
Benzylpenicillin inhibits the renal excretion

of acyclovir by OAT1 and OAT3

Jianghao Ye1, Qi Liu1,2,3, Changyuan Wang1,2,Qiang Meng1,2,3,

Huijun Sun1,2, Jinyong Peng1,2,3, Xiaochi Ma1,2,3, Kexin Liu1,2,3

1
Department of Clinical Pharmacology, College of Pharmacy, Dalian Medical University,

2
Research Institute

of Integrated Traditional and Western Medicine of Dalian Medical University,
3
Provincial Key Laboratory for

Pharmacokinetics and Transport, Liaoning, Dalian Medical University, 9 West Section, Lvshun South Road,

Lvshunkou District, Dalian 116044, China

Correspondence: Kexin Liu, e-mail: kexinliu@dlmedu.edu.cn

Abstract:

Background: Acyclovir is acyclic guanosine derivative. Benzylpenicillin (PCG) is a b-lactam antibiotic. The purpose of this study

was to investigate the pharmacokinetic drug-drug interaction (DDI) between PCG and acyclovir.

Method: When acyclovir and PCG were co-administered, plasma concentration of acyclovir, urinary excretion of acyclovir in vivo,

uptake of acyclovir in kidney slices and uptake of acyclovir in human (h) OAT1/hOAT3- HEK293 cells were determined to examine

the effect of PCG on urinary excretion of acyclovir.

Results: The plasma concentration of acyclovir was increased markedly and accumulative renal excretion and renal clearance of

acyclovir were decreased significantly after intravenous administration of acyclovir in combination with PCG. PCG could decrease

the uptake of acyclovir in kidney slices and in hOAT1-/hOAT3-human embryonic kidney (HEK293) cells.

Conclusions: It indicates that acyclovir is a substrate for OAT1 and OAT3. PCG inhibits the renal excretion of acyclovir by inhibit-

ing renal transporters OAT1 and OAT3 in vivo and in vitro. These results suggest important information for DDI between PCG and

acyclovir in kidney.
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Introduction

Renal excretion is one of the major routes of drug

elimination in the body. Most drugs are eliminated to

some extent by the kidneys and the kidney is the ma-

jor organ of elimination for many drugs. Transporters

in the kidney mediate the secretion or reabsorption of

many compounds and thereby influence the plasma

levels of their substrates. Organic anion transporters

(OATs) are major class of secretory transporters in the

kidney [1]. The renal uptake of organic anions has

been characterized by OAT1 and OAT3 on the baso-

lateral membrane of the proximal tubules in the hu-

man [3, 10]. The substrates of OAT1 include various

drugs, such as nonsteroidal antiinflammatory drugs,

p-aminohippurate (PAH), b-lactam antibiotics, ochra-

toxin A, diuretics, antiviral drugs, methotrexate and

endogenous compounds, such as uremic toxins, cyclic

nucleotides, dicarboxylates and prostaglandins, while

the substrates of OAT3 include 3-hydroxy-3-methyl-

glutaryl-CoA reductase inhibitors (pravastatin), H2 re-

ceptor antagonists (cimetidine), b-lactam antibiotics
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(benzylpenicillin), endogenous compounds such as

uremic toxins, and conjugated steroids (E1S, E217bG

and DHEAS) [5, 8, 9, 12, 16, 22].

Acyclovir is acyclic guanosine derivative and used

in the treatment of various forms of herpes simplex

infections. Approximately 83% of acyclovir is ex-

creted by kidney in its unchanged forms [13]. Renal

excretion of acyclovir is reduced by probenecid,

a typical inhibitor of OAT [13]. Although neither pos-

sesses a typical anionic moiety, the results suggest

that the OAT system is responsible for the tubular se-

cretion of this drug. Benzylpenicillin (PCG) is a b-lac-

tam antibiotic. Similar to acyclovir, the major route of

PCG elimination is also renal excretion with normal

renal capacity [19]. It has been reported that secretion

of PCG by proximal tubule cells of the kidney is sen-

sitive to probenecid [17, 20]. The transport of drugs

via renal OAT is important to understand their phar-

macokinetics and toxicokinetics.

Strategies have been used to determine whether the

combination of PCG and acyclovir impacts the phar-

macokinetics of acyclovir. To clarify the pharmacoki-

netic mechanism of the drug-drug interaction (DDI),

and to provide a rationale for the clinical use of the

drug combination we used in vivo intravenous ad-

ministration, in vivo urinary excretion, in vitro kidney

slices and uptake studies in transfected cells to assess

the mechanism of DDI between acyclovir and PCG

with co-administration. Our results indicated that the

target transporters are OAT1 and OAT3, when PCG

and acyclovir are co-administered.

Materials and Methods

Chemicals

Acyclovir was purchased from Hubei Tian-Guang

Pharmaceutical Factory (Hubei, China). Benzylpeni-

cillin (PCG) was purchased from Sigma (USA).

Paracetamol (internal standard) was obtained from the

National Institute for the Control of Pharmaceutical

and Biological Products (Beijing, China). The stable

transfectants of hOAT1- and hOAT3-HEK293 cells

and vector cells (mock) were provided by Professor

Yuichi Sugiyama, Graduate School of Pharmaceutical

Sciences, University of Tokyo (Tokyo, Japan) and

Li-kun Gong (Shanghai Institute of Materia Medica,

Chinese Academy of Science, Shanghai, China). All

other chemicals were of analytical grade and were

commercially available.

Animals

All studies were carried out in male Wistar rats

weighing 220 to 250 g (from the Experimental Ani-

mal Center of Dalian Medical University, Dalian,

China; permit number SCXK 2008-0002). All experi-

ments were conducted in accordance with the Na-

tional Institutes of Health Guide for the Care and Use

of Laboratory Animals.

Pharmacokinetic interaction studies

In all cases, we used diethyl ether to anesthetize the

rats [15]. Acyclovir and PCG were soluble in normal

saline or buffer solution and were administered intrave-

nously via the jugular vein to rats in aqueous solution.

In vivo plasma concentration and renal

excretion

We grouped the rats into two groups: 1) acyclovir

(30 mg/kg) alone, 2) acyclovir (30 mg/kg) + PCG

(30 mg/kg). The blood samples were collected at 1, 5,

10, 30, 60, 120, 240, 360, 480 and 600 min after intra-

venous administration. The urine was collected di-

rectly from the cannulated bladder at 0.5, 1, 2, 4, 6, 8,

10, 12 and 24 h after administration. The plasma and

urine samples were analyzed by the LC-MS/MS

method mentioned below. In addition, the cumulative

urinary excretion and renal clearance were calculated

(see Data analysis).

In vitro uptake in kidney slices

Uptake studies were carried out as described in a pre-

vious report [9, 24]. Kidney slices (0.3 mm thick, with

a surface area of about 0.15 cm2) rich in renal cortex

were obtained using a ZQP-86 tissue slicer (Zhixin

Co., Ltd., Shanghai, China). Two slices, each weigh-

ing 10 to 20 mg, were randomly selected and incu-

bated in a 6-well plate with 1 ml of oxygenated incu-

bation buffer (120 mM NaCl, 16.2 mM KCl, 1 mM

CaCl2, 1.2 mM MgSO4, and 10 mM NaH2PO4/
Na2HPO4, pH 7.5) in each well after preincubation for

3 min at 37°C. The kidney slices were then trans-

ferred to a 24-well plate with 1 ml of oxygenated in-

cubation buffer containing drugs. Fifty µM of acy-
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clovir in the presence or absence of PCG (200 µM)

was used in 5 min uptake experiment. In the 5 min

concentration-dependent experiment, the concentra-

tions of acyclovir were 10, 50, 100, 200, 500 and

1000 µM in the presence or absence of PCG

(200 µM). In the 5 min concentration-dependent ex-

periment of PCG, the concentrations of PCG were 10,

50, 100, 200, 500 and 1,000 µM. At the end of the in-

cubation period, each slice was rapidly removed from

the incubation buffer, washed in ice-cold saline, blot-

ted on filter paper, weighed and acyclovir and PCG

was determined using LC-MS/MS after kidney slices

were homogenized and deproteinized by MeOH.

Uptake study using transfected cells

hOAT1-, hOAT3-HEK293 cells were generally ac-

knowledged as described previously [5, 21]. Cells

were grown in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum, penicillin

(100 U/ml) and streptomycin (100 µg/ml) at 37°C

with 5% CO2 and 95% humidity. Cells were seeded in

24-well plates at a density of 5 × 105 cells/well and

cultured for 2 days. In uptake study, hOAT1-,

hOAT3-HEK293 cells and mock cells were put in

Hank’s balanced salt solution (HBSS: 118 mM NaCl,

23.8 mM NaHCO3, 4.83 mM KCl, 0.96 mM KH2PO4,
1.20 mM MgSO4, 12.50 mM HEPES, 5 mM glucose

and 1.53 mM CaCl2, pH 7.4) at 37°C. Uptake was ini-

tiated by adding HBSS (1 ml) containing drugs after

cells had been washed three times and preincubated in

HBSS for 15 min at 37°C. The uptake of acyclovir in

the presence or absence of PCG (1,000 µM: in

hOAT1-HEK293 cells; 200 µM: in hOAT3-HEK293

cells) was measured in hOAT1-, hOAT3- and mock

cells: in 3 min uptake experiment, at acyclovir con-

centration of 50 µM; in a concentration-dependent ex-

periment (uptake time: 3 min), at acyclovir concentra-

tions of 10, 50, 100, 200, 500 and 1,000 µM. In the

3 min concentration-dependent experiment of PCG in

hOAT1-, hOAT3- and mock cells, the concentrations

of PCG were 100, 500, 1,000, 2,000, 5,000 and

10,000 µM in hOAT1-HEK293 cells and 10, 50, 100,

200, 500 and 1,000 µM in hOAT3-HEK293 cells. The

uptake was terminated after incubation for the desig-

nated times by aspirating the medium and adding ice-

cold HBSS. The cells were washed three times with

1 ml of ice-cold HBSS and lysed with 0.1% Triton

X-100. The cell lysate samples were analyzed by

LC-MS/MS.

LC-MS/MS analysis

All samples were analyzed using a triple quadrupole

mass spectrometer with electrospray ionization (ESI)

on a turbo ionspray source (API 3200; Applied Bio-

systems, Foster City, CA, USA) coupled to a liquid

chromatography system (Agilent 1200, Agilent Tech-

nology Inc., Palo Alto, CA, USA) and a C18 column

2.1 × 150 mm (Elite Hypersil, China). The mobile

phase consisted of 10% methanol and 90% water with

0.1% formic acid, and was delivered at a flow rate of

0.5 ml/min. Multiple reaction monitoring (MRM)

mode was utilized to detect the compounds of inter-

est. Analytes were detected in the positive mode, and

protonated molecular ions at m/z 248.0®174.0 for

acyclovir, m/z 334.9®160.9 for PCG m/z 152.1®

110.1 for paracetamol as the internal standard, respec-

tively.

Data analysis

The main pharmacokinetic parameters of acyclovir in

plasma were calculated by the 3P97 program. The

plasma clearance (CLp) of acyclovir was calculated

by the following:

CLp = Dose/AUCiv (1)

where AUCiv is the area under the plasma

concentration-time profile after intravenous admini-

stration. The renal clearance (CLR) of acyclovir was

calculated as follows:

CLR = Atotal/AUCiv (2)

where Atotal is the total cumulative amount of acy-

clovir excreted in urine over 24 h. The Michaelis-

Menten constant (Km) was calculated by Eadie-

Hofstee plot.

Statistical analysis

Statistical analysis was performed using the SPSS

11.5 package. Each experimental point represents the

mean ± SD. To test for statistically significant differ-

ences among multiple treatments for a given parame-

ter, one way analysis of variance was performed;

p < 0.05 or p < 0.01 was considered statistically sig-

nificant.
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Results

Pharmacokinetic DDI between acyclovir and PCG

following intravenous administration in vivo

To understand whether PCG changed the plasma

elimination of acyclovir, PCG and acyclovir were co-

administered intravenously to examine the change in

plasma concentration of acyclovir. The plasma

concentration of acyclovir was increased markedly by

administration of PCG simultaneously (Fig. 1A).

Furthermore, the pharmacokinetic parameters of

acyclovir were changed as follows (Tab. 1): Ke (from

0.0117 to 0.0061 1/min), AUC (from 4,988 to

6,510 µg.min/ml), CLp (from 6.00 to 4.61 ml/min/kg),

T1/2 (from 59 to 113 min) and mean residence time

(from 69 to 135 min). The results suggested that PCG

inhibited the plasma elimination of acyclovir.

DDI in renal excretion in vivo

To examine whether the decrease in plasma elimina-

tion of acyclovir is the reason for inhibiting renal ex-

cretion of acyclovir by PCG, we compared the cumu-

lative urinary excretion of acyclovir during 24 h after

intravenous co-administration of acyclovir and PCG.

The cumulative excretion of acyclovir during 24 h

was 79% of the dose when acyclovir was adminis-

tered alone (Fig. 1B). This indicated that the kidney is

the major organ of elimination for acyclovir. When

acyclovir and PCG were co-administered, the cumula-

tive urinary excretion of acyclovir decreased to 45%

(Fig. 1B), and CLR decreased to 44% (Tab. 1). These

findings indicate that PCG inhibited the renal excre-

tion of acyclovir.

DDI in kidney slices

To further examine the mechanism for inhibiting renal

excretion of acyclovir by PCG, we used rat fresh kid-

ney slices to do the uptake experiment. The Km value

of PCG is 40 µM by the concentration-dependent ex-

periment of PCG (Fig. 2A and Tab. 2). Therefore, we
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Fig. 1. (A) Mean plasma concentration-time curves of acyclovir after intravenous administration of acyclovir and acyclovir with PCG in rats.
(B) Urine excretion curves of acyclovir after intravenous administration of acyclovir and acyclovir with PCG. Statistical differences between
each set of points were compared with those for the control groups by a two-tailed unpaired t test, with p < 0.05 as the limit of significance (* p <
0.05 vs. control; ** p < 0.01 vs. control; n = 3). Data are expressed as the mean ± SD (n = 3)

Tab. 1. Pharmacokinetic parameters of acyclovir by intravenous ad-
ministration. Values represent the means ± SD (n = 3). Statistical
analyses were conducted using a two-sided unpaired Student’s
t-test

Parameters Acyclovir Acyclovir + PCG

k
e

(1/min) 0.0117 ± 0.0003 0.0061 ± 0.0006a

MRT (min) 69 ± 2 135 ± 3b

AUC (µg.min/ml) 4988 ± 210 6510 ± 180a

T
1/2

(min) 59 ± 3 113 ± 12b

V
d

(l/kg) 0.51 ± 0.02 0.54 ± 0.04

CL
p

(ml/min/kg) 6.00 ± 0.24 4.61 ± 0.19a

CL
R
(ml/min/kg) 4.75 ± 0.15 2.07 ± 0.32a

MRT – mean residence time. a p < 0.01, b p < 0.001, compared with
single administration



choose 200 µM of PCG which is greater than 40 µM

to inhibit the uptake of acyclovir. In the 5 min uptake

experiment, the uptake of acyclovir was decreased

markedly by addition of PCG (Fig. 3A). In the uptake

of concentration-dependent experiment, in case of

acyclovir alone, the Km value of acyclovir was

363 µM, but it was increased significantly to 928 µM

when PCG was added (Fig. 4A and Tab. 2). This sug-

gested that PCG decreased the affinity of acyclovir to

some binding sites in kidney.

Uptake interaction of acyclovir and PCG in

transfected cells

To confirm whether OAT1 and OAT3 are the targets

of DDI between acyclovir and PCG and whether

OAT1 and OAT3 are responsible for inhibiting renal

excretion of acyclovir by PCG, we used hOAT1- and

hOAT3-transfected HEK293 cells to investigate the

uptake of acyclovir and PCG. The uptake of acyclovir

and PCG in hOAT1- (Figs. 2B, 3B and 4B) and

hOAT3- (Figs. 2C, 3C and 4C) transfected cells were

markedly greater than in mock cells. The Km values

of PCG in hOAT1- and hOAT3-transfected HEK293

cells are 884 µM and 63 µM (Figs. 2B, 2C and Tab.

2), respectively. Therefore, we choose 1000 µM of

PCG in hOAT1- transfected HEK293 cells and

200 µM in hOAT3- transfected HEK293 cells to in-

hibit the uptake of acyclovir. The uptake of acyclovir

in transfected cells was significantly inhibited by

PCG (Figs. 3B, 3C, 4B and 4C). The Km values of

acyclovir were increased from 289 µM to 464 µM in

hOAT1-transfected HEK293 cells and increased from

416 µM to 1109 µM in hOAT3- transfected HEK293

cells (Tab. 2), indicating that PCG inhibited the affini-

ties of acyclovir to hOAT1 and hOAT3.

Discussion

DDI may be the result of various processes. These

processes may include alterations in the pharmacoki-

netics of the drug, such as alterations in the absorp-

tion, distribution, metabolism, and excretion (ADME)
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Fig. 2. The concentration-dependent profiles of PCG uptake in kidney slices and transfected cells. Inset: The results are shown as Eadie-
Hofstee plots. (A) PCG uptake in kidney slices. (B) PCG uptake in hOAT1- or vector-HEK293 cells. (C) PCG uptake in hOAT3- or vector-HEK293
cells. ** p < 0.01 vs. control. Data are expressed as the mean ± SD (n = 3)

Tab. 2. The Km values of PCG and acyclovir as well as the effect of
PCG on uptake of acyclovir in kidney slices, hOAT1-HEK293 cells,
and hOAT3-HEK293 cells. Values are expressed as the mean ± SD
(n = 3)

Km (µM)

Kidney slices hOAT1-HEK293
cells

hOAT3-HEK293
cells

PCG 40 ± 12 884 ± 25 63 ± 18

Acyclovir 363 ± 31 289 ± 27 416 ± 52

+ PCG 928 ± 62a 464 ± 46a 1109 ± 94a

a p < 0.05



of a drug. DDI arising from inhibition of the same

transporters may lead to adverse effects. Some drugs

with harmful DDI have been withdrawn from the

market. Such DDI as between ganciclovir and probe-

necid, act on organic anion transporters. When the

two drugs were co-administered Cmax and AUC of

ganciclovir were increased by 40% and 53%, the re-

nal clearance rate of ganciclovir was decreased by

19% with an increase in bone marrow suppression

and other side effects, hence the dose should be ad-

justed in clinical application [4]. In clinical practice, it

is very important for a doctor to understand the phar-

macokinetic mechanism for transporter-mediated DDI

for safe application of drugs.

Acyclovir and PCG were mainly excreted by the

kidney. Acyclovir is used to treat herpes simplex, her-

pes simplex keratitis, genital herpes [23]. In clinic PCG

is usually selected to treat various infections. It is pos-

sible for a patient suffering from herpes and bacterial

infections to be treated simultaneously with acyclovir

and PCG. To examine the targets of DDI between

acyclovir and PCG we established the method for de-

termination of acyclovir in vivo and in vitro by LC-

MS/MS to elucidate the mechanism of the DDI when

acyclovir and PCG were co-administered. We tried to

provide a theoretical basis of DDI between acyclovir

and PCG for clinical application.

When acyclovir (30 mg/kg) and PCG (30 mg/kg)

were simultaneously administered intravenously, the

plasma concentration of acyclovir was increased in

comparison with the control group (Fig. 1A). The

AUC increased 1.3-fold, T1/2 extended 1.9-fold, and

CLp reduced to 77% in comparison with the control

group (Tab. 1). These results indicate that there is ob-

vious inhibition in the plasma elimination of acyclovir

when the two drugs are co-administered. To further
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Fig. 3. The inhibition effects of PCG on acyclovir (50 µM) uptake in kidney slices and transfected cells. (A) The 5 min uptake of acyclovir in kid-
ney slices. (B) The 3 min uptake of acyclovir in hOAT1- or vector-HEK293 cells. C: The 3 min uptake of acyclovir in hOAT3- or vector-HEK293
cells. * p < 0.05 vs. control; ** p < 0.01 vs. control. Data are expressed as the mean ± SD (n = 3)

Fig. 4. The concentration-dependent profiles of acyclovir uptake in kidney slices and transfected cells. Inset: The results are shown as Eadie-
Hofstee plots. (A) The inhibition effects of PCG on acyclovir uptake in kidney slices. (B) The inhibition effects of PCG on acyclovir uptake in
hOAT1- or vector-HEK293 cells. (C) The inhibition effects of PCG on acyclovir uptake in hOAT3- or vector-HEK293 cells



examine the mechanism for inhibiting the plasma

elimination of acyclovir by PCG, we determined the

cumulative urinary excretion of acyclovir during 24 h.

Compared with acyclovir only, the cumulative urinary

excretion of acyclovir was decreased remarkably, and

CLR was also reduced markedly (Fig. 2B and Tab. 1)

when acyclovir and PCG were injected simultane-

ously. These results indicated that the reason why

PCG inhibited the plasma elimination of acyclovir is

because PCG could inhibit the renal excretion of acy-

clovir. This DDI can cause the accumulation of acy-

clovir in the body and increase the plasma concentra-

tion of acyclovir, which further increases its renal tox-

icity. By this experiment, we can conclude: when

acyclovir and PCG were co-administered in clinical

practice, patients should reduce the dose or stagger

administration time. An article reported that a similar

DDI between cephalosporins and probenecid also oc-

curred and resulted in potential renal toxicity [2]. For

example, when the cefadroxil was administered with

probenecid, the Cmax and T1/2 were increased 1.4 and

1.3 times, respectively; CLR decreased to 58% [14].

The kidney plays an important role in the renal ex-

cretion of drugs and their metabolites via glomerular

filtration and tubular secretion. The uptake from

blood through the basolateral membrane of epithelial

cells in the proximal tubules is the first step in tubular

secretion. Transporter-mediated systems are consid-

ered to play major roles in the tubular drug uptake.

Based on transport studies, it has been considered that

OAT1 and OAT3 play a predominant role in the trans-

port of organic anions across the basolateral mem-

brane of proximal tubules [5]. OAT1 is expressed pre-

dominantly in the kidney and is localized on the baso-

lateral membrane of the middle proximal tubules (S2)

[18]. OAT3 in the kidney is located on the basolateral

membrane in all the segments (S1, S2, and S3) of the

proximal tubules [9, 11]. Increased drug will accumu-

late in renal tubular epithelial cells and result in renal

toxicity when OATs-mediated DDI induces increase

in plasma concentration of a drug. For instance,

methotrexate and indomethacin can lead to acute re-

nal failure when they are co-administered [6].

To further examine the target transporters involved

in DDI between acyclovir and PCG, we used kidney

slices and transfected cells to pinpoint the target trans-

porters. In the kidney slices experiment, we found that

the uptake of acyclovir was inhibited markedly by

PCG (Figs. 3A and 4A). An increase in Km values

(from 363 to 928 µM) suggested that the affinity of

acyclovir to some binding sites in kidney slices was

attenuated (Tab. 2). It was previously reported that the

renal excretion of acyclovir and PCG could be af-

fected by probenecid which is a typical inhibitor of

OAT1 and OAT3 [13, 17, 20]. It indicated that OAT1

and OAT3 in kidney might be the targets of DDI be-

tween acyclovir and PCG. To prove this hypothesis

we investigated the effect of PCG on uptake of acy-

clovir in hOAT1- and hOAT3-HEK293 cells. PCG in-

hibited the uptake of acyclovir in hOAT1- and

hOAT3-HEK293 cells (Figs. 3B, 3C, 4B and 4C). An

increase in Km values (from 289 to 464 µM in the

hOAT1-expressing HEK293 cells and from 416 to

1,109 µM in the hOAT3-expressing HEK293 cells) in-

dicated that the affinities of acyclovir to OAT1 and

OAT3 were decreased (Tab. 2) when acyclovir was ad-

ministered with PCG. Our results indicate that OAT1

and OAT3 are the target transporters involved in DDI

between acyclovir and PCG. Because OAT1 and OAT3

are secretion transporters [7], when the secretory func-

tion of OAT1 and OAT3 is inhibited by PCG, the renal

excretion of acyclovir will decrease and the plasma

concentration of acyclovir will increase.

In conclusion, there are DDI between acyclovir and

PCG when the two drugs are co-administered. The

targets of interaction are OAT1 and OAT3 in kidney.

Our results are novel in demonstrating for the first

time that PCG inhibits the renal excretion of acyclovir

by inhibiting OAT1 and OAT3.
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