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Background and purpose: Patients commonly take complementary medicines in conjunction with warfarin yet evidence
supporting the safety or the risk of a herb–drug interaction is lacking. The aim of this study was to investigate the possible
impact of two commonly used herbal medicines, garlic and cranberry, on the pharmacokinetics and pharmacodynamics of
warfarin in healthy male subjects.
Experimental approach: An open-label, three-treatment, randomized crossover clinical trial was undertaken and involved 12
healthy male subjects of known CYP2C9 and VKORC1 genotype. A single dose of 25 mg warfarin was administered alone or
after 2 weeks of pretreatment with either garlic or cranberry. Warfarin enantiomer concentrations, INR, platelet aggregation
and clotting factor activity were measured to assess pharmacokinetic and pharmacodynamic interactions between warfarin
and herbal medicines.
Key results: Cranberry significantly increased the area under the INR–time curve by 30% when administered with warfarin
compared with treatment with warfarin alone. Cranberry did not alter S- or R-warfarin pharmacokinetics or plasma protein
binding. Co-administration of garlic did not significantly alter warfarin pharmacokinetics or pharmacodynamics. Both herbal
medicines showed some evidence of VKORC1 (not CYP2C9) genotype-dependent interactions with warfarin, which is worthy of
further investigation.
Conclusions and implications: Cranberry alters the pharmacodynamics of warfarin with the potential to increase its effects
significantly. Co-administration of warfarin and cranberry requires careful monitoring.
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Abbreviations: AUC, area under the plasma concentration–time curve; AUCINR, Area under the INR–time curve; CI, confidence
interval; CL, clearance; CL/F, apparent clearance; Cmax, maximum concentration; CYP2C9, cytochrome P450
2C9 gene; F, bioavailability; INR, international normalized ratio of prothrombin time; INR0, INR of subjects
before administration of warfarin; INRmax, maximum INR reached in respective treatment; kel, elimination rate
constant; PCA, prothrombin complex activity; Q, distributional clearance between the compartments; tmax,
time to Cmax; VKORC1, vitamin K epoxide reductase subunit 1

Introduction

There is increasing evidence and clinical concern regarding

herb–drug interactions (Mills et al., 2004). Warfarin has been

implicated in almost 50 herb–drug interactions (Ernst, 2002),

and Ramsay et al. (2005) found that 58% patients who take

warfarin also consumed herbal medicines, which have the

potential to interact with the anticoagulant. Despite increased

awareness of the potential of herb–drug interactions, the lack of

rigorous clinical evidence regarding the significance and

possible mechanisms involved provides a challenge for clin-

icians and consumers to make rational decisions about the safe

combination of complementary and conventional medicines.

Garlic is one of the most widely used herbal medicines and

is commonly ingested by people receiving warfarin (Ramsay

et al., 2005). In vitro studies with the garlic constituent,
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allicin, and its degradation products indicate that these

compounds possess antiplatelet effects (Lawson et al., 1992;

Briggs et al., 2000). The combination of garlic and warfarin

has been implicated in episodes of bleeding in patient case

reports (Burnham, 1995; German et al., 1995). There is

conflicting evidence from in vitro (Ariga et al., 1981; Apitz-

Castro et al., 1983) and in vivo (Piscitelli et al., 2002;

Markowitz et al., 2003) studies concerning the effects of

garlic formulations that release allicin on the inhibition of

drug-metabolizing enzyme activity. Taken together, the

evidence provides a basis for concern that allicin-containing

garlic formulations have the potential to interact with

warfarin through pharmacokinetic and/or pharmaco-

dynamic mechanisms.

Cranberry is among the top 10 herbs sold in the United

States (Blumenthal, 2003), where it is most commonly used

to help prevent urinary tract infections (Bailey et al., 2007;

Jepson and Craig, 2008). However, there has been an

increasing number of case reports of life-threatening inter-

actions between cranberry and warfarin (Suvarna et al., 2003;

ADRAC, 2004; Grant, 2004; MHRA and CSM, 2004; Rindone

and Murphy, 2006). One fatal case report described a patient

with a significantly elevated international normalized ratio

(INR) taking both warfarin and cranberry (Suvarna et al.,

2003). Despite these data, cranberry and its constituents lack

clear evidence to support a putative mechanism for an

interaction with warfarin. Recent clinical studies, which

have attempted to address the clinical significance of

both pharmacokinetic and pharmacodynamic interactions

between cranberry and warfarin, have been inconclusive

(Greenblatt et al., 2006; Grenier et al., 2006; Li et al., 2006b;

Lilja et al., 2007).

Genetic factors contribute to variability in warfarin

response. Differences in disposition of S-warfarin have been

attributed to genetic variability of CYP2C9 (cytochrome P450

2C9; Kirchheiner and Brockmoller, 2005). Studies on the

genetic variability in vitamin K epoxide reductase subunit 1

gene (VKORC1) reported it to be involved in warfarin

resistance. Patients with the variant type VKORC1 (CT or TT

alleles) have been found to require a significantly lower

warfarin dose compared with people with wild-type VKORC1

(CC allele) (Li et al., 2006a). However, there is no evidence

regarding the possible impact of genotype on the interaction

between warfarin and other drugs or herbal medicines.

The aim of this open-label randomized crossover study was

to investigate the impact of two commonly used herbal

medicines, garlic and cranberry, on the pharmacokinetics

and pharmacodynamics (PKPD) of warfarin in healthy male

subjects of known CYP2C9 and VKORC1 genotype.

This trial is registered with Australian New Zealand

Clinical Trial Registry (ACTRN12607000054415), available

at the URL ‘http://www.anzctr.org.au/trial_view.aspx?ID¼
81647’.

Methods

Herbal medicines

Garlic (Allium sativum) product selection involved analyses

of a number of commercially available enteric-coated

products. Tablets were assessed for their allicin-releasing

characteristics using the USP dissolution Apparatus II

according to the USP method described in delayed-release

garlic tablets with a modified tablet/solution ratio. Garliplex

2000 enteric-coated garlic tablets, labelled as containing

2000 mg of fresh garlic bulb equivalent to 3.71 mg of allicin

per tablet, were selected for use in this study. Subjects

received one tablet twice daily in accordance with dosage

recommended by the German Commission E (Blumenthal

and Busse, 1998).

Cranberry (Vaccinium macrocarpon) juice concentrate

formulations from a number of commercial products were

qualitatively analysed using thin layer chromatography to

identify the presence and to compare relative intensities of

mercetin, quercetin, kaempherol, anthocyanins and resver-

terol as a marker for their relative composition in different

commercial products (Upton et al., 2002). Quercetin and

anthocyanins were found in all brands. The GNC cranberry

juice concentrate (labelled to contain 500 mg of cranberry

juice concentrate) was selected for use in this study as this

product demonstrated physical stability and a thin layer

chromatography fingerprint of comparatively high intensity

for anthocyanins and quercetin. Subjects received two

capsules three times daily, which is equivalent to 57 g of

fruit per day.

Study design

The study was approved by the Human Research Ethics

Committees at St Vincent’s Hospital (Darlinghurst, NSW,

Australia) and at the University of Sydney (Sydney, NSW,

Australia). Twelve healthy male subjects, who were non-

smoking, not taking any medicines including herbal/vitamin

supplements for at least 2 weeks and aged 18–34 years, were

recruited. Subjects who gave written consent to participate

in the study were selected after a full medical history,

physical examination and clinical laboratory evaluation.

Subjects with any medical condition that could alter

warfarin effects, including any clotting disorders, hepatic

dysfunction or platelet dysfunction were excluded from the

study. Selected subjects were randomly allocated to three

treatment groups to receive a single oral dose of 25 mg rac-

warfarin (Coumadin 5�5 mg tablets) after an overnight fast

(of at least 10 h) either alone or after 2 weeks of pretreatment

with either cranberry juice concentrate capsules or enteric-

coated garlic tablets. Dosing with herbal medicines contin-

ued for 7 days after warfarin administration until the last

blood sample was drawn. Subjects were subsequently crossed

over to other treatments following a washout period of

2 weeks. During the study, the subject’s adherence to

medicines, well-being and adverse events were assessed

using regular mobile phone calls/text messages and e-mail

contact. The study protocol indicated that any signs of

bruising, bleeding or elevated INR (greater than 4.0) resulted

in immediate referral for medical attention. Blood samples

were collected before (�48, �24 and 0 h) and at 1, 2, 4, 8, 12,

24, 48, 72, 96, 120, 144 and 168 h after warfarin administra-

tion into sodium citrate tubes for INR and clotting

factor activity measurement, and EDTA tubes for HPLC

analysis of warfarin enantiomers. Plasma was harvested by
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centrifugation at 1500 g for 15 min and stored at �70 1C until

further analysed.

CYP2C9 genotyping

EDTA blood samples were stored at �20 1C until genomic

DNA extraction (Qiagen, Doncaster, VIC, Australia). The

polymorphisms of CYP2C9 were detected by PCR-based on

restriction fragment length polymorphism (PCR-RFLP)

analysis. The primers and restriction sites for CYP2C9*2

and CYP2C9*3 allele used in this study were as described by

Sullivan-Klose et al. (1996).

VKORC1 genotyping

The VKORC1 1173T4C polymorphism was detected using

allelic discrimination real-time PCR as described by Li et al.

(2006a) with minor modifications. TaqMan Universal PCR

master mix was used with cycle conditions at 50 1C for 2 min,

95 1C for 10 min, followed by 50 cycles at 92 1C for 15 s, 60 1C

for 90 s, and an end point plate read performed on an 7000

real-time PCR system (Applied Biosystems, Melbourne, VIC,

Australia).

Warfarin enantiomer concentration analysis

Plasma samples obtained from each of the blood samples

taken at different times after warfarin dosing in each

treatment were analysed using a validated chiral HPLC assay

(Jiang et al., 2004). In brief, plasma (0.5 mL) was acidified

with 0.5 M sulphuric acid (350 mL) and extracted with an

organic solvent mixture (hexane: dichloromethane, 5:1 v/v).

After roller bed mixing and centrifugation, the organic layer

was removed, evaporated to dryness under nitrogen and

reconstituted with acetonitrile (200 mL) before HPLC analy-

sis. The HPLC system comprised a silica-bonded b-cyclo-

dextrin column with a mobile phase of acetonitrile/acetic

acid/triethylamine (500:1.35:1.00, v/v/v) pumped at a flow

rate of 1 mL min�1 with fluorescence detection (excitation

and emission wavelengths 310 and 400 nm, respectively).

Inter- and intra-assay precision and accuracy for warfarin

enantiomers were within 15% when expressed as coefficient

of variation. Extraction recovery of both S-warfarin and

R-warfarin was within the range of 86–93%. The lower limit

of quantification was 36.9 ng mL�1 for both enantiomers of

warfarin.

Plasma protein binding

The unbound fraction of S-warfarin and R-warfarin in plasma

samples was investigated using a validated ultrafiltration

method (Jiang et al., 2004) based on the assumption that

warfarin fraction unbound concentration is independent of

concentration up to 25 mg mL�1 of rac-warfarin as demon-

strated by (Banfield et al., 1983). In brief, rac-warfarin (15 mg)

was added to plasma samples (1 mL) from each subject

obtained by pooling samples collected between 1 and 8, 12

and 72, and 96 and 168 h after the warfarin dose. Unbound

warfarin enantiomers were separated by ultrafiltration

(Centrifree YM-30; Millipore; Australia Pty Ltd, North Ryde,

NSW, Australia) with centrifugation at 1500 g for 20 min.

Ultrafiltrate was assayed using the validated chiral HPLC

assay described above. The unbound fraction was calculated

as the ratio of ultrafiltrate to plasma warfarin enantiomer

concentrations.

Platelet aggregation

Platelet aggregation was assessed on blood samples

(within 3 h of blood collection) collected 24 h prior to

warfarin administration (�24 h) in each treatment period

using a whole blood aggregometer (Chrono-par; Chrono-log

Corp., Havertown, Pennsylvania, USA; Edward Keller

Australia Pty Ltd, Hallam, VIC, Australia). Briefly, whole

blood (0.5 mL) was diluted twofold with freshly prepared

normal saline and incubated at 37 1C for at least 6 min.

Platelet aggregation was induced by four different agents;

ADP (10 mM), arachidonic acid (0.5 mM), collagen (2 mg mL�1)

and ristocetin (1 mg mL�1). A change in impedance (O) was

recorded for at least 6 min.

International normalized ratio

International normalized ratio was measured at each blood

sampling time before and after warfarin dosing using a BFT II

analyser. Briefly, plasma (50 mL) was incubated (1 min, 37 1C)

in a cuvette, to which human thromboplastin reagent

(100 mL, thromborel S) was added. INR was calculated and

displayed as a function of time taken for a change in

impendence.

Factor II, Factor VII and Factor X activity

The activity of the clotting Factor II, Factor VII and Factor

X was measured in pooled plasma samples obtained over the

collection periods from �48 to 0, 1 to 12, 24 to 72 and 96 to

168 h after warfarin dosing either alone or after pretreatment

with cranberry juice extract. Clotting factor activity was

assessed using the BFT II analyser. In brief, clotting time of

the diluted pooled plasma sample (1:20) was measured

following the addition of factor-deficient plasma. Percentage

factor activity for each sample was obtained from a standard

curve constructed using different dilutions of standard

human plasma of known factor activity and clotting time.

Control plasma of known activity for all factors was used to

establish the accuracy of the method, which was found to be

within 2% of the nominal value.

Data analysis

The pharmacodynamic response to warfarin was assessed

using the area under the international normalized ratio–time

curve (AUCINR) calculated using the trapezoidal rule, INR at

baseline (INR0) before warfarin administration and maxi-

mum observed INR (INRmax) after warfarin administration.

Clotting factor activities are presented as the percentage

decrease in activity from baseline for each pooled sample in

different treatment periods.

The pharmacokinetic parameters for the warfarin enantio-

mers were estimated using both non-compartmental and
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population PKPD modelling methods. The elimination rate

constant (kel) was obtained from the slope of the terminal

portion of the logarithmic concentration–time curve for

S-warfarin and R-warfarin. The area under the warfarin

enantiomer concentration–time curve (AUC) to the last

quantifiable concentration (AUC0�t) was calculated using

the trapezoidal rule and extrapolated to infinity (AUC0�N)

by adding Ct/kel, where Ct is the concentration of the last

quantifiable sample. The half-life was calculated as ln 2/kel,

the apparent clearance (CL/F) as dose/AUC0�N and the

apparent volume of distribution (V/F) as CL/kel. The

maximum concentration (Cmax) and the time it occurred

(tmax) were determined by observation.

To elucidate the mechanism of the herb–drug interaction

further, pharmacokinetic and pharmacodynamic data from

each arm of the study were analysed using the nonlinear

mixed-effects modelling programme (NONMEM VI), using

the first-order conditional estimation method with inter-

action. The modelling approach used in this study has been

described by Jiang et al. (2006). In brief, a two-compartment

pharmacokinetic model was used to describe S-warfarin

concentration–time data and an indirect pharmacodynamic

model described the relationship between percentage of

prothrombin complex activity (PCA; which was derived from

the INR data in this study) and S-warfarin concentration.

The development and evaluation of this model has been

described previously (Jiang et al., 2006). Herbal medicine

treatment was evaluated as a possible influential covariate on

both pharmacokinetic and pharmacodynamic parameters.

Materials

Garliplex 2000 enteric-coated garlic tablets (Golden Glow

Pty Ltd, VA, QLD, Australia), GNC cranberry juice

concentrate (General Nutrition Company, Melbourne, VIC,

Australia) and rac-warfarin (Coumadin 5�5 mg tablets;

Boots HealthCare Australia Pty Ltd, North Ryde, NSW,

Australia). TaqMan Universal PCR master mix (Applied

Biosystems); silica-bonded b-cyclodextrin column (Cyclo-

bond I 2000; Astec, Alltech Associates Australia Pty Ltd,

Baulkham Hills, NSW, Australia). BFT II analyzer, thromborel

S and factor-deficient and control plasma (Dade Behring

Diagnostics Pty Ltd, Lane Cove, NSW, Australia).

Statistical analysis

Preliminary analyses indicated that 12 subjects in a crossover

study provides an 80% chance of detecting a 20% difference

in the AUC0�N of S-warfarin at Po0.05 level of significance,

which is in agreement with our previous study (Jiang et al.,

2004). A difference of greater than 20% was considered to be

clinically significant. Pharmacokinetic and pharmaco-

dynamic parameters calculated after warfarin alone (control)

and after warfarin with herbal medicines (intervention) were

logarithmically transformed and reported as the geometric

mean ratio (intervention to control) and 90% confidence

interval (CI) of the ratio. If 90% CI of ratios fell within the

range of 0.8–1.25, then the variation in the parameter was

considered to be clinically insignificant. The residual mean

square error used to calculate the 90% CI for each

logarithmically transformed parameter for each treatment

was obtained using ANOVA (Stata 5.0; Stata Corp., College

Station, Texas, USA) with nested parameters in treatment

and sequence order.

Results

Twenty-three subjects were screened for entry into the study

and of these seven subjects did not meet the entry criteria.

Sixteen subjects were randomized to treatment, two were

lost to follow-up and two chose to discontinue. Twelve

subjects completed the study (four subjects per treatment

arm). The mean (and range) age, weight and height of the

subjects were 23 years (20–35 years), 68 kg (54–81 kg) and

1.75 m (1.65–1.85 m), respectively. Seven subjects were

Caucasians and five subjects were Asian (including three

people of Indian origin). Nine subjects were of the

CYP2C9*1/*1 genotype and three were of the CYP2C9*1/*2

genotype. Four subjects were VKORC1 wild-type (CC) and

eight subjects carried variant VKORC1 alleles including six

with CT and two with TT alleles.

No subjects experienced major bleeding or INR readings

above 4. Two subjects in the cranberry–warfarin treatment

arm experienced rashes and one subject had evidence of

nasal bleeding (presence of dried blood in his nose) at

approximately 72 h after warfarin treatment. Subjects on

garlic reported the characteristic garlic odour and one

subject complained of lip dryness. No adverse events were

reported with warfarin-alone treatment.

Pharmacodynamic end points

Figure 1 shows the INR–time profile after warfarin dosing

either alone or following pretreatment with cranberry or

garlic. Neither garlic nor cranberry pretreatment affected the

baseline INR, suggesting that these herbal medicines do not

have a significant independent effect on the clotting system

(Table 1).
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Figure 1 International normalized ratio of prothrombin time (INR)
vs time profile (n¼12) after a single oral dose of warfarin (25 mg)
alone, and after multiple dose of cranberry juice concentrate
capsules and after multiple dose of enteric-coated garlic tablets.
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Cranberry juice concentrate pretreatment significantly

increased the mean AUCINR by approximately 30% (Table 1).

Moreover, the majority of the subjects displayed an increase

in AUCINR in response to warfarin after cranberry pretreat-

ment (Figure 2). There was a trend towards a greater decrease

in the activity of clotting Factor II, Factor VII and Factor X

when warfarin was co-administered with cranberry (Figures

3a–c). However, this did not reach statistical significance

(data not shown). Co-administration of garlic and warfarin

did not significantly affect AUCINR (Table 1). Furthermore, 2

weeks of pretreatment with garlic or cranberry had no effect

on platelet aggregation.

Pharmacokinetic end points

The plasma concentration–time profiles of S-warfarin or

R-warfarin were unaltered when rac-warfarin was co--

administered with either cranberry juice concentrate or garlic

(Figures 4a and b; Table 2). Plasma unbound fraction of warfarin

enantiomers was not affected by concomitant administration

of garlic or cranberry juice concentrate (Table 2).

Pharmacokinetic–pharmacodynamic modelling

The population PKPD parameter estimates for warfarin are

presented in the Table 3. The NONMEM analysis confirmed

the lack of an effect of herbal medicine treatment on

pharmacokinetic parameters and highlighted a significant

effect of cranberry treatment on warfarin pharmacodynamic

parameters. The PKPD model displayed a significantly lower

NONMEN-derived objective function (DOFV¼�6.765) when

cranberry treatment was included as covariate on S-warfarin

EC50. The mean ratio of S-warfarin EC50 (90% CI; n¼12) for

cranberry vs control was 0.85 (0.77–0.94) indicating that

treatment with cranberry juice concentrate significantly

increased the sensitivity of S-warfarin, reflecting a lower

EC50 value for S-warfarin. Using the final PKPD model, it

was possible to generate posterior Bayesian estimates of

S-warfarin EC50 (presented as mean±s.d., n¼12), which

were 443±212 ng mL�1 in subjects receiving warfarin only,

376±184 ng mL�1 when warfarin was co-administered with

cranberry and 486±275 ng mL�1 during garlic co-adminis-

tration.

Impact of CYP2C9 and VKORC1 genotype

Subjects with the CT and TT allele for the VKORC1 gene

exhibited significantly lower S-warfarin EC50 values (derived

from posterior Bayesian estimates) compared with people

with the CC genotype when warfarin was administered

alone or in combination with either cranberry or garlic

(Table 4). Subject numbers are smaller but it is apparent that

people with the CT and TT genotypes had a significant

reduction in S-warfarin EC50 when warfarin was co-adminis-

tered with cranberry juice extract but no effect was noted

during garlic treatment compared with warfarin only

(genomic mean ratios). In contrast, subjects with the

VKORC1 wild-type genotype showed an increase in the

S-warfarin EC50 when warfarin was administered with garlic

(Table 4).

The CL/F of S-warfarin tended to be higher in people with

the CYP2C9 wild-type when compared with people with

CYP2C9*1/*2 variant. There was no CYP2C9 genotype–herb–

drug interaction for the CL/F of S-warfarin when subjects

received warfarin with either cranberry or garlic (Table 5).

Discussion

This study investigated the pharmacodynamic and pharma-

cokinetic interaction of warfarin with cranberry juice

concentrate and enteric-coated garlic tablets. However,

cranberry did not alter the pharmacokinetics of either

S-warfarin or R-warfarin nor did 2 weeks of pretreatment

with cranberry juice extract affect platelet aggregation.

Table 1 Warfarin pharmacodynamic end points following the different treatments

Mean (95% CI) Geometric mean ratio (90% CI)

Warfarin alone Warfarin and
cranberry

Warfarin and garlic Warfarin and cranberry/
warfarin only

Warfarin and garlic/
warfarin only

INR0 1.2 (1.1–1.2) 1.2 (1.1–1.2) 1.2 (1.1–1.2) 0.98 (0.94–1.03) 1.00 (0.97–1.02)
INRmax 2.6 (2.3–3.0) 2.8 (2.5–3.1) 2.5 (2.1–2.8) 1.08 (0.98–1.19) 0.95 (0.86–1.04)
AUCINR 96.0 (72.1–119.8) 119.2 (97.0–141.4) 100.3 (70.9–129.8) 1.28* (1.06–1.53) 0.98 (0.82–1.19)

Abbreviations: CI, confidence interval; INR, international normalized ratio of prothrombin time; INR0, INR of subjects before administration of warfarin; INRmax,

maximum INR achieved; AUCINR, area under the INR–time curve.

*Statistically and clinically significant difference.
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Figure 2 Individual area under the international normalized ratio
(INR)–time curve (AUCINR) of subjects receiving warfarin alone or
after pretreatment with cranberry. A majority of subjects showed a
tendency towards an increase in AUCINR following cranberry and
warfarin treatment in comparison with warfarin alone. However, two
subjects exhibited a decrease in AUCINR.
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The lack of a pharmacokinetic interaction between

warfarin and cranberry is in agreement with the findings of

the study by Greenblatt et al. (2006). They demonstrated that

cranberry did not affect CYP2C9 enzyme activity in vivo

(assessed by flurbiprofen metabolism). However, these

researchers only used a single dose of cranberry juice. Lilja

et al. (2007) also investigated the effect of pretreatment with

cranberry juice for 5 days on warfarin pharmacokinetics and

found no clinically significant change in the AUC of

S-warfarin. This lack of an effect of cranberry on drug

metabolism is supported by the study by Grenier et al.

(2006), who found no pharmacokinetic interaction between

a single dose of cranberry juice and cyclosporine. The

hepatic enzyme CYP3A4 is known to be involved in the

metabolism of cyclosporine and in the metabolism of

R-warfarin (Wittkowsky, 2003).

The results of the present study on the pharmacodynamic

interaction between warfarin and cranberry are in contrast to

the recent studies performed by Li et al. (2006b) and Ansell

et al. (2008). In these studies no significant change in the

warfarin response was observed during concomitant admini-

stration of cranberry juice. However, these studies have a

number of limitations including a relatively small sample

size, Li et al. (2006b) included 7 patients with atrial

fibrillation, whereas Ansell et al. (2008) included 14 patients

with diverse medical indications in intervention group.

Details regarding patient characteristics, concomitant

medicines taken by patients and the nature and strength of

the cranberry juice were omitted by Ansell et al. (2008). Lilja

et al. (2007) concluded that there were no pharmacodynamic

interactions between warfarin and cranberry juice, but they

employed a low dose of warfarin (10 mg), which made this

end point difficult to assess. The studies by Li et al. (2006b)

and Lilja et al. (2007) also include a relatively short duration

of cranberry pretreatment (7 days or less). The data available

from case reports suggest that a longer pretreatment period

with cranberry is needed to detect changes in INR (Grant,

2004). Despite these negative findings, case reports on

interactions between cranberry and warfarin continue to be

published (Paeng et al., 2007). We believe the randomized

crossover design, the higher (25 mg) single warfarin dose, the

2-week pretreatment with herbal medicines of known

quality along with rigorous investigation of pharmacokinetic

and pharmacodynamic end points give this study advan-

tages over previous studies in this regard.

In this study, we used a population PKPD modelling

approach to elucidate further the nature of the interaction

between warfarin and cranberry. The findings of this analysis

suggested that subjects were more sensitive to the effects of

warfarin when it was co-administered with cranberry. This

confirmed that the interaction between cranberry and

warfarin was pharmacodynamic in nature. To explore the

pharmacodynamic interaction between cranberry and

warfarin further, we investigated the effect of the herbal

treatment on the activities of the clotting Factor II, Factor VII

and Factor X. Previous studies have suggested that Factor II

and Factor X significantly contribute to the clinical effects

of warfarin (Mahe et al., 2006; Sarode et al., 2006). Each of

the clotting factors investigated displayed a trend consistent

with increased sensitivity to warfarin when administered

during cranberry treatment. This finding is also consistent

with the INR observations during this phase of the study.

Case reports of warfarin and cranberry have been reviewed

and some authors have concluded lack of causality of these
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Figure 3 Percentage clotting activity vs midpoint time profiles for
(a) Factor II, (b) Factor VII and (c) Factor X during warfarin treatment
alone or after cranberry pretreatment. Mean and s.d. (error bars) are
presented.
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cases (Pham and Pham, 2007). Some authors have suggested

that the interaction may be dose or dose form dependent

(as most patients in case reports ingested cranberry juice)

(Aston et al., 2006). The cranberry juice concentrate used in

this study has been shown to exhibit chemical and

therapeutic similarities with cranberry juice (Stothers,

2002; Upton et al., 2002). However, there is a lack of

consistency in the dose of cranberry used in clinical trials,

and the equivalence between cranberry juice and concen-

trate has not been established (Jepson and Craig, 2008). The
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Figure 4 Plasma concentration–time profile of (a) S-warfarin and (b) R-warfarin after a single oral dose of warfarin (25 mg) alone, or after
multiple doses of cranberry juice concentrate capsules given along with single dose of warfarin and after multiple doses of enteric-coated garlic
tablets.

Table 2 Pharmacokinetic parameters of S-warfarin and R-warfarin

Mean (95% CI) Geometric mean ratio (90% CI)

Warfarin only Warfarin and cranberry Warfarin and garlic Warfarin and
cranberry/warfarin only

Warfarin and
garlic/warfarin only

S-warfarin
tmax (h) 1.4 (1.1–1.6) 1.9 (1.1–2.7) 1.3 (1.1–1.6) NA NA
Cmax (mg mL�1) 1.8 (1.7–1.9) 1.7 (1.5–2.0) 1.9 (1.5–2.2) 0.94 (0.67–1.29) 1.06 (0.77–1.47)
t1/2 (h) 38.6 (35.7–41.5) 34.9 (31.0–38.8) 41.2 (35.1–47.3) 0.94 (0.79–1.12) 0.99 (0.83–1.18)
AUC (mg mL�1 h) 60.3 (54.5–66.1) 63.0 (57.3–68.8) 65.5 (55.3–75.6) 1.04 (0.94–1.67) 1.06 (0.95–1.19)
CL/F (mL h�1) 213 (193–232) 204 (183–224) 202 (175–229) 0.89 (0.80–0.99) 1.05 (0.94–1.17)
Fraction unbound (fu) 0.010 (0.007–0.013) 0.010 (0.007–0.014) 0.011 (0.008–0.014) 1.00 (0.75–1.25) 1.12 (0.39–1.84)

R-warfarin
tmax (h) 1.4 (1.1–1.6) 1.9 (1.1–2.7) 1.8 (0.7–2.9) NA NA
Cmax (mg mL�1) 1.8 (1.7–2.0) 1.7 (1.5–1.9) 1.9 (1.5–2.2) 0.90 (0.67–1.21) 1.02 (0.8–1.4)
t1/2 (h) 55.6 (46.2–65.0) 47.7 (41.5–53.9) 52.6 (47.4–57.9) 0.93 (0.80–1.08) 0.98 (0.84–1.14)
AUC (mg mL�1 h) 108.7 (90.0–127.3) 105.8 (91.7–119.9) 105.0 (96.3–113.7) 1.0 (0.9–1.1) 0.99 (0.87–1.13)
CL/F (mL h�1) 123 (106–140) 124 (109–139) 121 (112–131) 0.87 (0.75–0.99) 0.96 (0.84–1.11)
Fraction unbound (fu) 0.006 (0.004–0.007) 0.005 (0.004–0.007) 0.006 (0.004–0.007) 0.95 (0.72–1.18) 1.04 (0.80–1.29)

Abbreviations: AUC, area under the plasma concentration–time curve; CI, confidence interval; CL, clearance; CL/F, apparent clearance; Cmax, maximum

concentration; F, bioavailability; NA, not applicable; tmax, time to Cmax.
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dose of cranberry used in this study is equivalent to 57 g of

dry fruit per day, which is less than the dose employed by a

randomized, double-blind, placebo control study conducted

on 153 elderly women to evaluate the effect of cranberry

juice on the risk of bacteriuria (Avorn et al., 1994).

Cytochrome P450 2C9 and VKORC1 genotype account for

the major proportion of the variability in warfarin response

(Sconce et al., 2005). However, relatively little is known

about the significance of genotype in interactions with other

drugs or herbal medicines. This study found that subjects

with less functional VKORC1 variants (CT and TT alleles)

have significantly lower S-warfarin EC50 values derived from

the PKPD modelling (Li et al., 2006a). Furthermore, this

study provides the first evidence that both cranberry and

garlic interactions with warfarin are dependent on VKORC1

genotype. Subjects who carry the VKORC1 variant type (CT

and TT alleles) were more prone to interactions with warfarin

and cranberry; cranberry significantly increased the effects of

Table 3 Population pharmacokinetic and pharmacodynamic parameter estimates derived from the combined data from all treatment arms

Parameter Estimates Between-subject
variability (CV %)

Between-occasion
variability (CV %)

Structural model

ka (h�1) 3.15 (fixed) 59% (fixed) —
CL/F (mL h�1) 208 13% 10%
VC/F (mL) 6440 15% 14%
Q/F (mL h�1) 849 — —
VP/F (mL) 3120 — —
t1/2,PCA (h) 16 — —
EC50,S (ng mL�1) 397 52% 21%
PCA0 (%) 89 10% —
aRatio for cranberry on EC50,S 0.85 — —
aRatio for garlic on EC50,S 1.04 — —

Residual variability sexp, S-warfarin

(CV %)
sadd, S-warfarin (s.d.)
(ng mL�1)

sadd, PCA (s.d.) (%)

15% 6 7%

Abbreviations: CL, clearance; CL/F, apparent clearance; CV, coefficient of variation; EC50,S, concentration of S-warfarin that produces 50% inhibition of PCA; F,

bioavailability; ka, absorption rate constant; PCA, prothrombin complex activity; PCA0, PCA in the absence of warfarin; Q, distributional clearance between the

compartments; t1/2,PCA, half-life of prothrombin complex activity; VC, volume of distribution in central compartment; VP, volume of distribution in peripheral

compartment; sadd, PCA, variance for PCA residual variability of additive model; sadd, S-warfarin, variance for S-warfarin residual variability of additive model; sexp, S-

warfarin, variance for S-warfarin residual variability of exponential model.

The impact of herbal medicine treatment was evaluated as a ratio of the treatment to control on specific parameters (e.g., EC50,S); —, not evaluated.
aGeometric mean ratio intervention to control.

Table 4 EC50 of S-warfarin and VKORC1 genotype

EC50 (95% CI) Geometric mean ratio (90% CI)

Warfarin only Warfarin and
cranberry

Warfarin and
garlic

Warfarin and
cranberry/warfarin only

Warfarin and
garlic/warfarin only

CC (n¼4, 33%) 648 (511–785) 611 (551–671) 791 (572–1010) 0.96 (0.85–1.06) 1.22* (1.11–1.34)
CT (n¼6, 50%) 379± (239–519) 276.8± (178–375) 379± (150–608) 0.78* (0.63–0.92) 1.01 (0.94–1.08)
TT (n¼2, 17%) 228± (174–281) 202± (168–236) 194± (72–316) 0.89* (0.84–0.94) 0.81 (0.53–1.10)

Abbreviations: CI, confidence interval; VKORC1, vitamin K epoxide reductase subunit 1.

*Statistically and clinically significant difference between treatment arm and control arm for subjects of particularly genotype.
±Statistically different from the CC genotype (Po0.03, Student’s unpaired t-test) in a particular treatment arm.

Table 5 S-warfarin apparent clearance (mL h�1) and CYP2C9 genotype

S-warfarin apparent clearance (95% CI) Geometric mean ratio (90% CI)

Warfarin only Warfarin and
cranberry

Warfarin and
garlic

Warfarin and
Cranberry/warfarin only

Warfarin and
garlic/warfarin only

*1/*1 (n¼9, 75%) 220 (197–244) 208 (182–234) 215 (187–244) 0.94 (0.88–1.01) 0.97 (0.91–1.03)
*1/*2 (n¼3, 25%) 189 (170–209) 190 (167–212) 164 (116–212) 1.00 (0.91–1.10) 0.85 (0.62–1.07)

Abbreviations: CI, confidence interval; CYP2C9, cytochrome P450 2C9 gene.
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warfarin (decrease in EC50 suggesting the need to lower

warfarin dose). Furthermore, there is preliminary evidence to

suggest that people with the VKORC1 wild-type genotype are

more prone to interactions between warfarin and garlic in

that garlic significantly decreased the effects of warfarin.

In this study, garlic had no effect on warfarin pharmaco-

kinetics or pharmacodynamics and we found no effect on

platelet aggregation induced by ADP, arachidonic acid,

collagen or ristocetin. This result is consistent with a recent

randomized, placebo-controlled study conducted by Macan

et al. (2006) in patients receiving an aged-garlic extract and

warfarin. Whereas these researchers used a different garlic

formulation to that employed in the present study, they also

found no change in clinical effects of warfarin between

patients receiving garlic and warfarin and patients on

placebo and warfarin (Macan et al., 2006).

Evidence from four subjects with the wild-type VKORC1

genotype suggests that people with this genotype exhibit a

pharmacodynamic interaction with garlic that induces a

significant decrease in warfarin response. Garlic remains a

widely used remedy by people who are also taking warfarin

(Ramsay et al., 2005) with some suggestion that it confers

beneficial cardiovascular effects (Kannar et al., 2001), and,

hence, INR monitoring is likely to remain a safety initiative

in people receiving this combination. This observation

warrants further investigation.

This study is the first of its kind to explore VKORC1 gene

variation and interactions with warfarin. Relatively small

sample size for each genotype is one of the limitations of this

study and could be the reason for the variable results. Hence,

further future studies are needed to confirm these findings.

In conclusion, this study comprehensively addressed the

various possible mechanisms of interactions between warfarin

and two commonly used herbal medicines. Treatment with

cranberry juice extract for 2 weeks significantly increased the

sensitivity of healthy male subjects to warfarin without

influencing the pharmacokinetics of warfarin enantiomers.

These findings, when taken together with recent case

reports, strongly suggest that patients who are co-adminis-

tered cranberry and warfarin should be closely monitored, or

preferably cranberry should be avoided in such patients. By

contrast garlic (at least when presented as an enteric-coated

tablet dose form) did not have significant effects on platelet

aggregation or the pharmacodynamics or pharmacokinetics

of warfarin in healthy male subjects. Both herbal medicines

showed some evidence of VKORC1 genotype-dependent

interactions with warfarin, which is worthy of further

investigation.
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