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Abstract
Based on in vitro rat and human hepatocyte uptake studies showing inhibition of warfarin uptake
in the presence of the non-specific organic anion transporting polypeptide (OATP) inhibitor
rifampin, a clinical study was conducted in 10 healthy volunteers. In a randomized, single-dose,
two-period, crossover design, subjects received a 7.5 mg dose of warfarin alone or immediately
following a 600 mg intravenous dose of rifampin. Rifampin did not significantly alter R- or S-
warfarin area under the concentration-time curve (AUC) from 0–12 hours (period of hepatic
OATP inhibition by rifampin) or Cmax (maximum plasma concentration). AUC0–∞ was decreased
on rifampin days for both R- (25% reduction; p < 0.001) and S-warfarin (15% reduction; p <
0.05). No differences were seen on the area under the INR-time curve. Our study suggests hepatic
uptake via OATPs may not be clinically important in the pharmacokinetics of warfarin.
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INTRODUCTION
Warfarin is a commonly prescribed anticoagulant for the prevention of venous
thromboembolism, systemic embolism, and other thromboembolic events. But, successful
use of warfarin has been challenged by its large inter-individual variation in required
warfarin dose and narrow therapeutic index.(1) Doses can differ >10-fold among patients to
achieve similar levels of anticoagulation. In attempts to explain the variability in warfarin
dose, formal pharmacogenetic techniques have been applied to try and identify potential
common genetic polymorphisms in genes that may be important. It is now well-recognized
that Single Nucleotide Polymorphisms (SNPs) in warfarin's major metabolizing enzyme
(cytochrome P-450 (CYP) 2C9) and its pharmacodynamic target (vitamin K epoxide
reductase; VKORC1) have a significant impact on warfarin dose requirement.(2–5) Multiple
investigators have incorporated patients' genetic status within these genes along with
demographic factors (i.e. age, weight, gender, ethnicity, interacting drugs, etc.) into dosing
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algorithms for improved dose prediction.(6–9) Yet, these regression models can only
account for at most 55–60% of the variability in warfarin dose.

The Biopharmaceutics Drug Disposition Classification System (BDDCS), which classifies
drugs based on the characteristics of solubility and extent of metabolism, allows
investigators to predict whether intestinal and hepatic transporters can potentially affect
disposition of a drug.(10) Specifically, BDDCS predicts that following oral dosing of poorly
soluble, extensively metabolized drugs (i.e. Class 2 drugs), efflux transporter effects may
predominate in the intestine, but both uptake and efflux transporter effects can be important
in the liver. In those organs where the relevant metabolizing enzymes are located, extensive
transporter-enzyme interplay will also occur. Recent human pharmacokinetic studies from
our laboratory have demonstrated in vivo the importance of hepatic uptake via organic anion
transporting polypeptides (OATPs) in the disposition of two BDDCS Class 2 drugs:
atorvastatin(11) and glyburide.(12) Using concomitant administration of single dose
intravenous rifampin as a non-specific OATP inhibitor, hepatic uptake inhibition resulted in
a 1.3 and 6.8 fold increase in glyburide and atorvastin exposure, respectively, as measured
by the total area under the concentration-time curve (AUC). The importance of uptake
transporters has been shown for a number of other Class 2 drugs as well.(13)

Warfarin is a racemic mixture of S- and R- enatiomers with S-warfarin being 2–5 times
more potent and conferring the majority of its anticoagulant activity.(14) Both the S- and R-
enatiomers are eliminated almost exclusively by CYP metabolism, i.e., S-warfarin
principally by CYP2C9 metabolism to form the primary metabolite 7-hydroxywarfarin (14,
15); R-warfarin principally by CYP3A4 metabolism to form 10-hydroxywarfarin.(15)

Since warfarin is classified as a BDDCS Class 2 drug(10), the potential for hepatic uptake
transporters to play a role in its pharmacokinetics should be considered, a proposition not
previously studied. By inhibiting the uptake of warfarin into the liver, warfarin would have
decreased access to its major metabolizing CYP enzymes resulting in an increased AUC.
Based on initial in vitro rat and human hepatocyte data showing decreased uptake of
warfarin in the presence of rifampin, a clinical trial in healthy volunteers was conducted to
examine the impact of hepatic uptake inhibition on warfarin pharmacokinetics.

RESULTS
In Vitro Study – Rat and Human Hepatocyte Uptake

In the presence of 100 μM rifampin, the uptake of 1 μM racemic warfarin was decreased by
23% in rat hepatocytes (p < 0.05; Figure 1A) and 34% in human hepatocytes (p< 0.001;
Figure 1B) compared to control.

Clinical Study
Pharmacokinetics of S- and R-warfarin—Figure 2 displays the concentration-time
profiles of S- and R-warfarin after a single oral dose of 7.5 mg warfarin alone or with a
single intravenous dose of rifampin. Data from a previous study by our laboratory and
information provided in the package insert, predict relevant concentrations of rifampin for
up to 12 hours after a single 600 mg intravenous dose(11, 16). Therefore, in the current
study we focused on S- and R-warfarin concentration-time data from 0–12 hours (Figure 2
inset) that would represent the time period of hepatic OATP inhibition by rifampin and
when any uptake effects on warfarin pharmacokinetics, if any, would be seen. Rifampin had
no effect on the AUC0–12h of S-warfarin or R-warfarin compared to control days when
warfarin was given alone (Table 1), as well as Cmax (maximum plasma concentration) and
Tmax (time of maximum concentration).
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Analysis of all concentration-time data showed rifampin significantly decreased the
AUC0–∞ of S-warfarin by 15% (p < 0.04) and R-warfarin by 25% (p < 0.001) (Figure 2;
Table 1). The apparent terminal half-life (t1/2) of S-warfarin was not significantly different
on rifampin days (p = 0.13). For R-warfarin, a 25% shortening of the terminal t1/2 was seen
on rifampin days (p < 0.001). The steady-state volume of distribution (Vss/F) was unaffected
by the presence of rifampin for both S- and R-warfarin.

Pharmacokinetics of warfarin metabolites—The concentration-time profiles of 7-
hydroxywarfarin (S-warfarin metabolite) and 10-hydroxywarfarin (R-warfarin metabolite)
after a single oral dose of 7.5 mg warfarin alone or with a single intravenous dose of
rifampin are shown in Figure 3. Rifampin had no significant effect on 7-hydroxywarfarin
AUC0–12h or any other its pharmacokinetic parameters (Table 2). For 10-hydroxywarfarin,
rifampin also had no effect on the AUC0–12h(Table 2). But, after 12 hours the concentration-
time profile of 10-hydroxywarfarin between treatments began to diverge with higher
concentrations on rifampin days (Figure 3b). The Cmax of 10-hydroxywarfarin was increased
111% on rifampin days (p < 0.001) but no change in Tmax was seen. Rifampin treatment
also resulted in an 84% increase in the AUC0–120h (p < 0.001) and 16% increase in the
AUC0–∞ (p < 0.05) of 10-hydroxywarfarin. Terminal t1/2 decreased 50% on rifampin days
(p < 0.001). Because of its extremely long terminal t1/2, a large portion of 10-
hydroxywarfarin's concentration-time profile was not captured within our sampling time-
period (0–120 hour), and therefore, a significant proportion of AUC0–∞ was extrapolated
(warfarin alone, 64 +/− 11%; warfarin plus rifampin, 44% +/− 12%,). For the same reason,
our terminal t1/2 estimate for 10-hydroxywarfarin may not exclusively represent the terminal
phase.

AUC ratios of metabolite to parent—The AUC0–∞ ratio of 7-hydroxywarfarin to S-
warfarin and 10-hydroxywarfarin to R-warfarin increased 20% and 58% respectively with
rifampin treatment (p < 0.01 for both; Table 3).

Pharmacodynamics—A single 7.5 mg dose of oral warfarin caused a small, transient
increase in INR from baseline during each treatment period as reflected in the maximum
INR (INRmax) vs. baseline INR (INRbaseline; p < 0.01 for both), but rifampin caused no
differences in INR measures compared to warfarin alone (Table 4).

Safety—All 10 subjects who were enrolled completed the study. No significant adverse
events were observed and no bleeding complications occurred.

DISCUSSION
In this study, we attempted to determine the importance of hepatic uptake transporters for
the disposition of the widely-used, narrow therapeutic index, anticoagulant warfarin. The
results of our clinical study demonstrated that co-administration of the potent OATP
inhibitor rifampin, given as a single intravenous dose, had no effect on the AUC0–12h and
Cmax values of S- and R- warfarin or S-warfarin's hydroxyl metabolite. Accordingly, OATP
uptake transport is likely not clinically significant for the disposition of warfarin and will
provide no further insight into mechanisms of warfarin drug-drug interactions or genetic
variation important in warfarin dose selection.

Rifampin was chosen as a model OATP inhibitor to block the in vivo OATP-mediated
hepatic uptake of warfarin(11, 17, 18). Because of rifampin's shorter t1/2 (2.9 ±0.9 h(19))
relative to S- and R- warfarin (39h and 49h respectively, as determined in our clinical study)
and because we could not give rifampin as multiple doses dues to its metabolic enzyme
induction effect, rifampin was only present in plasma for a portion of warfarin's
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concentration-time curve.OATP inhibition and any potential effect on warfarin
pharmacokinetics occurred at most during the time of rifampin presence, and therefore,
outcome measures for our study needed to be suitably selected to capture this period of
OATP inhibition. Previous reports have shown that after a single 600 mg intravenous dose
of rifampin to healthy volunteers, rifampin was present for up to 12–24 hours in plasma. (11,
16) Assuming a similar time of exposure for rifampin in our clinical study, the best
parameters to capture the potential effects of OATP inhibition on warfarin pharmacokinetics
were the AUC0–12h and Cmax. No effect on either of these pharmacokinetic parameters for
S- or R-warfarin were seen in the presence of rifampin suggesting OATP transport of
warfarin is not clinically important.

Two previous clinical studies by our laboratory using a similar study design as used here
demonstrated significant changes in the pharmacokinetics of atorvastatin and glyburide with
hepatic OATP inhibition by rifampin(11, 12). The AUC of atorvastatin was 680% higher
and the AUC of glyburide 130% higher in rifampin vs. control phases. In those clinical
studies rifampin also produced a large decrease in the Vss/F for both drugs (atorvastatin,
93% decrease; glyburide, 60% decrease). This decrease in Vss/F likely demonstrated
inhibition of uptake transporter mechanisms important for drug distribution in tissues. In our
current study we did not see a change in Vss/F for S- or R-warfarin on rifampin days (Table
1), which we would have predicted if OATP transport processes were important for warfarin
distribution.

In contrast to our clinical study, our in vitro data showed that warfarin uptake into
hepatocytes was inhibited by rifampin in both rats and humans (Figure 1) presumably via
OATP uptake transporter inhibition. The magnitude of warfarin uptake inhibition (23% in
rat hepatocytes and 34% in human hepatocytes) was modest at the concentration of rifampin
(100 μM) used for the hepatocyte uptake studies. The 100 μM concentration of rifampin
used in our hepatocyte uptake studies is significantly higher than peak plasma
concentrations that were likely achieved in our healthy volunteers after a single IV dose of
600 mg rifampin (17–20μM (11, 16)) and could explain the disagreement between our in
vitro and in vivo results, but the in vitro effects were similar to what we observed in vitro
with glyburide. We cannot rule-out the possibility that higher plasma concentrations of
rifampin would result in additional OATP inhibition and therefore alter warfarin
pharmcokinetics, although the clinical relevance would be questionable. The discordance
between our in vitro and in vivo data highlights the importance of translational research in
drug transporter research and the need to verify the clinical relevance of all preclinical
findings using appropriately designed clinical trials.

Our healthy volunteer clinical data are in line with the numerous genome wide association
studies (GWAS) undertaken to identify polymorphisms in the human genome that may be
important in warfarin dose selection. In these GWAS studies, no common variants in hepatic
uptake transporters or any other drug transporters were found to be significant in
determining the warfarin dose requirements of patients.(2–5) Genetic variants of a
transporter will not produce a significant signal in a GWAS if the drug is not a substrate for
the transporter of interest since changes in transporter function will not alter the drug's
pharmacokinetics and thus dose requirements. This negative predictive value has now been
demonstrated nicely for warfarin and OATP uptake transporters through the results of our
clinical study and the above mentioned GWASs. In contrast, for drugs that are known
substrates of uptake or efflux transporters including OTAP1B1 and OATP1B3, established
polymorphisms in the corresponding transporter have been shown to alter drug
pharmacokinetics in human clinical studies.(13, 20, 21)
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Intravenous administration of rifampin conceivably minimized any potential confounding
interactions in the intestine at either the enzyme or transporter level although the lack of an
interaction cannot be fully confirmed. By giving rifampin as a single dose, we attempted to
avoid the well-described and clinically relevant CYP induction effect seen with multiple
dosing.(16, 22, 23) Induction of both CYP2C9(24, 25) and CYP3A4 (25–28), the major
metabolizing enzymes for S- and R-warfarin respectively, has been described after multiple
dose rifampin. The effect of multiple dose rifampin on warfarin pharmacokinetics was
highlighted in a clinical trial of four healthy men.(24) After 3 days of pretreatment with 300
mg oral rifampin twice per day, a three-fold increase in R-warfarin clearance and a two-fold
increase in S-warfarin clearance were seen. Interestingly, our clinical study using only single
dose rifampin immediately prior to warfarin likely demonstrates a mild enzyme inductive
effect indicated by the small but significant decrease in AUC0–∞ for S- and R-warfarin
(15% decrease and 25% decrease respectively) and terminal t1/2 for R-warfarin (25%
decrease) with rifampin treatment. The increase in Cmax and AUC for the R-warfarin
metabolite 10-hydroxywarfarin and the increase in the AUC ratio of 10-hydroxywarfarin to
R-warfarin further supports induction of R-warfarin metabolism via CYP3A4. The
pharmacokinetics of the specific S-warfarin metabolite 7-hydroxywarfarin did not change
with rifampin treatment and therefore is not congruent with induction of S-warfarin
metabolism via CYP2C9.

The pharmacokinetic effect of enzyme induction appeared to be delayed since early in the
time course S- and R-warfarin concentration-time curves, AUC0–12h, and Cmax were similar
with and without rifampin. Such a delay is expected based on the mechanism of rifampin
enzyme induction through activation of the nuclear transcription factor pregnane X receptor
(PXR).(23) A previous clinical study examining the time-course of CYP enzyme induction
with multiple-dose rifampin using verapamil as a probe substrate reported a half-life of 1
day for the increase in CYP enzyme activity.(29) CYP induction after single dose rifampin
has previously been shown with a single dose of 1200 mg oral rifampin given 12 hours
before oral nifedipine, resulting in a 64% decrease in the AUC0–∞ of nifedipine.(30)
Nonetheless, the potential induction of warfarin metabolism by single-dose rifampin in our
study does not alter the interpretation of the primary objective of this study as any induction
was small (especially for the more biologically active S-warfarin) and it occurred late in the
time-course after the primary endpoints (0–12 hours).

We purposely selected a warfarin dose for this study (7.5mg) that would provide adequate
drug levels for pharmacokinetic analysis, yet in favor of subject safety produce minimal
anticoagulation. Our nominal increase in anticoagulation was similar to a previous healthy
volunteer study that also used a single 7.5mg dose of oral warfarin.(31) The addition of
rifampin had no effect on the warfarin pharmacodynamic response as measured by INRmax
and AUC0–96h, INR (Table 3) and is in general agreement with our pharmacokinetic data.
However, the study was neither designed nor powered to detect a difference in
pharmacodynamics.

In conclusion, our single dose clinical study of the effect of rifampin on warfarin
pharmacokinetics in healthy volunteers suggeststhat hepatic uptake via OATP may not be
clinicallyimportant in the disposition for this highly metabolized, narrow therapeutic index,
anticoagulant. Single-dose rifampin may induce metabolizing enzymes such as CYP2C9 and
CYP3A4.
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METHODS
In Vitro Study

Hepatocyte Uptake Studies—Rat hepatocytes were isolated from Male Sprague-
Dawley rats (250–300g, Charles River Laboratories, Wilmington, MA) as previously
described by our laboratory(32) and suspended in oxygenated hepatocyte wash buffer with
1% bovine serum albumin to yield a concentration of 1 million cells/ml. Cryopreserved
human hepatocytes pooled from 5 female and 5 male donors were used according to the
provider's instructions (CellzDirect™; Durham, NC). In brief, hepatocytes were thawed
quickly in a 37°C water bath and washed twice with ice-cold hepatocyte wash buffer to
remove cryopreservation solution. Cells were suspended in oxygenated hepatocyte wash
buffer to yield a concentration of 0.5 million cells/mL.

Suspended hepatocytes were then pre-incubated for 5 minute in a 37°C water bath with
either control (0.1% DMSO) or 100 μM rifampin. The 100 μM concentration of rifampin
was chosen to maximize OATP inhibition and any effect on warfarin uptake Rifampin is a
known inhibitor of the 3 major human OATPs, being a more potent inhibitor of OATP1B1
and OATP1B3 than OATP2B1.(18,33) The uptake study was initiated by addition of 1 μM
racemic warfarin (Sigma-Aldrich; St. Louis, MO). After 2 minutes of uptake, a 0.5 mL
aliquot was transferred to a tube containing 700 μL of silicone:mineral oil mixture
(83.3:16.7 v/v). The tube was then centrifuged for 10 sec at 13,000 rpm to isolate the
hepatocyte pellet. The oil mixture was removed and the pellet was lysed by sonication in the
presence of 200 μL H2O. The samples were then prepared for HPLC-MS/MS analysis by
liquid-liquid extraction. Student's t-test was used to analyze differences between the two
groups (rat, n = 9 per group; human, n =6 per group).

Clinical Study
Subjects—Subjects were 6 male and 4 female paid, non-smoking, healthy volunteers 23 to
55 years of age (mean age 30 ± 10 years). Their mean BMI was 25.6 ± 3.5 kg/m2.
Participants included four Caucasians, four Asians/Pacific Islanders and two Hispanics/
Latinos. After written informed consent was obtained, subjects underwent a screening visit
consisting of a medical history, physical examination, and standard clinical laboratory tests
(general hematology, blood chemistry, coagulation studies, urinalysis, and urine pregnancy)
to confirm eligibility. In addition, CYP2C9 genotyping was performed and only subjects
who were CYP2C9 *1/*1 were included. All subjects were medication free throughout study
enrollment. The study was approved by the Committee on Human Research of the
University of California, San Francisco.

Study design—A randomized, open-labeled, single-dose, two-period, crossover clinical
pharmacokinetic study was conducted at the Clinical Research Center at the University of
California, San Francisco. The study followed the protocol used previously in our laboratory
to document the importance of OATP hepatic uptake in healthy voluneteers for
atorvastatin(11) and glyburide(12). Subjects received on Day 1 of each study period either
(A) 7.5 mg warfarin (one 7.5 mg warfarin tab; Bristol-Myers Squibb, Princeton, NJ) or (B)
7.5 mg warfarin immediately following a 30-minute intravenous infusion of 600 mg
rifampin (600 mg rifampin powder for injection reconstituted in 10 ml sterile water; Bedford
Laboratories, Bedford, OH). Each subject received both treatments separated by a minimum
of 14 days, and the treatment order was determined by randomization. Subjects fasted
starting the night before until 3 hours after a warfarin dose, abstained from caffeinated
beverages, alcoholic beverages and orange juice starting the night before until 24 hours after
a warfarin dose. Grapefruit and grapefruit juice were not allowed to be consumed from 7
days before the first study day until completion of the entire study.
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Venous blood samples (8ml) for drug level measurements were collected at the following
times relative to warfarin dosing: predose, 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, 96, 120 hours. The
blood samples were centrifuged within 30 minutes, and plasma was separated and stored at
−80°C until analysis. In addition, venous blood samples (5ml) were collected for INR
determination at 0, 12, 24, 48, 72 and 96 hours after warfarin dosing.

Pharmacokinetic analysis—Pharmacokinetic parameters for R- and S-warfarin and
their major metabolites were estimated from plasma concentration data via non-
compartmental analysis using WinNonlin Professional software (version 5.2.1; Pharsight
Corporation, Mountain View, CA). The Cmax and corresponding Tmax were obtained
directly from the observed data. The terminal rate constant (λz) was determined by linear
regression analysis of the terminal portion of the log plasma concentration–time curve. We
were most interested in rifampin's inhibitory effect on hepatic OATPs and the anticipated
changes in R- and S-warfarin pharmacokinetics (i.e. AUC). Given S-warfarin's much longer
half-life(31, 34–41) compared to rifampin(41), rifampin was expected to be present in
plasma for only portion of warfarin's concentration time profile. Data from a previous study
by our laboratory and information provided in the package insert, predict relevant plasma
concentrations of rifampin for up to 12 hours after a single 600 mg intravenous dose.(11, 16)
Accordingly, our primary outcome was the AUC0–12h of S- and R-warfarin, which
represents the time a potential inhibitory effect on hepatic OATPs by rifampin would occur.

AUC0–12h and AUC0–120h were found using the linear/logarithmic trapezoidal method.
Summation of AUC0–120h and the concentration at the last measured point divided by λz
yielded AUC0–∞. The terminal half-life (t1/2) was calculated as ln 2/λz. CL/F was calculated
as dose/AUC0–∞. The mean residence time (MRT) was calculated as the ratio of the area
under the first moment curve (AUMC0–∞) divided by AUC0–∞ minus the estimated mean
absorption time (MAT) (i.e., MRT=(AUMC0–∞ / AUC0–∞) − MAT). MAT was the
reciprocal of the first-order absorption rate (ka) constant estimated when fitting warfarin data
to a two-compartmental model with first-order absorption. Vss/F was calculated as MRT ×
CL/F. The values of CL/F and Vss/F were normalized by body weight.

Pharmacodynamic analysis—Pharmacodynamic parameters were estimated from the
INR data on each treatment day by non-compartmental methods using WinNonlin. Baseline
INR (INRbaseline) and maximum INR (INRmax) were obtained directly from the observed
data. Area under the INR-time curve from 0 to 96 hours (AUC0–96h, INR) was calculated
using the linear/logarithmic trapezoidal method.

Statistical analysis—Using previously reported warfarin pharmacokinetic data in healthy
volunteers(31), a sample size of 10 subjects would provide > 80% power to detect a 30%
difference in S-warfarin AUC0–∞ between the two treatments. Logarithmic transformation
of Cmax, t1/2, Vss/F, CL/F, AUC0–12h, AUC0–∞ was performed prior to statistical analysis.
Pharmacokinetic and pharmacodynamic parameters were compared between the two
treatments by use of the paired t-test, except for Tmax in which the Wilcoxon's signed rank
test was used. Data are presented as mean ± standard deviation. In addition, the geometric
mean ratios of the rifampin treatment values relative to control values (warfarin alone) and
their 95% confidence intervals were calculated for all parameters. The data were analyzed
using STATA 10 (StataCorp LP, College Station, TX). Differences were considered
statistically significant at p < 0.05.

Analytic Methods—The concentrations of S- and R-warfarin and their main metabolites
were measured using high pressure liquid chromatography/tandem mass spectrometry
system consisting of an Applied Biosystems AB4000 triple quadrupole mass spectrometer
(Foster City, CA) with electrospray negative ionization mode. The multiple reaction monitor
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was set at 307–161 m/z for R- and S-warfarin, 323–177 m/z for 7-hydroxy-warfarin, 323–
250 m/z for 10-hydroxy-warfarin, 312–166 m/z for d5-warfarin (internal standard for S- and
R-warfarin) and 312–117 m/z for d5-warfarin (internal standard for metabolites).

The samples and standards for S- and R-warfarin (Sigma-Aldrich, St. Louis, MO) were
prepared by liquid-liquid extraction of 0.5 mL plasma with 2.5 mL methyl t-butyl ether
containing 1μM d5-warfarin as internal standard. After being vortexed for one minute, the
sample was centrifuged at 3,000 rpm for 10 min. The bottom aqueous layer was frozen via a
dry-ice/methanol bath. The top organic layer was collected, dried under nitrogen, and then
reconstituted in acetonitrile for analysis.

The samples and standards for warfarin metabolites were prepared by liquid-liquid
extraction of 100μL plasma with 500μL of methanol containing 1μM d5-warfarin as internal
standard. Samples were vortexed for one minute followed by centrifugation at 13,000 rpm
for 10 min. The supernatant was collected and dried under nitrogen. The residue was
reconstituted in 50:50 methanol:H2O then centrifuged at 13,000 rpm for 5 min. The
supernatant was collected for analysis.

Chromatographic conditions for S- and R-warfarin were as described by Naidong and
colleagues(43). In brief, R-warfarin and S-warfarin were separated isocratically on a
Cyclobond™ I 2000 β-cyclodextrin 250 × 4.6mm, 5μm column with a Cyclobond™ I 2000
50 × 4.6, 5μm guard column (Sigma-Aldrich, St. Louis, MO). R-d5-warfarin and S-d5-
warfarin (racemic d5-warfarin from Toronto Research Chemicals, Inc., Ontario, Canada)
enantiomers were also separated by the β-cyclodextrin column and co-eluted with R-
warfarin and S-warfarin, respectively. The mobile phase consisted of acetonitrile:acetic
acid:triethylamine (1000:3:2.5 v:v:v) and the flow rate was 1mL/min. The injection volume
was 100μL. Retention times were 7.5 min for S-warfarin and 8.3 min for R-warfarin.

Chromatography for warfarin metabolites was performed on an Agilent Eclipse XDB C18
column (150 × 4.6 mm, 5μm particle size, Agilent Technologies, Santa Clara, CA). The
mobile phase A was 0.1% acetic acid in H2O and mobile phase B was 0.1% acetic acid in
methanol. The mobile phase gradient was as follows: 0–0.5 min 50% B; 5.5 min 90% B;
5.6–9.0 min 100% B, 9.5–10.0 min 50% B at a flow rate of 1mL/min. The run time was 10
min.

The methods for S- and R-warfarin were validated from 1.5 to 300 ng/ml. The 1 h and 2 h
samples were diluted 1-fold to ensure concentrations within the validated range. The
methods for 7-hydroxywarfarin and 10-hydroxywarfarin were validated from 1.5 to 150 ng/
ml. The curves were linear over the validated ranges and 1/x2 weighting was used.
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Figure 1.
Inhibition of the uptake of warfarin (1μM) by rifampin (100 μM) into (a) rat and (b) human
hepatocytes. Values are mean ± SD (rat, n = 9 per group; human, n = 6 per group). * p<0.05;
** p < 0.001 compared to control.
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Figure 2.
The effect of a single dose of intravenous rifampin on the mean plasma concentrations of (a)
S-warfarin and (b) R-warfarin in 10 healthy volunteers after a single oral dose of 7.5 mg
racemic warfarin. Inset: depicts 0 to 12 h data only. Error bars show SD.
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Figure 3.
The effect of a single dose of intravenous rifampin on the mean plasma concentrations of (a)
7-hydroxywarfarin and (b) 10-hydroxywarfarin in 10 healthy volunteers after a single oral
dose of 7.5 mg racemic warfarin. Inset: depicts the same data on a semilogarithmic scale.
Error bars show SD.
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Table 1

Pharmacokinetic parametersa of R- and S-warfarin in 10 healthy volunteers following a single oral dose of 7.5
mg warfarin alone or in combination with a single dose of intravenous rifampin.

Parameter Warfarin alone Rifampin phase Geometric Mean Ratio (rifampin to control)

Mean 95% C.I.

S-warfarin

Cmax (ng/ml) 329 ± 70 303 ± 82 0.91 0.78 – 1.05

Tmax
b (hr) 1.5 (1–2) 1 (1–2) -- --

t1/2 (hr) 39.4 ± 6.1 34.6 ± 7.4 0.87 0.72 – 1.05

AUC0–12 h (ng/ml · hr) 2,250 ± 340 2,230 ± 460 0.98 0.89 – 1.08

AUC0–120 h (ng/ml · hr) 7,600 ± 950 6,990 ± 2490 0.89 0.77 – 1.02

AUC0–∞ (ng/ml · hr) 8,420 ± 1090 7,410 ± 2500* 0.85 0.74 – 0.99

CL/F (mL/hr/kg) 5.9 ± 1.1 6.9 ± 1.2* 1.17 1.01 – 1.36

Vss/F (mL/kg) 263 ± 30 257 ± 66 0.95 0.80 – 1.13

R-warfarin

Cmax (ng/ml) 375 ± 116 351 ± 85 0.95 0.82 – 1.12

Tmax
b (hr) 2 (1–2) 2 (1–3) -- --

t1/2 (hr) 49.0 ± 8.7 36.8 ± 7.2** 0.75 0.66 – 0.85

AUC0–12 h (ng/ml · hr) 2,850 ± 460 2,930 ± 510 1.02 0.96 – 1.09

AUC0–120 h (ng/ml · hr) 15,200 ± 2500 12,700 ± 3700** 0.82 0.75 – 0.90

AUC0–∞ (ng/ml · hr) 18,600 ± 3400 14,100 ± 4100** 0.75 0.68 – 0.82

CL/F (mL/hr/kg) 2.7 ± 0.6 3.6 ± 0.8** 1.34 1.22 – 1.47

Vss/F (mL/kg) 183 ± 28 175 ± 33 0.95 0.87 – 1.04

AUC, area under the plasma concentration-time curve; C.I., confidence interval; CL/F, oral clearance; t1/2, terminal half-life; Tmax, time of
observed maximal concentration; Vss/F, oral steady-state volume of distribution.

a
Values are shown as mean ± SD unless otherwise stated.

b
Tmax data are given as median and range.

*
p < 0.05

**
p < 0.001 significantly different from warfarin alone control phase.
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Table 2

Pharmacokinetic parametersa of warfarin metabolites in 10 healthy volunteers following a single oral dose of
7.5 mg warfarin alone or in combination with a single dose of intravenous rifampin.

Parameter Warfarin alone Rifampin phase Geometric Mean Ratio (rifampin to control)

Mean 95% C.I.

7-Hydroxywarfarin

Cmax (ng/ml) 26.9 ± 6.0 30.9 ± 11.3 1.11 0.90 – 1.36

Tmax
b (h) 24 (24–48) 24 (12–48) -- --

t1/2 (h) 33.1 ± 7.2 31.3 ± 12.3 0.91 0.70 – 1.18

AUC0–12 h (ng/ml · hr) 175 ± 67 183 ± 59 1.06 0.93 – 1.22

AUC0–120 h (ng/ml · hr) 1570 ± 420 1650 ± 480 1.04 0.87 – 1.24

AUC0–∞ (ng/ml · hr) 1760 ± 480 1790 ± 490 1.01 0.86 – 1.20

10-Hydroxywarfarin

Cmax (ng/ml) 13.2 ± 5.8 28.2 ± 12.7** 2.11 1.80 – 2.48

Tmax
b (h) 48 (48–96) 48 (48–96) -- --

t1/2 (h) 176 ± 75 87.8 ± 32.3** 0.50 0.43 – 0.59

AUC0–12h (ng/ml · hr) 57.2 ± 42.5 53.4 ± 26.7 0.93 0.76 – 1.15

AUC0–120h (ng/ml · hr) 1280 ± 570 2390 ± 1060** 1.84 1.60 – 2.12

AUC0–∞ (ng/ml · hr) 3840 ± 1780 4580 ± 2310* 1.16 1.06 – 1.28

AUC, area under the plasma concentration-time curve; C.I., confidence interval; Cl/F, oral clearance; t1/2, terminal half-life; Tmax, time of
observed maximal concentration; Vss/F, oral steady-state volume of distribution.

a
Values are shown as mean ± SD unless otherwise stated.

b
Tmax data are given as median and range.

*
p < 0.05

**
p < 0.001 significantly different from warfarin alone control phase.
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Table 3

AUC0–∞ ratios of wafarin metabolite to parent during each treatment period.

AUCm/AUCp
a Warfarin aloneb Rifampin phaseb

7-Hydroxy-warfarin/S-warfarin 0.21 ± 0.06 0.25 ± 0.07*

10-Hydroxy-warfarin/R-warfarin 0.21 ± 0.09 0.33 ± 0.17*

a
AUC0–∞ ratio of hydroxywarfarin metabolite to parent warfarin.

b
Values are shown as mean ± SD

*
p < 0.01 significantly different from warfarin alone phase.
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Table 4

Mean pharmacodynamic parameters in 10 healthy volunteers following a single oral dose of 7.5 mg warfarin
alone or in combination with a single dose of intravenous rifampin.

Parameter Warfarin alone Rifampin phase

INRbaseline 1.1 ± 0.1 1.1 ± 0.1

INRmax 1.2 ± 0.1 1.2 ± 0.1

AUC0–96h, INR (INR · h) 106 ± 3 108 ± 7

INRbaseline, International Normalized Ratio at baseline; INRmax, maximum INR; AUC0–96h, INR, area under the INR versus time curve from
0 to 96 hours. Values are shown as mean ± SD. There were no statistically significant differences between the two treatments.
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