tazobactam com-
pared with intravenous coadministration of g-lactamase and
tazobactam.

2.10. Statistical analysis

Statistical analyses were conducted using SPSS version
20.0 (SPSS Inc., Chicago, IL, USA). Values are represented
as the means+SD. Significant differences in the data be-
tween the study groups were assessed using t-tests or
one-way ANOVA followed by Dunnett’s test for multiple
treatments. Values of P <0.05 were considered to be statis-
tically significant. A power calculation was performed using
G*power software (3.1.9.2) to ensure that there was enough
power (1->0.8) to detect significant differences in the
data.

3. Results and discussion
3.1.  Bacteremia and clinical biochemistry

Because piperacillin and tazobactam are used clinically in pa-
tients suffering from bacterial infections, we established a
model of infection to investigate possible drug interactions.
Rats were the most suitable animals for pharmacokinetic
studies, and they could also serve as good models for wound
and endocarditis infections [16,17]. Female animals can have
various physiological states that can affect drug disposition
[18]. The physiologic fluctuation in hormonal levels during the
menstrual cycle may further modulate gender differences in
drug disposition [19]. Thus, we chose male rats as the experi-
mental animals for this study to reduce individual differences
among the rats. To elucidate the drug interactions between
piperacillin and tazobactam associated with bacteremia, we
established a rat model induced by K. pneumonia infection to
investigate the drug interactions.

To evaluate the model of bacteremia, the white blood cell
count, procalcitonin and C-reactive protein levels were mea-
sured. As shown in Fig. 1, the white blood cell count was signif-
icantly reduced 5 h postinfection and increased at 72 h postin-
fection. Although the level of C-reactive protein followed a
similar trend as the white blood cell count, the level of C-
reactive protein was the highest at 10h. The level of pro-
calcitonin was increased at 72h postinfection. Changes in
the index of infection indicators illustrated relocations be-
tween 2h and 72h with maximum deviations at 5h. For this
reason, we started the pharmacokinetic experiment at 5h
postinfection.

3.2.  The effects of bacteremia on the pharmacokinetics of
tazobactam

To evaluate whether bacteremia changed the exposure of
tazobactam in rats, the pharmacokinetics of tazobactam were
investigated in rats. As shown in Fig. 2, the plasma con-
centrations and cumulative urinary excretion of tazobactam
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Table 1 - Pharmacokinetic parameters of tazobactam following iv administration.

Parameters Tazobactam (normal) Tazobactam+Piperacillin (normal) Tazobactam (infection) Tazobactam-Piperacillin (infection)
Cmax (ng/ml) 86.5+6.4 87.2+4.1 86.7+13.2 93.1+4.3

MRT (min) 85.2+19.8 119+ 28 93.0£29.8 138 +31*

AUCq. (min-mg/ml) 2.70+0.66 5.68 +1.28% 2.93+0.58 6.52 +1.44%

Ty/5 (min) 61.9+6.7 74.4+7.1° 59.3+7.8 74.3+9.6°

Vg (L/kg) 0.756 +0.148 0.431+0.089° 0.8814+0.195 0.455+0.101°

CL, (ml/kg/min) 2.16 £0.76 0.957 +0.188° 241+1.20 0.961+0.212°

CLg (ml/kg/min) 1.46 40.59 0.45340.103° 1.3040.50 0.361 4 0.043°

Values represent the mean=+S.D. (n=6).
Cmax (pg/ml), maximum plasma concentration; AUCy.«, total area under the plasma concentration-time curve from time zero to infinity;
Ta/2p, half-life; MRT, mean residence time; Vg4, apparent volume of distribution at steady state; CLp, time-averaged plasma clearance; CLg,
time-averaged renal clearance.

a p 20.05,

b P <0.01 compared with single administration.

did not change between the normal and bacteremia rats. centration or renal excretion of tazobactam. Because of
Furthermore, the pharmacokinetic parameters of tazobac- the presence of B-lactamase in the rat model of bac-
tam were not significantly changed between the two groups. teremia, it also showed that B-lactamase did not affect
The results are presented in Table 1. These results indi- the pharmacokinetic characteristics of tazobactam in this

cate that the infection did not change the plasma con- model.
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3.3. The effects of piperacillin on the pharmacokinetics of
tazobactam in bacteremia rats

To determine whether piperacillin changed the exposure of
tazobactam, piperacillin and tazobactam were coadminis-
tered intravenously to evaluate the changes in the tazobac-
tam plasma concentrations. Fig. 3A shows that the plasma
exposure of tazobactam was increased significantly com-
pared with that in the tazobactam alone group. The re-
sults showed that the AUC (from 2.93+0.58 mgmin/ml
to 6.52+1.44 mgmin/ml) and CLp (from 2.40+1.20 to
0.961+0.212ml/min/kg) of tazobactam were both changed.
The pharmacokinetic parameters of tazobactam are shown
in Table 1. To reveal the target organ of drug interaction be-
tween piperacillin and tazobactam, the cumulative urinary
excretion of tazobactam was measured during the 24 h after
the intravenous coadministration of piperacillin and tazobac-
tam. Fig. 3B shows that the renal excretion rate of tazobac-
tam was 54.4% of the dose in the case of tazobactam alone.
When piperacillin and tazobactam were coadministered, the
renal excretion rate of tazobactam decreased to 37.9%. As
shown in Table 1, the CLR of tazobactam decreased from
1.30+0.50 ml/min/kg to 0.361+0.043 ml/min/kg. The results
suggested that piperacillin inhibited the renal excretion of
tazobactam in the bacteremia model rats. Therefore, we sug-
gested that changes in the pharmacokinetics of tazobactam
were not caused by bacteremia but by the interaction between
piperacillin and tazobactam.

3.4.  The effects of bacteremia on the interaction between
piperacillin and tazobactam

To determine whether infection has an impact on the in-
teraction between piperacillin and tazobactam, piperacillin
and tazobactam were coadministered intravenously in nor-
mal rats and bacteremia rats. As shown in Fig. 4A and 4B, there
was also no change in the pharmacokinetics of tazobactam

between the normal rats and bacteremia rats. The results il-
lustrated that infection did not affect the interaction between
the two drugs.

3.5.  The effects of bacteremia on the pharmacokinetics of
piperacillin

To determine if bacteremia changed the disposition of
piperacillin in rats, the pharmacokinetic parameters of
piperacillin were investigated. Based on our understanding of
the traditional theory of piperacillin/tazobactam, the plasma
exposure of piperacillin in bacteremia rats was expected to be
significantly lower than that in normal rats administered with
intravenous piperacillin alone (Fig. 5A). However, as shown in
Fig. 5B and 5C, it was noted that there was no significant differ-
ence in the disposition of piperacillin in normal rats and bac-
teremia rats administered with intravenous piperacillin and
tazobactam. These results suggest that the plasma concentra-
tion of piperacillin was not affected by g-lactamase due to the
protective effect of tazobactam in the rat model of bacteremia,
which did not affect the drug interaction between piperacillin
and tazobactam.

3.6.  The uptake of tazobactam in kidney slices in normal
rats and bacteremia rats

OAT1 and OAT3 are mainly distributed in the basolateral
membrane of the proximal tubules of the kidney and me-
diate the renal excretion of various antibacterial agents. To
demonstrate whether rOat1/3 mediated the interaction be-
tween piperacillin and tazobactam in rats, kidney slices were
used to clarify this mechanism. As shown in Fig. 6A and
6B, the uptake of tazobactam reduced in the coadministered
group, suggesting that piperacillin inhibited the uptake of
tazobactam. However, when the kidney slices were treated
with tazobactam alone, there was no change in the uptake of
tazobactam between the normal rats and the bacteremia rats
(Fig. 6C). The results illustrated that bacteremia did not change
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the uptake of tazobactam in kidney slices and the interac-
tion between piperacillin and tazobactam occurred in both the
normal and infected cases.

3.7.  The effects of bacteremia on the uptake of piperacillin
and tazobactam in kidney slices

To elucidate whether bacteremia affects the uptake of two
drugs in kidney slices in the coadministered group, the up-
take of piperacillin and tazobactam in kidney slices was inves-
tigated. After treatment with the coadministered piperacillin
and tazobactam, the uptake of tazobactam in the kidney slices
from bacteremia rats was higher than that in normal rats,
but no change was seen in the uptake of piperacillin (Fig. 7A
and 7B). To determine if piperacillin was hydrolyzed by g-
lactamase, the g-lactamase activity was detected in kidney
slices of bacteremia rats. The results suggest that the kidney
slices contained g-lactamase in bacteremia rats (Fig. 8). On the
other hand, the uptake of piperacillin in the bacteremia group
was significantly lower than that in the normal group (Fig. 7C).

These findings showed that g-lactamase may influence the
uptake of piperacillin and tazobactam in the kidney slices.

To determine the mechanism of piperacillin inhibiting
the renal excretion of tazobactam, we investigated the time-
dependent inhibitory effects of PAH, PCG and probenecid
on tazobactam uptake in the kidney slices. The findings
showed that probenecid (0.100 mM), PCG (0.100 mM) and PAH
(0.100 mM) inhibited the uptake of tazobactam. The uptake of
tazobactam was reduced by 57.4%, 46.2% and 72.0%, respec-
tively (Fig. 7D). These findings suggested that rOat1/3 medi-
ated druginteractions between piperacillin and tazobactam in
renal excretion. In addition, our research group used hOAT1-
/hOAT3-transfected HEK293 cells to reveal the mechanism. We
found that tazobactam was a substrate of OAT1 and OAT3 and
the uptake of tazobactam in transfected cells was inhibited
in the presence of piperacillin. The details of the uptake ex-
periments in transfected cells are provided in another paper
that was previously published [20]. In this article, the benefi-
cial clinical significance of the interaction of piperacillin and
tazobactam mediated by rOatl1/3 is further described in the
use of the animal model of infection.
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Table 2 - Various AUCy.., of p-lactamase under different administration conditions.

AUCg.0at1/3
(mU-min/ml)

Contribution rate (%)

AUC,_, - AUCs_5 AUC;.0at1/3/AUCj.tota1 x 100

AUCy_4 AUC;_, AUC;_s AUCp qotan

(mU-min/ml) (mU-min/ml) (mU-min/ml) (mU-min/ml)
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Fig. 8 — Activity of g-lactamase in kidney slices. Data are
expressed as the mean%SD. (**P < 0.01 vs. control; n=6).

3.8. Contribution rate of rOat1/3 to the inhibitory effects
of tazobactam on B-lactamase

To determine if the inhibition of rOat1/3 by piperacillin could
enhance the inhibitory effects of tazobactam on g-lactamase,
the determination of g-lactamase in the plasma was inves-
tigated after the intravenous administration of g-lactamase
with piperacillin and/or tazobactam in rats. We then used
the AUCy., of B-lactamase as an indicator of exposure to 8-
lactamase in vivo. The various AUCy., values of g-lactamase
were calculated under different administration conditions.

A 1000000 -&~ [-lactamase B

- B-lactamase+Tazobactam
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AUCg_; was calculated following the administration of -
lactamase alone. AUCgz_, was calculated following the coad-
ministration of g-lactamase and tazobactam. AUC,_3 was cal-
culated under coadministration of g-lactamase, tazobactam
and piperacillin. AUCg_to1q; denoted the full decrease in the
B-lactamase activity after the intravenous coadministration
of g-lactamase. AUCgpqt1/3 Showed the g-lactamase activ-
ity after the intravenous coadministration of g-lactamase. As
shown in Table 2, AUC4. orq €quals AUCg_; minus AUCg_3.
AUCg.,0qt1/3 €quals AUC4_p minus AUCg_3. The AUCq.o, Of -
lactamase was 1.20+0.14 mU-min/ml following the single
administration of g-lactamase (AUCg_;). The AUCp.o, of B-
lactamase was 0.494 +0.004 mU-min/ml following the coad-
ministration of g-lactamase and tazobactam (AUCg_,), and
the AUCy.o, of p-lactamase was 0.32540.003 mU-min/ml fol-
lowing the coadministration of B-lactamase, tazobactam and
piperacillin (AUC4_3). According to formula (3-6), the results
showed that following the coadministration of g-lactamase
and tazobactam, approximately 20% of the inhibitory effect of
tazobactam on g-lactamase was mediated by rOat1/3 (Fig. 9).
Our experimental data showed that the change in plasma ex-
posure of tazobactam was not proportional to the inhibition
of tazobactam on B-lactamase in the presence of piperacillin.
Systemic exposure and renal clearance of tazobactam were
changed by 2-fold. However, the change ratio of the inhi-
bition of tazobactam on p-lactamase was only 20% with
the piperacillin combination. The reason might be that g-
lactamase could degrade itself in vivo. In clinical situations,
there might be two processes of g-lactamase, the generation
and degradation in bacterial infection patients. However, we
only assessed the degradation of g-lactamase in our experi-
ments, and g-lactamase was only used once in the rats. There-
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Fig. 9 - (A) Mean activity-time curves of g-lactamase after intravenous administration of g-lactamase with piperacillin
and/or tazobactam. (B) Contribution rates of rOat1/3 to the inhibitory effect of tazobactam on g-lactamase (n=6).
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fore, we inferred that the contribution rate of rOat1/3 to the
inhibition of g-lactamase was higher than the results of our
experiment. Based on the above results, we suggested that
there was an important clinical implication of synergistic drug
interaction between piperacillin and tazobactam. Therefore,
we proposed that doctors should focus on the importance of
drug interactions mediated by transporters when piperacillin
and tazobactam were coadministered. In addition, we should
be aware of the significance of transporter-mediated drug in-
teractions in clinical applications and in the development of
new drugs. The study of transporter-mediated drug interac-
tion provides a strong theoretical basis for the adjustment of
clinical treatment bringing new ideas for the development of
new compound preparations.

4, Conclusions

Our results provide novel information for demonstrating that
the transporters rOatl/3 also mediated the drug interaction
between piperacillin and tazobactam. The target organ of DDI
mediated by rOat1/3 between piperacillin and tazobactam was
the kidney. Piperacillin could enhance the inhibitory effects of
tazobactam on g lactamases by inhibiting rOat1/3. The contri-
bution rate of rOat1/3 for the synergistic effect was 20% based
on our results.
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