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Abstract

Organic anion transporter 3 (OAT3, SLC22A8), a transporter expressed on the basolateral
membrane of the proximal tubule, plays a critical role in the renal excretion of organic anions
including many therapeutic drugs. The goal of this study was to evaluate the in vivo effects of the
OAT3-11e305Phe variant (rs11568482), present at 3.5% allele frequency in Asians, on drug
disposition with a focus on cefotaxime, a cephalosporin antibiotic. In HEK293- Flp-In cells, the
OAT3-11e305Phe variant had a lower maximum cefotaxime transport activity, Vmax, [159 + 3
nmol*(mg protein)~1/min (mean = SD)] compared with the reference OAT3 [305 + 28 nmol*(mg
protein)~1/min, (mean + SD), p < 0.01], whereas the Michaelis-Menten constant values (Km) did
not differ. In healthy volunteers, we found volunteers that were heterozygous for the 11le305Phe
variant and had a significantly lower cefotaxime renal clearance (CLg; mean £ SD: 84.8 £ 32.1
mL/min, n = 5) compared with volunteers that were homozygous for the reference allele (158 +
44.1 mL/min, n = 10; p = 0.006). Furthermore, the net secretory component of cefotaxime renal
clearance (CLsec) was reduced in volunteers heterozygous for the variant allele [33.3 £ 31.8
mL/min (mean + SD)] compared with volunteers homozygous for the OAT3 reference allele [97.0
+ 42.2 mL/min (mean + SD), p = 0.01]. In summary, our study suggests that a low-frequency
reduced-function polymorphism of OAT3 associates with reduced cefotaxime CLg and CLggc.
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INTRODUCTION

OAT1 (SLC22A6) and OAT3 (SLC22A8) are well-studied organic anion transporters
known to reabsorb and secrete endogenous organic anions (e.g., pyruvate, a-ketoglutarate,
oxalate, urate, and estrone sulfate) and exogenous anions (e.g., methotrexate, ciprofloxacin,
acyclovir, captopril, and thiazides) across the basolateral membrane of the proximal
tubule.1~# In vivo studies in Oat3 knockout mice demonstrate the importance of OAT3 in
the renal elimination of drugs. The area under the plasma concentration time curve (AUC) is
increased, and the renal clearance (CLR) of drugs such as ciprofloxacin,® methotrexate,® and
penicillin’ is reduced in Oat3 knockout mice compared with wild-type mice. Importantly,
organic-anion transporter-mediated drug-drug interactions in the kidney have been described
in several clinical studies. In particular, administration of inhibitors of OATS, such as
probenecid, may result in increased plasma levels and reduced clearances of drugs including
furosemide and ciprofloxacin.8:9 Despite the importance of OAT3 in the pharmacokinetics
of many drugs, limited data on the functional impact of genetic polymorphisms in human
SLC22A8 (OAT3) exist. Nonsynonymous variants in SLC22A8 are uncommon,10: 11
whereas variants are more common in the promoter regions of the gene encoding

OAT3.12. 13 Tg date, pharmacogenomic studies have examined the effect of SLC22A8
variants on drug disposition and response, such as the pharmacokinetics of pravastatin,14
CLg of torsemide,1® and blood pressure response to hydrochlorothiazide.1® However, none
of these studies have demonstrated significant associations of synonymous or intronic
variants in SLC22A8 with drug response phenotypes. Studies conducted previously in our
laboratory have revealed five less common SLC22A8 variants with allele frequencies of less
than 5% in a particular ethnic group, which result in loss of uptake transport.19 Four of them
were singletons for which only one individual in the cohort carries the variant. A non-
synonymous variant, 11e305Phe (3.5% frequency in Asian-Americans), exhibited functional
changes in in vitro assays.1? This variant was also reported in the 1000 Genome Project,
exclusively in individuals of Asian ancestry (e.g., allele frequencies 3.6%-6.0% among
Japanese and Chinese).1” Based on the 1000 Genome Project and our discovery cohort
(http://pharmacogenetics.ucsf.edu/), other reduced-function variants with allele frequencies
of greater than 3% have not been described. Hence, the current study focused on the effect
of the OAT3 lle305Phe variant on drug disposition.

Cefotaxime is a third-generation cephalosporin anti-bacterial drug commonly used to treat
upper respiratory tract infections and bacterial meningitis.1® Approximately 40%-60% of
cefotaxime is excreted unchanged in the urine.19: 20 Cefotaxime belongs to class 3 of the
Biopharmaceutics Drug Disposition Classification System (BDDCS), which are
characterized by high water solubility, poor passive permeability, and poor metabolism
(<70% metabolism).2! For example, these drugs generally require transporters to permeate
plasma membranes. The CLg of cefotaxime exceeds creatinine clearance (CLcR),
suggesting active tubular secretion.2? Cefotaxime is known to inhibit the uptake of estrone
sulfate (Ki =290 uM) in OAT3 overexpressing cells, and the inhibition is more selective for
OAT3 compared with OAT1 and OAT4.23 The goals of this study were twofold: to
determine the effect of OAT3 and the variant 11e305Phe on the uptake of cefotaxime in
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HEK293-Flp-in stable cells and to determine the effect of the OAT3 variant on the
pharmacokinetics of cefotaxime in healthy Asian-Americans.

RESULTS AND DISCUSSION

In vitro cefotaxime transport was measured using HEK293-FlIp-in cells stably transfected
with empty vector (EV), reference SLC22A8 cDNA or with OAT3-1l1e305Phe variant
cDNA, reference SLC22A6 (OAT1), SLC22A7 (OAT2), and SLC22A11 (OAT4) cDNA
subcloned into the mammalian expression vector pcDNAS/FRT. These cell lines, which
were previously generated in our laboratory,10: 24-26 took up radiolabeled model substrates
of organic anion transporters (Fig. S1). Cefotaxime uptake studies were performed at 37°C
for 5 min, which was in the linear portion of the uptake versus time curve (data not shown).
Results showed that cefotaxime had a greater uptake (5-10-fold) in HEK293-FlIp-in cells
transfected with OAT3 compared with EV (Fig. 1). Interestingly, HEK293-Flp-in cells
transfected with OAT2 and OAT4 showed weak fold uptake (approx. twofold) of
cefotaxime compared with EV-transfected cells, whereas OAT1 expressing cells did not
take up cefotaxime significantly (Fig. 1a). OAT3-11e305Phe expressing cells had lower fold
uptake of cefotaxime compared with OAT3 reference cells (Fig. 1b, p < 0.01), and
probenecid (100 uM), an inhibitor of OAT3 and other organic anion transporters,
significantly inhibited uptake. Kinetic studies revealed that (1) the rate of cefotaxime uptake
by both reference and variant of OAT3 was saturable; and (2) the mean £ SD of the Km and
maximum cefotaxime transport activity (Vmax) for OAT3 reference were 717 + 141 uM and
305 + 28 nmol/mg protein/min, respectively. For OAT3-11e305Phe, the Km and Vmax were
549 + 21 pM and 159 + 3 nmol/mg protein/min, respectively (Fig. 2). The Vmax, but not the
Km, of the variant was significantly lower than that of the reference (p < 0.01). Previous
studies of chimeric GFP-tagged transporters suggested that both OAT3 and OAT3-
I1e305Phe had similar localization patterns.1® However, because of limitations in our
previous studies, which used confocal microscopy in transiently transfected cells, we
conducted cell surface biotinylation studies in stably transfected cells (see Supplementary
Information). The studies showed that HEK293-FIp-In cells stably expressing the OAT3
variant 1le305Phe had lower cell surface protein levels (36% lower) compared with cells
expressing OAT3 reference (Fig. S2a). The SLC22A8 mRNA levels in these two cell lines
were similar (Fig. S2b). Consistent with the lower surface expression, the cells with OAT3-
I1e305Phe variant showed lower uptake of four OAT3 substrates (Figs. S1 and S3). The
methods used in the in vitro uptake studies and analytical method to measure cefotaxime
levels in HEK293-FIp-in cells using liquid chromatography—tandem mass spectrometry
(LC-MS/MS) are available in the Supplementary Information.

The collective information from the in vitro studies suggested that OAT3-1le305Phe might
affect the disposition of cefotaxime in humans. Our Pharmacogenomics of Membrane
Transporters (PMT) group has led several genotype-to-phenotype clinical studies focused on
transporter variants.2’-31 The goal of the clinical studies is to test hypotheses about the
effects of genetic variants in transporters on clinical pharmacokinetics and
pharmacodynamics. In this clinical study, participants carrying the OAT3 variant 11e305Phe
were identified by direct sequencing of exon 7 (NM 004254.2) and 100 bp of flanking
intronic region of this exon. After informed consent was obtained, healthy females (age 18—
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40 years old) with known OAT3 genotypes were recruited into this open label study
(NCT00187655). Subjects were admitted to the Clinical and Translational Science Institute
(CTSI) Clinical Research Center at San Francisco General Hospital in a fasting state and
remained at this center for the duration of the study. Blood samples were collected at
multiple time points up to 10 h and urine samples were collected before cefotaxime
administration and starting 2 h after administration. The methods for the sequencing, clinical
study design, clinical sample collection, and analytical procedures for measuring cefotaxime
in human plasma and urine by LC-MS/MS method are available in the Supplementary
Information. The pharmacokinetics of cefotaxime was evaluated in 10 volunteers
homozygous for the common reference allele, 11e305, of OAT3, and five volunteers
heterozygous for the uncommon variant Phe305. Demographic and baseline characteristics
(height, weight, age, and serum creatinine) of volunteers in the two genotype groups were
similar (p > 0.2, Student’s unpaired t-test; Table S1). The cefotaxime plasma concentration—
time profile was evaluated by noncompartmental analysis (WinNonlin 4.1, Pharsight
Corporation, Mountain View, California). Two grams of cefotaxime was given as a single
intravenous (i.v.) bolus over 5min (mean cefotaxime plasma concentration—time curves, Fig.
3a). Overall, healthy volunteers heterozygous for the OAT3 variant allele, 1le305Phe, had
significantly higher AUCs and initial plasma concentrations (Cg) of cefotaxime (p < 0.05,
see Table 1). The CLR of 134 + 53.0 mL/min in the 15 subjects was higher than CL¢g (96.3
+ 17.5 mL/min). A significant difference between the genotype groups was found with
respect to CLg of cefotaxime and net secretory clearance of cefotaxime (CLsec; Table 1).
Specifically, volunteers with 11e305/11e305 exhibited a greater cefotaxime CLR (158 + 44.1
mL/min) compared with volunteers who were heterozygous for the 11e305/Phe305 (84.8 +
32.1 mL/min, p = 0.006). The CLCR did not differ between the genotype groups (Table 1).
The net CLgec Was calculated by subtracting filtration clearance of cefotaxime from the total
cefotaxime CLg. The filtration clearance of cefotaxime is CLcR fraction of the cefotaxime
unbound to the plasma protein (fu), that is, CLg = CLgec + (fuCLcR). The reported fu of
cefotaxime ranges from 0.4 to 0.8.20: 32. 33 |n this clinical study, we used fu = 0.6. The CLggc
differed significantly different between the two groups: 97.0 £ 42.2 mL/min in volunteers
with 11e305/11e305 versus 33.3 + 31.8 mL/min in the volunteers with the 11e305/Phe305 (p =
0.01; pharmacokinetic parameters, Table 1, Figs. 3b and 3c). Similar to results in Oat3
knockout mice and in drug—drug interaction studies of probenecid and OAT3 drug substrates
(e.g., cephalosporin antibiotics34-36), we observed an increased AUC in the volunteers who
were heterozygous for the variant allele (p < 0.05; Table 1). The apparent volume of
distribution at steady state was reduced in individuals harboring the variant OAT3 allele (p =
0.053, Table 1), suggesting that the drug distributes less to body tissues. Because OAT3 is
predominantly expressed in the kidney, it is possible that individuals with the variant
transporter will have lower kidney levels of the drug. Cefotaxime CLg and CLge. Were
significantly reduced in 1le305Phe group (Table 1) because of a primary effect of the variant
allele on tubular secretion, which was likely because of reduced expression of the variant
transporter on the cell surface. In addition to our noncompartmental analysis, we analyzed
the data using a nonlinear mixed effects approach available in NONMEM R 7 (ICON plc,
Dublin, Ireland).37 The First Order Conditional Estimation with interaction (FOCEI) method
was employed throughout the analysis. As has been previously reported, we observed that
the pharmacokinetic data were best fit by a two-compartment model.29: 38. 39 Cefotaxime
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clearance was parameterized using the Egs. 1a and 1b (Fig. S4). Overall, the results from the
two-compartmental model showing that the mean cefotaxime CLg in 15 healthy volunteers
was 7.3 £ 1.6 L/h (mean £ SD) were similar to a previous study in 52 healthy subjects (8.5 =
1.4 L/h).20 Similarly to the analysis using noncompartmental analysis, cefotaxime filtration
(CLijtration) Was calculated using fuCLcg (see Table S2 footnote). Separate parameters
defining the transport component of the CLg were estimated for the patients carrying OAT3
reference and variant allele. The model structure is visualized in Fig. S4. The individual
parameters were assumed to be log-normally distributed, and proportional error was
employed for description of residual variability. The likelihood ratio test, diagnostic plots,
and internal model validation techniques, including visual and numerical predictive checks,
guided the model-building procedure.3” The estimates for the hepatic and renal part of total
clearance were similar, suggesting that both routes of elimination are equally represented. In
this model, CLg of cefotaxime also differed significantly between the two genotype groups.
Specifically, the active transport component of the CLg was 45% lower in the volunteers
who carried the variant allele compared with those who were homozygous for the reference
allele (see Table S2). The net CLgg Was significantly lower in volunteers heterozygous for
the variant allele [n = 5, 3.2 £ 0.28 L/h (mean + SD); RSE 26%] compared with the
volunteers that were homozygous for the OAT3 reference allele [n =10, 5.9 £ 0.69 L/h
(mean = SD); RSE 13%, p < 0.01; Table S2]. Cefotaxime is generally considered a safe
medication; however, rare side effects include allergic reactions, hepatotoxicity, and
nephrotoxicity. Although speculative, our data would imply that individuals with the Phe305
allele would be more susceptible to non-renal side effects related to drug levels and less
susceptible to nephrotoxicity as the transporter plays a role in renal uptake of the drug. The
variant would, therefore, result in lower levels of cefotaxime in the kidney.

CONCLUSIONS

Cefotaxime is a third-generation cephalosporin with broad-spectrum antibacterial activity. In
this study, we show that cefotaxime is a substrate of OAT3 and that the low-frequency
OAT3 variant, 11le305Phe, found in Asians (3.5% allele frequency), is associated with
significant reduced cefotaxime uptake and reduced VVmax in in vitro Kinetic studies. Our cell
surface biotinylation study suggests that the mechanism of the reduced cefotaxime Vmax in
OAT3-11e305Phe cells is because of lower surface protein expression levels of the
transporter. Despite the small sample size, our in vitro clinical studies in healthy volunteers
indicated that individuals with the OAT3 variant 1le305Phe had a substantially lower CLg
and net CLg and a higher AUC compared with those homozygous for the reference allele.
To our knowledge, this is the first study to show a clinical effect of the OAT3-11e305Phe on
CLRg of a drug. However, because of the limited sample size, it will be necessary to confirm
our findings in other clinical studies and to extend our findings beyond pharmacokinetics of
the drug. In particular, the effect of the variant allele on drug safety should be evaluated.
Together with previous studies in Oat3 knockout mice and OAT3-mediated drug-drug
interaction studies, this genotype-to-phenotype study further supports the importance of
OAT3 in as a determinant of drug disposition.
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Figure 1.
Uptake of cefotaxime in HEK293 Flp-In cells expressing organic anion transporters (OATS).

(a) Uptake of cefotaxime (50 uM and 100 puM) in HEK293 Flp-In cells expressing human
OAT1, OAT2, OAT3 and OAT4. The cells were exposed to cefotaxime for 5 minutes.
Significantly greater cefotaxime (50 pM and 100 pM) uptake was observed in HEK293-Flp-
In cells transfected with OAT3 compared to cells transfected with empty vector (EV),
OAT1, OAT2 and OAT4 (p< 0.005). Asterisks indicate significantly different uptake values
from EV controls. Note: * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.005, n.s. not-
significant. Multiple comparisons were analyzed using one-way analysis of variance
followed by Dunnett’s two-tailed test. Data are shown as mean + SD from 2 repeated
experiments, and each experiment was performed in triplicate. Results are expressed as the
percent of activity of the OAT3-reference. (b) Uptake of cefotaxime (100 uM) with and
without the OAT inhibitor, probenecid (100 uM), in HEK293 Flp-In cells expressing OAT3
reference (OAT3-REF) and OAT3 variant, 1le305Phe. The cells were exposed to cefotaxime
with or without probenecid for 5 minutes. The result showed significantly reduced
cefotaxime uptake in cells transfected with OAT3 Ile305Phe compared to OATS3 reference,
** p-value < 0.01. In the presence of probenecid, cefotaxime uptake in cells transfected with
empty vector (EV), OATS3 reference (OAT3-REF) or OAT3 variant (OAT3-11e305Phe),
were significantly reduced compared to cells without probenecid, ** p-value < 0.01, *** p-
value < 0.005. Data are shown as mean = SD from 2 repeated experiments and each
experiment was performed in triplicate. Results are expressed as the percent of activity of
the OAT3-reference (OAT3-REF).
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Figure2.
Cefotaxime kinetics in HEK293 Flp-In cells expressing OAT3 reference (OAT3-REF) and

its variant (OAT3-11e305Phe). In the kinetic studies, uptake rates were determined at 5
minutes. The mean £ SEM K, and Vax Of the OAT3-reference were 717 + 141 pM and
Vmax = 305 + 28 nmol/mg protein/min respectively; the Ky, and Vs of the OAT3-
I1e305Phe were 549 + 21 uM and 159 + 3 nmol/mg protein/min respectively. The Vyax for
the variant was significantly lower than that of reference (p < 0.01), while the K, value was
not significantly different between the reference and the variant. Data points in the figure
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represent the mean + SD from triplicate wells in a representative experiment. Two separate
experiments were performed and the overall results showed that the Vax for the variant was
significantly lower than that of reference (p<0.05) and no significant difference between the
Km values.
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Effect of OAT3 genotype on (&) plasma concentrations (b) renal clearance (CLR) and (c) net
secretory clearance (CLgc) of cefotaxime in healthy volunteers. A single 2 gram dose of
cefotaxime was administered as an intravenous bolus dose over 5 min to volunteers
homozygous for the reference (11e305/11e305, n=10) or heterozygous for the variant (11e305/
Phe305, n=5). CLg parameters were determined using non-compartmental analyses. Data
shown represent mean = SEM (Figure 3(a)) or mean + SD (Figure 3(b) and (c)). Significant
differences between genotype groups as assessed by unpaired two-tailed t-test) are indicated
as, * p<0.05, ** p<0.01 versus volunteers homozygous for the OAT3 reference allele. The
pharmacokinetic parameters are shown in Table 1.
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Table 1

Effects of OAT3 genotype on cefotaxime pharmacokinetic parameters in healthy volunteers after a single
intravenous bolus dose (2 grams over 5 min).

Phar macokinetic Genotype Unpaired t-test
Parameters Total sample
30511e/30511e (n=10) | 305I1e/305Phe (n=5) p-values

Co (ug/mL) 278 £215 190 + 68.4 453 + 305 0.018*
tyz (h) 1.00 + 0.200 1.10 +0.200 1.00 + 0.200 0.338
AUCqgnrs (Mg*h/mL) | 149 +50.3 129 +31.4 188 + 61.6 0.027*
Vg (ML) 13400 + 5620 15300 + 4990 9450 + 5100 0.053
Total CL (mL/min) 247 +£74.9 273 £68.9 193 +60.0 0.046
CLg (mL/min) 134 +53.0 158 +44.1 84.8+32.1 0.006*
CLcg (ML/min) 96.3+175 102 £17.9 85.8+11.8 0.101
ClLgee (ML/min) 75.8+49.0 97.0+422 33.3+318 0.011%

The cefotaxime pharmacokinetic parameters (mean + SD) were determined using noncompartmental analysis (WinNonLin 4.1, Pharsight
Corporation). The pharmacokinetics parameters are consistent with previously reported values.20,22

Cp, is the plasma concentration at first collection time point at 15 min; t1/2, elimination half-life; AUCQ—g h, area under the plasma concentration—
time curve (AUC) from the initial time to the last time point at 6 h. The plasma concentrations of cefotaxime are negligible (<% of the initial
concentrations) after 6 h.

CLCR, measured creatinine clearance; Vss, apparent volume of distribution at steady state. The renal clearance of cefotaxime (CLR) is the sum of

the net secretory clearance (CLsec) and filtration clearance of cefotaxime. Filtration clearance of cefotaxime is creatinine clearance (CLCR)
fraction of the cefotaxime unbound to plasma proteins (fu), that is, CLR = CLgec + (fuCLCR). We used 0.6 as the cefotaxime fraction unbound

(fu) based on published results.20:32 | one individual who is heterozygous for variant allele, the estimated GFR was used as CLCR instead of
using the measured CLCR above. This individual had an abnormal measured CLCR (2.6-fold higher than estimated GFR), whereas other
individual had similar values for estimated GFR and measured CLCR.

p value is significant (p < 0.05) when the individual who is heterozygous for variant allele, with an abnormal measured CLCR was removed from
the analysis. Overall, the C, CLR, CLsec, and AUC remained significant when the analysis was performed in 14 healthy volunteers, excluding the

individual with the extremely high creatinine clearance.
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