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altered clearance and distribution of penicillin G
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Abstract

The interaction of renal basolateral organic anion transporter 3 (Oat3) with commonly used
pharmacotherapeutics (e.g., NSAIDs, B-lactams, and methotrexate) has been studied extensively in
vitro. However, the in vivo role of Oat3 in drug disposition, in the context of other transporters,
glomerular filtration, and metabolism, has not been established. Moreover, recent investigations have
identified inactive human OAT3 polymorphisms. Therefore, this investigation was designed to
elucidate the in vivo role of Oat3 in the disposition of penicillin G and prototypical substrates using
an Oat3 knockout mouse model. Oat3 deletion resulted in a doubling of penicillin’s half-life (P <
0.05) and a reduced volume of distribution (P < 0.01), together yielding a plasma clearance that was
one-half (P < 0.05, males) to one-third (P < 0.001, females) of that in wild-type mice. Inhibition of
Oat3 abolished the differences in penicillin G elimination between genotypes. Hepatic accumulation
of penicillin was 2.3 times higher in male knockouts (P < 0.05) and 3.7 times higher in female
knockouts (P < 0.001). Female knockouts also exhibited impaired estrone-3-sulfate clearance. Oat3
deletion did not impact p-aminohippurate elimination, providing correlative evidence to studies in
Oatl knockout mice that suggest Oatl governs tubular uptake of p-aminohippurate. Collectively,
these findings are the first to indicate that functional Oat3 is necessary for proper elimination of
xenobiotic and endogenous compounds in vivo. Thus Oat3 plays a distinct role in determining the
efficacy and toxicity of drugs. Dysfunctional human OAT3 polymorphisms or instances of
polypharmacy involving OAT3 substrates may result in altered systemic accumulation of -lactams
and other clinically relevant compounds.
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Pharmacotherapeutic efficacy and toxicity are governed by a multitude of pharmacodynamic
and pharmacokinetic factors. The ability of a drug to reach its site of action for a desired
duration is dependent on absorption, distribution, metabolism, and excretion (ADME), all of
which are intimately related to transport mechanisms in barrier epithelia. The vast majority of
drugs and their metabolites bear a negative or positive charge in the body, rendering them
somewhat polar and hydrophilic. This polarity limits passive permeation across lipophilic
barrier membranes throughout the body. Thus the disposition of most drugs is highly dependent
on specialized carriers, or transporters, embedded in these barrier epithelia. Transporters
mediate selective permeation of charged molecules through barrier membranes and are thought
to play a pivotal role in detoxification and drug disposition (20,27,29). As their family names
indicate, organic anion transporters selectively handle anions, while organic cation transporters
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handle cations. Organic anion transporters and organic cation transporters share some
substrates, and their interaction with these substrates depends on the pH of the biophase (i.e.,
site of interaction with the transporter). Two organic anion transporters, Oatl (Slc22a6) and
Oat3 (Slc22a8), are expressed in the basolateral membrane of renal proximal tubule cells and
have been identified as contributors to xenobiotic and endogenous organic anion secretion
(13,30-33). This membrane localization and function position them for an active role in
determining drug exposure and efficacy.

In vitro studies have led to the identification of a number of substrates/inhibitors for Oat1 and
Oat3, including anticancer drugs (e.g., methotrexate), antiviral compounds (e.g., adefovir), and
B-lactam antibiotics (e.g., penicillin G) (6,29). Additionally, some anionic compounds,
typically with steroid backbones (e.g., estrone-3-sulfate), interact with Oat3, but not Oatl. The
substrate profiles of Oatl and Oat3 indicate that these transporters may have partially redundant
roles in the kidney. However, in most cases, substrates shared by Oatl and Oat3 have different
affinities for the transporters, resulting in a concentration-dependent interaction in vivo.

To establish the in vivo role of Oat3 in the elimination of substrates both shared and unshared
with Oat1, we assessed the plasma elimination of p-aminohippurate (Oatl ~ Oat3), estrone-3-
sulfate (Oat3), and penicillin G (Oat3 > Oatl) in Oat3 knockout [Oat3(—/-)] and wild-type
mice. Female Oat3(—/—) mice demonstrated decreased clearance of estrone-3-sulfate, and both
male and female Oat3(—/-) mice exhibited a markedly reduced clearance of penicillin G.
Additionally, indications of possible liver dysfunction were observed in the Oat3(—/-) mice.
These findings suggest that Oat3 is actively engaged in organic anion elimination and
distribution in the intact organism and that its perturbation may lead to impaired clearance of,
and an elevated risk of hepatic exposure to, endogenous organic anions, pharmacotherapeutics,
and toxicants. This finding thus raises the possibility of enhanced susceptibility of humans to
low level toxicants, when possessing a nonfunctional Oat3 polymorphism (14,34,35) or in the
situation of an Oat3 drug substrate overload. This may be the case in polypharmacy involving
drugs such as NSAIDs, diuretics, and antibiotics.

METHODS

Chemicals and materials

Animals

[3H]p-aminohippurate, [3H]estrone-3-sulfate, and [24CJinulin were purchased from American
Radiolabeled Chemicals (St. Louis, MO), and [3H]benzylpenicillin (penicillin G) was
purchased from GE Healthcare Bio-Sciences (Piscataway, NJ). Probenecid and HPLC-grade
reagents were purchased from Fisher Scientific (Hampton, NH). The HPLC and guard columns
were purchased from Alltech Associates (Columbia, MD). Dispo-Equilibrium Dialyzers were
acquired from Harvard Apparatus (Holliston, MA).

Male and female Oat3(—/—) (backcrossed onto C57BL/6 >6 times) and wild-type age-matched
C57BL/6 mice (12-16 wk old for pharmacokinetic experiments and 6 mo old for quantitative
PCR and organ function markers) were used in the present study. Mice were allowed food and
water ad libitum and were housed in animal facilities maintained by the Medical University of
South Carolina (MUSC) Division of Laboratory Animal Resources. The MUSC program for
laboratory animal care has an assurance statement on file with the National Institutes of Health
Office for the Protection from Research Risks/Department of Health and Human Services and
has maintained full accreditation with the Association for Assessment and Accreditation of
Laboratory Animal Care since 1987. All animal procedures were approved by the MUSC
Institutional Animal Care and Use Committee (AR 2082, reapproved 9/1/2006).
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Substrate elimination and distribution

Radiolabeled substrates 100 uCi/kg of p-aminohippurate (1.43 pg/kg), estrone-3-sulfate (0.53
na/kg), or penicillin G (1.87 pg/kg), and 10 pCi/kg inulin (5.83 mg/kg) were administered in
5 ul of normal saline for each gram of weight, by bolus tail vein injection, to unanesthetized
animals. In inhibition experiments, probenecid (100 mg/kg) was dissolved in
dimethylsulfoxide (2 ul/g body wt) and injected intraperitoneally 15 min before intravenous
substrate injection. This route of administration was determined in preliminary experiments to
result in far greater bioavailability of probenecid compared with gavage, with a time of
maximum concentration (Tmax) 0f 15 min and a maximum concentration achieved (Cpax) in
plasma of ~1.0 mM. In inhibition experiments employing estrone-3-sulfate, the radiolabeled
compounds penicillin G and inulin were mixed in the same saline injection solution with 30
mM estrone-3-sulfate and taurocholate (10 mg/ml). Taurocholate was considered ideal for
solubilizing the lipophilic estrone-3-sulfate, as it is a physiological surfactant as well as an
Oat3 substrate. For all experiments, serial blood samples (~35 pl) were obtained at the times
indicated, and 100-200 mg of liver was harvested at the end of the experiment. Liver samples
were blotted dry, weighed, and homogenized in 0.4 ml PBS using an electric tissue blender
before the addition of 5 ml of scintillation fluid. Blood samples were centrifuged at 21,000 g
for 5 min, and 10 pl of plasma was used for scintillation counting. Samples were counted in a
Packard Tri-Carb 2900 TR liquid scintillation counter with external quench correction.
Microcuries of radioactivity were converted to moles of substrate using the specific activity of
the substrate. Substrate mass in the vascular space of liver tissue was calculated and subtracted
from the total tissue level using established volumes (58 ul of plasma/g of liver) (24) and the
measured plasma concentration at 30 min. The liver plasma volume using this literature method
was nearly identical to the value obtained using measured inulin levels in the liver at 30 min
(i.e., plasma volume in the liver was also calculated using the total mass of inulin in the liver
piece and the known concentration in the plasma measured at 30 min).

Penicillin G serum protein binding

Blood was acquired from anesthetized mice, and serum was obtained by centrifugation. Then,
2.77 ul (2.77 uCi) of [3H]benzylpenicillin was mixed with 450 ul of serum. Two 210-pl aliquots
were taken from this solution, and 32 pl of PBS (pH 7.4) was mixed with one aliquot (i.e.,
control serum), while 32 ul of PBS containing estrone-3-sulfate (53 mM) and sodium
taurocholate (18 mg/ml) was mixed with the other aliquot (i.e., competition serum). Then, 75
ul of either the control or competition [3H]benzylpenicillin serum was added to one chamber
of a Dispo-Equilibrium Dialyzer (molecular weight cutoff of 5,000), and 75 ul of PBS was
added to the opposite chamber. The apparatus was agitated at 200 rpm in an orbital shaker
maintained at 37°C. At 1, 2, 4, and 6 h, 5-ul samples were taken from each side of the apparatus
and placed in individual vials prefilled with scintillation cocktail. The buffer-to-serum [3H]
benzylpenicillin concentration ratio was then calculated and plotted. The experiment was
performed separately using serum from male and female mice. Each condition, control and
competition, was assessed in triplicate.

Quantitative PCR

Total RNA was isolated from kidney and liver tissue using a Qiagen RNeasy Midi Kitaccording
to the manufacturer’s protocols (Qiagen, Valencia, CA). One hundred micrograms of total
RNA was subjected to digestion with DNase | and purified using a Qiagen RNeasy Mini Kit
according to the instructions. Ten micrograms of DNase-treated RNA served as a template for
first-strand cDNA synthesis (50-pl reaction volume). One microliter of the reaction served as
a template for quantitative PCR (QPCR) using SybrGreen QPCR Master Mix (Stratagene, La
Jolla, CA) on an Mx3000P QPCR instrument (Stratagene). All determinations were made in
triplicate and repeated. No template control reactions and ROX reference dye were included
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in every run. Cycle parameters were as follows: 1 cycle for 10 min at 95°C, 40 cycles of
denaturation at 95°C (30 s), annealing at 55°C (30 s), and elongation at 75°C (30 s), followed
by a dissociation curve. Primer pairs were designed to cross intron-exon boundaries, and
sequences are given (Table 1).

Organ function markers

Blood was obtained by cardiac puncture in anesthetized mice, and serum was isolated by
centrifugation. Serum analysis was performed by AniLytics (Gaithersburg, MD).

HPLC analysis

Probenecid was quantified in 25-pl samples of plasma deproteinized with 5 volumes of
acetonitrile and injected (25-ul full-loop) for HPLC without evaporation. Samples were
analyzed on a Finnigan LCQ Advantage Max LC-MS (Thermo Electron, Waltham, MA)
equipped with a C1g column (5-um particle size; 4.6-mm 1D/150-mm length) maintained at
40°C. Mobile phase A was 50 mM formic acid (pH 3.0 via NH3) in deionized and distilled
water, and mobile phase B was HPLC-grade methanol. The gradient was from 30 to 100% B
over 10 min, and the column was flushed with 100% B before equilibration to initial conditions.
Quantitation was by UV absorbance at 280 nm, and interpolation of the standard curve [peak
area ratio of probenecid to internal standard (y-axis) vs. concentration of probenecid (x-axis)].
4-Fluorobenzoic acid was used as the internal standard at 400 ng/ul and was added before
deproteinization. Identity was confirmed using spiking and electrospray ionization mass
spectrometry in the negative polarity setting. Probenecid was monitored at m/z = 284.1. Mass
spectrometry conditions were selected using automatic instrument tuning to the ion of interest.

Pharmacokinetic and statistical analyses

RESULTS

Pharmacokinetic determinations were performed using WinNonlin software (Pharsight). Two-
compartment intravenous bolus modeling was used with micro-constants and resulted in the
lowest coefficients of variation for kinetic parameters compared with other models. Statistical
significance of elimination curves was determined using 2-way ANOVA.. Student’s t-test was
used for all other comparisons. The a for significance was 0.05.

Pharmacokinetic analysis

The plasma elimination profiles for p-aminohippurate were virtually identical between wild-
type and Oat3(—/—) male and female mice (Fig. 1A). Furthermore, no significant differences

in kinetic parameters were observed for p-aminohippurate between genotypes. The same was
true for inulin (Fig. 1B).

In contrast, plasma levels of estrone-3-sulfate were significantly elevated in females compared
with males while inulin levels remained comparable (Fig. 2, A and B). Additionally, plasma
estrone-3-sulfate levels were increased in female Oat3(—/-) animals compared with wild-type
(Fig. 2A). In contrast to p-aminohippurate, for estrone-3-sulfate female Oat3(—/-) mice
exhibited a significantly elevated area under the concentration vs. time curve (AUC) and lower
total clearance compared with wild-type (Table 2).

Plasma clearance of penicillin G exhibited the most striking differences between genotypes.
Levels of penicillin G were markedly higher in male and female Oat3(—/—) mice compared
with wild-type, whereas inulin levels remained comparable between genotypes (Fig. 3, A and
B). The differences between males and females observed for estrone-3-sulfate were not evident
with penicillin G. Both genders of Oat3(—/-) mice exhibited significantly elevated hepatic
levels of penicillin G, 30 min after administration, compared with wild-type [2.3 times higher
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in male knockouts (P < 0.05) and 3.7 times higher in female knockouts (P < 0.001)]. All
observed pharmacokinetic parameters for penicillin G were substantially different in Oat3(—/
—) mice and indicated that they have a reduced volume of distribution and total clearance of
penicillin G, with an increased AUC (Table 2). Furthermore, Oat3(—/—) mice demonstrated a
nearly twofold greater half-life for penicillin G than wild-type mice (Table 2, P < 0.05 for
males and females pooled).

The elimination of p-aminohippurate in the presence of the potent organic anion transporter
inhibitor probenecid was also investigated. In the presence of probenecid (100 mg/kg ip 15
min before p-aminohippurate and inulin administration), plasma p-aminohippurate levels were
elevated in male wild-type mice while inulin levels were unaffected (Fig. 4, Aand B). However,
both p-aminohippurate and inulin levels were significantly elevated in male Oat3(—/-) mice
in response to probenecid (Fig. 4, A and B). To rule out a difference in bioavailability of
intraperitoneally administered probenecid in Oat3(—/-) and wild-type mice as a cause of the
observed difference in response, probenecid plasma levels were quantified 2 min before p-
aminohippurate and inulin administration using HPLC. Probenecid levels were not
significantly different between Oat3(—/-) and wild-type mice: (1.14 £ 0.17 vs. 1.04 £ 0.06
mM, n =5).

Therefore, to examine the effect of organic anion transporter inhibition without the
complicating effect of probenecid on inulin levels in knockout animals, elimination of
radiolabeled penicillin G was measured in the presence of a transporter-saturating dose of
unlabeled estrone-3-sulfate, a high-affinity Oat3 substrate that does not interact with Oatl
[Figs. 5A (males) and 6A (females)]. In both males and females, inhibition with estrone-3-
sulfate resulted in plasma levels of penicillin G that were no different between genotypes. In
stark contrast to penicillin G’s pharmacokinetics in the absence of inhibition, in the presence
of an Oat3-saturating level of estrone-3-sulfate all measured penicillin G pharmacokinetic
parameters were nearly identical between wild-type and Oat3(—/—) mice (Table 3).
Furthermore, penicillin’s volume of distribution and plasma clearance resembled that of inulin
under inhibition conditions.

Penicillin G serum protein binding

QPCR

Since combined estrone-3-sulfate and taurocholate accelerated the elimination rate of penicillin
G in Oat3(—/-) mice (Figs. 5A and 6A; note slope of terminal elimination and Table 2 compared
with Table 3), the ability of these compounds to displace penicillin G from its serum protein
binding site(s) was determined (Fig. 7). In both male and female Oat3(—/-) mouse serum,
combined estrone-3-sulfate and taurocholate resulted in significantly enhanced partitioning of
penicillin G into the buffer chamber of the dialyzer, indicating that displacement of penicillin
G from serum protein had occurred.

To determine whether loss of Oat3 affected the level of gene expression of other transporters
and to elucidate gender differences in transporter expression, renal and hepatic mMRNA
expression levels were examined by QPCR in male and female Oat3(—/-) and wild-type mice
(Fig. 8, A-D). As expected, Oat3 message was undetectable in Oat3(—/-) mice. Renal
expression of Oat2 and Oat5 was unaffected by loss of Oat3 (Fig. 8A). However, Oat1 renal
message levels in both genders of Oat3(—/-) animals were less than half that observed in wild-
type animals (Fig. 8A). Male Oat3(—/—) mice also exhibited reduced expression of organic
anion transporting polypeptide 1 (Oatp1) and multidrug-resistance-associated protein 2 (Mrp2)
in the kidney (Fig. 8A). No differences in hepatic mMRNA levels were observed between Oat3
(=/-) and wild-type mice (Fig. 8B).
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Differences in mRNA levels between genders of wild-type mice were also investigated. In the
kidney, a female predominance existed for Oat2, Oat3, and Oatb, while a male predominance
existed for Oatl and Oatpl (Fig. 8C). In the liver, male mice exhibited greater expression of
Oat2, Oatpl, multidrug resistance protein 1 (Mdrl), and Mrp2 compared with female mice
(Fig. 8D).

Organ function markers

Liver and kidney tissue morphology was found to be normal in a previous investigation of
Oat3(—/-) mice (31). Here we investigated biochemical markers of organ function in 6-mo-
old male mice to reveal less overt indications of dysfunction. Liver and kidney function marker
levels were significantly different between Oat3(—/—) and wild-type mice but were within the
normal range with the exception of alanine aminotransferase in knockout mice (Fig. 9).
Absolute measurements were [wild-type vs. Oat3(—/-)]: alanine aminotransferase, 23.0 £ 7.5
vs. 198.8 £ 67.0 U/I; total bilirubin, 0.08 £ 0.02 vs. 0.15 + 0.02 mg/dl; blood urea nitrogen,
26.7 £ 1.6 vs. 22.8 £ 1.0 mg/dl; creatinine, 0.25 £ 0.05 vs. 0.48 + 0.04 mg/dl; and uric acid,
3.5+0.94 vs. 6.32 £ 1.39 mg/dl.

DISCUSSION

The continual identification of novel substrates for renal transporters using heterologous in
vitro expression systems provides valuable information for predicting xenobiotic-xenobiotic
and xenobiotic-endobiotic interactions, as well as consequences of nonfunctional transporter
polymorphisms. However, the well-recognized limitation of these preliminary determinations
is that they do not indicate the true relevance of a transporter in handling a substrate in the
context of whole-body metabolism, extrarenal transport, and glomerular filtration. To attribute
an abnormality in blood or organ chemical composition to a transporter perturbation, the
relevance of the transporter to the disposition of the chemical must first be determined in vivo.
The goal of this investigation was to determine the in vivo role of Oat3 in the elimination and
distribution of substrates demonstrated to have diverse transporter selectivity in vitro, ranging
from relatively promiscuous substrates to Oat3-selective substrates. The substrates chosen
represent those interacting with partially redundant renal transporters (i.e., p-aminohippurate
with Oatl and Oat3), those interacting with partially redundant renal and hepatic transporters
(i.e., estrone-3-sulfate with Oat3 and the renal and hepatic organic anion transporting
polypeptides), and those interacting predominantly with Oat3 (i.e., penicillin G). The
expectation is that the elimination of substrates that interact more specifically with Oat3 and
rely primarily on the kidney for removal will be reduced to the greatest extent by Oat3 deletion.
For every animal, the nontransported compound, [14CJinulin, was injected concomitantly with
the tritiated substrate of interest. This measure served to rule out any differences in glomerular
filtration and hemodynamics between mice and also indicated dosing consistency. It was
determined that none of these factors were confounding, as no differences in inulin handling
were identified between mice of different genotypes (Figs. 1B, 2B, 3B, 5B, 6B, and Tables 2
and 3).

p-Aminohippurate is the prototypical organic anion transporter substrate and is also used as a
diagnostic drug for measuring renal blood flow and transport capacity (4,12). When examined
in vitro, the renal basolateral organic anion transporters Oatl and Oat3 have displayed species
differences in their affinities for p-aminohippurate. Human OAT1 exhibits an ~10-fold stronger
affinity for p-aminohippurate than human OAT3, and rabbit Oat3 does not transport p-
aminohippurate (7,9,36). However, rat Oatl and Oat3 interact with p-aminohippurate with
similar affinities in vitro (22,32). While a K, for p-aminohippurate on mouse Oat3 has not
been reported, mouse Oatl exhibits a similar affinity for p-aminohippurate as rat Oatl and
Oat3 (23). A recent investigation demonstrated that Oat1 knockout mice exhibit impaired p-
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aminohippurate elimination (13), substantiating the in vivo role of Oatl in handling this
compound and suggesting that if compensatory upregulation of Oat3 occurs, the degree of
compensation is not sufficient to completely counteract the effect of Oatl deletion. In the
current investigation, we have determined that Oat3 deletion does not result in impaired p-
aminohippurate elimination (Fig. 1A). Despite renal Oatl mRNA levels exhibiting a substantial
reduction in the Oat3(—/—) mice (Fig. 8A), p- aminohippurate elimination was not altered,
suggesting that Oatl function may not be compromised in the Oat3(—/—) mice. Additionally,
despite the current and previous observation (5) of lower renal Oatl mRNA levels in wild-type
female mice relative to males, p-aminohippurate elimination was similar between genders.
Collectively, current evidence suggests that Oatl plays a greater role in p-aminohippurate
elimination than Oat3 in vivo. It is important to note that since the current study assessed low-
dose p-aminohippurate, and maximum transport capacity was not evaluated, it remains
uncertain whether differences in Oatl protein expression are present between the two
genotypes. Clearly, comparison of Oatl protein expression levels in wild-type and Oat3(—/
—) animals is central to determining the compensatory potential of this partially redundant
transporter. However, custom-generated and commercially available anti-rat and anti-mouse
Oatl antisera failed to recognize mouse Oatl via Western blotting or immunohistochemistry.

In a separate experiment, p-aminohippurate was administered with probenecid to determine
the impact of organic anion transporter inhibition on p-aminohippurate handling (Fig. 4).
Interestingly, Oat3(—/—) males exhibited a response to probenecid that was more pronounced
than that in wild-type males; however, this heightened response occurred with inulin as well.
Thus it appears that Oat3(—/—) mice demonstrate a response to probenecid that involves an
effect on hemodynamics or the glomeruli, whereas wild-type mice only demonstrate an effect
on transport (i.e., inulin was not affected by probenecid in wild-type mice). To rule out a
difference in bioavailability of intraperitoneally administered probenecid between knockout
and wild-type mice, probenecid levels were measured by HPLC 2 min before injection of p-
aminohippurate and inulin. The probenecid levels were determined to be ~1 mM in all mice
(probenecid levels in humans reach ~0.5 mM for prevention of cidofovir nephrotoxicity)
(26). Further investigation is needed to elucidate the mechanism for heightened responsiveness
of Oat3(—/-) mice to probenecid. For the current study, because of this unexplained effect of
probenecid in knockout mice, the Oat3 substrate estrone-3-sulfate, which bears the added
benefit of avoiding inhibition of Oatl, was used to inhibit penicillin G elimination.

Estrone-3-sulfate is an excreted conjugated metabolite of estrogen that has been used in vitro
for tracking Oat3 function. Estrone-3-sulfate interacts with Oat3 (31), but it also interacts with
most liver and renal Oatps (17). However, since estrone-3-sulfate does not interact with Oatl
(31), it is possible that Oat3 loss may have a greater impact on estrone-3-sulfate elimination
than on p-aminohippurate in vivo. In this investigation, female Oat3(—/-), but not male Oat3
(=/-) mice exhibited reduced estrone-3-sulfate clearance (Fig. 2A and Table 2). Additionally,
male mice of either genotype demonstrated a greater plasma clearance of estrone-3-sulfate
compared with females, which appeared to be caused by a greater volume of distribution in
males (Fig. 2A and Table 2). These two findings suggest that male mice possess a mechanism
for estrone-3-sulfate clearance that is more active than that in females. Perhaps the most likely
explanation is that males have greater Oatp function in the liver and/or kidneys than females,
and thus the impact of Oat3 knockout is less pronounced in males and their estrone-3-sulfate
clearance is greater. This hypothesis is supported by the present finding that female mice have
substantially lower Oatpl mRNA levels in kidney and liver than male mice (Fig. 8, C and D).
Similar determinations have been made in both mice and rats (8,25). Furthermore, biliary
elimination of a related compound, estradiol-17-p-D-glucuronide, has been shown to be more
active in male rats than in females (15).
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Penicillin G (benzylpenicillin) is a pharmacotherapeutic substrate that is transported by Oat3
in vitro and interacts to a lesser degree with Oatl (18,19,21). This antibiotic is eliminated
primarily by the kidney (~80%) (11), is 65% protein bound (28), demonstrates some affinity
for human hepatic OATPs (16,17), and is 20-30% metabolized hepatically (10). Thus these
properties place the elimination burden on carrier-mediated mechanisms in the kidney. This
transporter dependency was historically exploited by practitioners using probenecid (a pan-
inhibitor of organic anion transporters) to extend the residence time of penicillin and other -
lactams in the systemic circulation. The current investigation provides the first definitive in
vivo confirmation that Oat3 is a major transporter responsible for penicillin G elimination,
despite the presence of possible redundant transporters. Both male and female Oat3(—/—) mice
exhibited markedly impaired penicillin G elimination (Fig. 3A and Table 2) in addition to
substantially heightened hepatic levels 30 min after administration (~2- to 4-fold higher). These
findings suggest that the human OAT3 polymorphisms which were demonstrated to result in
dysfunctional or nonfunctional transport in vitro may be of true relevance in patients (14).
Similar findings have also been reported with human OAT1 polymorphisms in vitro (1) and
Oatl knockout mice (13). The difference in penicillin G elimination between Oat3(—/-) and
wild-type mice is completely abolished in the presence of an Oat3-saturating dose of estrone-3-
sulfate (Figs. 5A and 6A and Table 3). This finding supports the contention that penicillin G
elimination is highly dependent on Oat3 function. Since estrone-3-sulfate is substantially
protein bound in the blood (2,3), the high dose given to inhibit penicillin G elimination was
theorized to displace penicillin G from its protein binding site. Dialysis was employed to
confirm that such displacement can occur (Fig. 7). The buffer-to-serum ratio of penicillin G
approached unity only in the presence of estrone-3-sulfate, suggesting that the displacement
of penicillin G from serum protein was nearly complete. Thus, while estrone-3-sulfate will
inhibit Oat3-mediated transport in wild-type mice and Oatp-mediated transport in both wild-
type and Oat3(—/—) mice, resulting in less Oat3-mediated tubular uptake of penicillin G in wild-
type mice and less Oatp-mediated hepatic uptake of penicillin G in both wild-type and Oat3
(=/-) mice, it will also facilitate glomerular filtration of penicillin G by raising the free fraction
in the blood. The expectation is therefore that with an excess level of estrone-3-sulfate, all
Oat3- and Oatp-mediated penicillin G transport should be abolished, and penicillin G in the
blood should be free from protein. If these hypotheses hold true, penicillin G clearance should
approach that of inulin, which is not protein bound and is not transported, but is merely removed
by glomerular filtration. Table 3 provides evidence that this is the case for both male and female
Oat3(—/—) and wild-type mice. Interestingly, Oat3(—/—) mice demonstrate a greater penicillin
G elimination rate (i.e, shorter half-life) when estrone-3-sulfate is present (Tables 2 and 3).
This finding suggests that when Oat3 is absent, and therefore cannot be inhibited, estrone-3-
sulfate’s enhancement of penicillin G’s glomerular filtration contributes to a net increase in
penicillin elimination. On the other hand, in wild-type mice, since enhanced glomerular
filtration is opposed by inhibition of Oat3, the net elimination rate of penicillin G does not
change substantially.

The present findings indicate that Oat3 plays a major role in elimination and distribution of
certain pharmacotherapeutics such as B-lactam antibiotics. Furthermore, these results indicate
that impaired renal secretion resulting from perturbation of Oat3 is not entirely compensated
for by other transport mechanisms. This is evidenced in the elevated systemic levels of
estrone-3-sulfate and penicillin G (Figs. 2A and 3A). The elevated liver accumulation of
penicillin G in Oat3(—/-) mice bears important implications for hepatotoxicity resulting from
more toxic endogenous and xenobiotic Oat3 substrates. Elevated alanine aminotransferase and
total bilirubin, and reduced blood urea nitrogen, in the Oat3(—/-) mice supports the hypothesis
that hepatotoxicity may have already ensued as a result of such accumulation of endogenous
organic anions (Fig. 9).
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This study highlights the importance of Oat3 as a major mediator of penicillin G elimination
and distribution. This information serves as a further contribution to the continuing efforts to
identify the specific molecular entities responsible for mediating the disposition of antibiotics
and other xenobiotic and endogenous compounds of clinical relevance. Future studies are
necessary to elucidate the contribution of Oat3 to the elimination of other p-lactam antibiotics
in vivo. A recent investigation regarding the role of renal basolateral Oatl in B-lactam transport
provided an indication that different -lactam antibiotics have markedly different transport
properties on the same transporter, and penicillin G exhibits a relatively weak interaction with
Oatl compared with other B-lactams (19). The major impact of Oat3 deletion on penicillin G
elimination at such a low concentration in the blood suggests that other low-level substrates
can potentially accumulate to abnormal levels in humans with compromised Oat3 function.
Therefore, drug competition on Oat3 or the presence of nonfunctional polymorphisms of Oat3
should be considered as potential risk factors for accumulation of its substrates in the systemic
circulation and in the liver. Oat3 substrates that are also actively transported into the liver by
other transporters are especially likely candidates for causing hepatotoxicity as a result of Oat3
inhibition/dysfunction.
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Fig. 1.

Plasma elimination of p-aminohippurate (PAH) in male and female Oat3(—/—) and wild-type
mice. [BH]PAH and [14CJinulin were concomitantly administered by intravenous injection,
and plasma levels were determined by scintillation counting at 1, 5, 10, 15, 20, and 30 min.
A: plasma elimination profile of PAH. B: plasma elimination profile of inulin. Values are means
+ SE; n = 3-5. Significance was assessed between genotypes of the same gender by ANOVA.
Squares, males; circles, females; open symbols, Oat3(—/-); closed symbols, wild-type.
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Fig. 2.

Plasma elimination of estrone-3-sulfate (ES) in male and female Oat3(—/-) and wild-type mice.
[3H]ES and [*4C]inulin were concomitantly administered by intravenous injection, and plasma
levels were determined by scintillation counting at 1, 5, 10, 15, 20, and 30 min. A: plasma
elimination profile of ES. B: plasma elimination profile of inulin. Values are means + SE; n =
4. Symbols are defined as in Fig. 1. Significance was assessed between genotypes of the same
gender by t-test (*P < 0.05, **P < 0.01) and between genders of the same genotype by ANOVA
(tP <0.05, ttP < 0.01).
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Fig. 3.

Plasma elimination of penicillin G (PCN G) in male and female Oat3(—/-) and wild-type mice.
[3H]PCN G and [*4C]inulin were concomitantly administered by intravenous injection, and
plasma levels were determined by scintillation counting at 1, 5, 10, 15, 20, and 30 min. A:
plasma elimination profile of PCN G. B: plasma elimination profile of inulin. Values are means
+ SE; n = 4. Symbols are defined as in Fig. 1. Significance was assessed between genotypes
of the same gender by ANOVA (**P < 0.01, ***P < 0.001).
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Fig. 4.

Plasma elimination of p-aminohippurate (PAH) in male Oat3(—/—) and wild-type mice in the
presence or absence of probenecid. [BH]PAH and [14C]inulin were concomitantly administered
by intravenous injection in the presence or absence of probenecid (~1 mM in plasmavia HPLC)
that was administered intraperitoneally 15 min before injection. Plasma levels were determined
by scintillation counting at 1, 5, 10, 15, 20, and 30 min. A: plasma elimination profile of PAH.
B: plasma elimination profile of inulin. Values are means + SE; n = 3-7. Squares, no inhibition;
diamonds, inhibition; open symbols, Oat3(—/-); closed symbols, wild-type. Significance was
assessed between genotypes given the same treatment by ANOVA (***P < 0.001).
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Fig. 5.

Plasma elimination of PCN G in male Oat3(—/-) and wild-type mice in the presence or absence
of an Oat3-saturating dose of ES. [BH]PCN G and [*4CJinulin were concomitantly administered
by intravenous injection with or without unlabeled ES. Plasma levels were determined by
scintillation counting at 1, 5, 10, 15, 20, and 30 min. A: plasma elimination profile of PCN G.
B: plasma elimination profile of inulin. Values are means + SE; n = 4. Symbols are as defined
in Fig. 4. Data without inhibition were reproduced from Fig. 3 and do not represent a separate
experiment. Significance was assessed between genotypes given the same treatment by
ANOVA (**P < 0.01).
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Fig. 6.

Plasma elimination of PCN G in female Oat3(—/—) and wild-type mice in the presence or
absence of an Oat3-saturating dose of ES. [?H]PCN G and [**C]inulin were concomitantly
administered by intravenous injection with or without unlabeled ES. Plasma levels were
determined by scintillation counting at 1, 5, 10, 15, 20, and 30 min. A: plasma elimination
profile of PCN G. B: plasma elimination profile of inulin. VValues are means + SE; n = 4.
Symbols are as defined in Fig. 4. Data without inhibition were reproduced from Fig. 3 and do
not represent a separate experiment. Significance was assessed between genotypes given the
same treatment by ANOVA (***P < 0.001).
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PCN G serum protein binding and displacement with combined ES and taurocholate (TC).
Dialysis was performed using male or female Oat3(—/—) mouse serum spiked with [3H]JPCN
G. To determine the partitioning of [SH]PCN G into the buffer chamber in the absence and
presence of excess ES combined with TC, 5-ul buffer and serum chamber samples were
acquired at 1, 2, 4, and 6 h. Values are means of buffer:serum ratio = SE; n = 3 replicates using
serum pooled from 3 male or female mice. Asterisks represent significant differences between
control (no competition) and competition (+ES and TC) by t-test (*P < 0.05, **P < 0.01,

***P < 0,001).
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Quantitative PCR (QPCR) determination of transporter mRNA levels in Oat3(—/-) and wild-
type male and female mice. Transporter expression levels were determined in kidney and liver
from 6-mo-old mice by QPCR. A: renal transporter levels in knockout relative to wild-type
animals. Open bars, females; closed bars, males. B: hepatic transporter levels in knockout
relative to wild-type animals (open bars, females; closed bars, males). C: renal expression levels
in female wild-type relative to male wild-type animals. D: hepatic expression levels in female
wild-type relative to male wild-type animals. Values are mean mRNA levels relative to
comparator + SE; n = 6 for each bar. Asterisks represent significant differences from unity
(dotted line) by t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Organ function marker levels in serum of 6-mo-old Oat3(—/—) (open bars) and wild-type
(closed bars) male mice. ALT, alanine aminotransferase; T. Bili, total bilirubin; BUN, blood
urea nitrogen; Cr, creatinine; UA, uric acid. Significant differences for Oat3(—/-) vs. wild-type
are indicated (*P < 0.05, ***P < 0.001).
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Table 1

Nucleotide sequences of QPCR primers

Transporter

Product Size, bp

Forward Primer Sequence

Reverse Primer Sequence

Oatl
Oat2
Oat3
Oat5
Oatpl
Mdrla/b
Mrp2

117
159
125
110
101
146
151

5 - CCATCGTGACTGAGTGGAAC- 3
5 - GGCTGGGAGTACGACCGECTC- 3
5 - CTTCAGAAATGCACCTCTTG 3
5 - ACCTTGGAGGT TGTGAAAAC- 3
5 - TGGGTCTGTGAATACAGATG- 3
5 - AGTGGGGGACAGAAACAGAG 3
5 - TGAATCTCGACCCTTTCAAC- 3

5 - TGTCCGCCAGGTAGCCAAAC- 3
5 - GCCAAACCTGTCAGACAAGT- 3
5 - ACCTGTTTGCCTGAGGACTG 3
5 - AGACAGATCCGCTTGCGAAG 3
5 - GGATATTCACTCCTGCACAG- 3
5 - CGECCTTCTCTAGCCTTATC- 3
5 - TGCCTCTGCCCTATGCTCAG- 3

Page 21

QPCR, quantitative PCR; Oat, organic anion transporter; Oatp, organic anion transporting polypeptide; Mdr, multidrug resistance protein; Mrp,
multidrug resistance-associated protein.
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