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interactions? Multiple reviews have comprehensively summa-
rized the importance of intestinal, hepatic, and renal transport-
ers for drug disposition and drugÐdrug interactions (e.g., refs. 2, 
3, 5, 14Ð19). In the following sections, we use selected examples 
to highlight the clinical relevance of these transporters for re-
spective drugÐdrug interactions. Transporter localization and 
the consequences of intestinal, hepatic, and renal transporter-
mediated drugÐdrug interactions are highlighted in Figure 1.

INTESTINAL TRANSPORTER- MEDIATED DRUGÐ DRUG 
INTERACTIONS
Pioneering work on the importance of intestinal P- glycoprotein- 
mediated efflux for drug disposition was performed in the late 
1990s using P- glycoprotein- deficient mice.20 The induction of 

intestinal P- glycoprotein expression by rifampin was shown using 
intestinal biopsies of healthy volunteers and was reported to be the 
main underlying mechanism of reduced digoxin plasma concen-
trations after 10 days of rifampin co administration.21 Additional 
data on digoxin secretion from the systemic circulation into the 
gut lumen were generated in healthy volunteers using an intestinal 
perfusion catheter.22 This catheter allowed generation and sepa-
rate perfusion of two adjacent, isolated 20  cm segments. After an 
intravenous dose of digoxin, 0.45% of the dose was secreted into 
a 20  cm jejunal segment within 3 hours. Luminal administration 
of the P- glycoprotein inhibitor quinidine into the second segment 
significantly reduced the amount of intestinally secreted digoxin 
to 0.23% of the intravenously administered digoxin dose.22 Using 
the same intestinal perfusion catheter, it could be shown that lu-
minal quinidine considerably increased absorption of digoxin.23 

Figure 1 Illustration of transporter- mediated drugÐdrug interactions occurring predominantly in (a) enterocytes, (b) hepatocytes, or (c) renal 
proximal tubular cells and consequences for plasma concentrations as well as therapeutic effects or toxicities. ClR, renal clearance; MATE, 
multidrug and toxin extrusion; OATP, organic anion- transporting polypeptide; OCT, organic cation transporter; P- gp, P- glycoprotein.
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interactions? Multiple reviews have comprehensively summa-
rized the importance of intestinal, hepatic, and renal transport-
ers for drug disposition and drugÐdrug interactions (e.g., refs. 2, 
3, 5, 14Ð19). In the following sections, we use selected examples 
to highlight the clinical relevance of these transporters for re-
spective drugÐdrug interactions. Transporter localization and 
the consequences of intestinal, hepatic, and renal transporter-
mediated drugÐdrug interactions are highlighted in Figure 1.

INTESTINAL TRANSPORTER- MEDIATED DRUGÐ DRUG 
INTERACTIONS
Pioneering work on the importance of intestinal P- glycoprotein- 
mediated efflux for drug disposition was performed in the late 
1990s using P- glycoprotein- deficient mice.20 The induction of 

intestinal P- glycoprotein expression by rifampin was shown using 
intestinal biopsies of healthy volunteers and was reported to be the 
main underlying mechanism of reduced digoxin plasma concen-
trations after 10 days of rifampin co administration.21 Additional 
data on digoxin secretion from the systemic circulation into the 
gut lumen were generated in healthy volunteers using an intestinal 
perfusion catheter.22 This catheter allowed generation and sepa-
rate perfusion of two adjacent, isolated 20  cm segments. After an 
intravenous dose of digoxin, 0.45% of the dose was secreted into 
a 20  cm jejunal segment within 3 hours. Luminal administration 
of the P- glycoprotein inhibitor quinidine into the second segment 
significantly reduced the amount of intestinally secreted digoxin 
to 0.23% of the intravenously administered digoxin dose.22 Using 
the same intestinal perfusion catheter, it could be shown that lu-
minal quinidine considerably increased absorption of digoxin.23 

Figure 1 Illustration of transporter- mediated drugÐdrug interactions occurring predominantly in (a) enterocytes, (b) hepatocytes, or (c) renal 
proximal tubular cells and consequences for plasma concentrations as well as therapeutic effects or toxicities. ClR, renal clearance; MATE, 
multidrug and toxin extrusion; OATP, organic anion- transporting polypeptide; OCT, organic cation transporter; P- gp, P- glycoprotein.
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interactions? Multiple reviews have comprehensively summa-
rized the importance of intestinal, hepatic, and renal transport-
ers for drug disposition and drugÐdrug interactions (e.g., refs. 2, 
3, 5, 14Ð19). In the following sections, we use selected examples 
to highlight the clinical relevance of these transporters for re-
spective drugÐdrug interactions. Transporter localization and 
the consequences of intestinal, hepatic, and renal transporter-
mediated drugÐdrug interactions are highlighted in Figure 1.

INTESTINAL TRANSPORTER- MEDIATED DRUGÐ DRUG 
INTERACTIONS
Pioneering work on the importance of intestinal P- glycoprotein- 
mediated efflux for drug disposition was performed in the late 
1990s using P- glycoprotein- deficient mice.20 The induction of 

intestinal P- glycoprotein expression by rifampin was shown using 
intestinal biopsies of healthy volunteers and was reported to be the 
main underlying mechanism of reduced digoxin plasma concen-
trations after 10 days of rifampin co administration.21 Additional 
data on digoxin secretion from the systemic circulation into the 
gut lumen were generated in healthy volunteers using an intestinal 
perfusion catheter.22 This catheter allowed generation and sepa-
rate perfusion of two adjacent, isolated 20  cm segments. After an 
intravenous dose of digoxin, 0.45% of the dose was secreted into 
a 20  cm jejunal segment within 3 hours. Luminal administration 
of the P- glycoprotein inhibitor quinidine into the second segment 
significantly reduced the amount of intestinally secreted digoxin 
to 0.23% of the intravenously administered digoxin dose.22 Using 
the same intestinal perfusion catheter, it could be shown that lu-
minal quinidine considerably increased absorption of digoxin.23 

Figure 1 Illustration of transporter- mediated drugÐdrug interactions occurring predominantly in (a) enterocytes, (b) hepatocytes, or (c) renal 
proximal tubular cells and consequences for plasma concentrations as well as therapeutic effects or toxicities. ClR, renal clearance; MATE, 
multidrug and toxin extrusion; OATP, organic anion- transporting polypeptide; OCT, organic cation transporter; P- gp, P- glycoprotein.
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Die Disposition von nur wenigen Arzneimitteln hängt – wenn 
überhaupt – nur von einem einzigen Transporter ab. Meistens sind 
Arzneimittel Substrate für mehrere Influx- oder Effluxtransporter 
und werden zusätzlich durch ein oder mehrere Phase-I- und/oder 
Phase-II-Enzymen metabolisiert.
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Fig. 1  Primary direct oral anticoagulant (DOAC) clearance/elimi-
nation pathways. Data were extracted from per oral (po; apixa-
ban, edoxaban, and rivaroxaban) and intravenous (iv; betrixaban 
and dabigatran) mass balance studies [2, 38, 48, 57]. The rivaroxa-

ban pie chart is a modiÞcation from Mueck and co-workers [63]. 
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Fig. 2  Area under the concentrationÐtime curve ratios (AUCR) and 
maximum (peak) concentration ratios (CmaxR) of apixaban with and 
without concomitantly taken drugs. Results of drugÐdrug interaction 
trials that have been conducted and published up to January 2020 are 
depicted [22, 32, 36, 40, 43, 85, 98Ð101]. A ratio equals 1 if the co-

administered drug statistically insigniÞcantly inßuenced direct oral 
anticoagulant (DOAC) pharmacokinetics. Green bars: AUCR and 
CmaxR > 0.5 and < 2. Yellow bars: AUCR and CmaxR !  0.5 and "  2. 
1Ketoconazole 400#mg investigated. 2DOAC microdoses adminis-
tered. 3Rifampicin was given repeatedly
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It should be noted, however, that increased digoxin plasma 
concentrations after coadministration of P- glycoprotein inhib-
itors are not only due to inhibition of intestinal P- glycoprotein. 
 Co administration of quinidine with digoxin also results in de-
creased biliary excretion of digoxin in humans as well as in a de-
crease in digoxin renal secretion.24,25

A recent publication on behalf of the International Transporter 
Consortium compares the suitability of digoxin and dabigatran 
etexilate as clinical probe substrates of P- glycoprotein inhibi-
tion.26 Digoxin has limitations as probe substrate for intestinal 
P- glycoprotein inhibition.26,27 For example, other transporters, 
such as renally expressed organic anion transporting polypeptide 
4C1 (OATP4C1) might affect digoxin disposition.26 At first 
sight, dabigatran etexilate might be a more specific clinical probe 
substrate for intestinal P- glycoprotein inhibition compared with 
digoxin, because only dabigatran etexilate, which is converted by 
intestinal and hepatic carboxylesterases to dabigatran, but not 
the pharmacologically active dabigatran is a P- glycoprotein sub-
strate (for review see ref. 26). In contrast to digoxin, hepatic and 
renal P- glycoprotein are, therefore, unlikely to affect dabigatran 
disposition. Moreover, dabigatran etexilate is not transported by 
other major intestinal efflux transporters (breast cancer resistance 
protein (BCRP) and multidrug resistance protein 2). However, 
limitations also exist regarding the suitability of dabigatran etex-
ilate as intestinal P- glycoprotein probe: (i) high interindividual 
variability of pharmacokinetic parameters, (ii) so far unknown 
effect of perpetrators inhibiting carboxylesterases on dabigatran 
pharmacokinetics, and (iii) instability of dabigatran etexilate in 
cellular assays.26 Table 1 shows examples on the impact of known 
P- glycoprotein inhibitors and inducers on disposition of digoxin 
and dabigatran.

Some evidence also exists regarding clinically relevant drugÐ 
drug interactions with involvement of intestinal BCRP.26 
Rosuvastatin is a substrate of multiple transporters, including 
BCRP (expressed in enterocytes and hepatocytes) and OATPs.26 
Elsby et al.28 reported that solitary inhibition of intestinal BCRP 
can cause clinically significant drugÐ drug interactions with ro-
suvastatin (e.g., with fostamatinib, eltrombopag, and lopinavir; 
Table 1) resulting in up to twofold increased plasma concentra-
tions of the statin.

HEPATIC TRANSPORTER- MEDIATED DRUGÐ DRUG 
INTERACTIONS
Hepatic uptake across the basolateral membrane of hepatocytes 
is also an important determinant of drug disposition and ef-
fects (e.g., by members of the OATP family; Figure 1).8,16,29,30 
Similar to intestinal P- glycoprotein- mediated drugÐdrug inter-
actions (Table 1), the increase in systemic plasma concentrations 
of the victim drugs due to OATP- mediated drugÐdrug interac-
tions can be substantial (Table 2). OATP1B1, OATP1B3, and 
organic cation transporter 1 (OCT1) seem to be most relevant. 
OATP1B1 and OATP1B3 play essential roles in disposition of 
statins. In particular, genetic polymorphisms associated with an 
impaired OATP1B1 function lead to increased plasma concen-
trations of simvastatin acid, atorvastatin, pravastatin, rosuvasta-
tin, and pitavastatin.16 The clinical relevance of OATP1B1 was 
impressively shown in a genomewide association study, which 
clearly linked genetic polymorphisms associated with a reduced 
OATP1B1 function to the risk of simvastatin- induced myopa-
thy.31 Regarding the aspect of OATP- mediated drugÐdrug inter-
actions with statins, it needs to be considered that some statins 
(atorvastatin, simvastatin, and lovastatin) are also substrates of 

Table 1 Examples of transporter- mediated drugÐ drug interactions occurring at least in part in enterocytes

Victim drug Perpetrator drug

Intestinal 
transporter 

involved
PK change of 
victim drug

Possible change in victim drug 
effect or toxicity References

Apixaban Ketoconazole (400 mg/day 
for 6 days)

P- gp AUC �n (twofold) Higher rate of adverse effects 66,67

Dabigatran etexilate Dronedarone (1 !  400  mg) P- gp AUCa �n (2.1- fold) Higher rate of adverse effects 68

Dabigatran etexilate Ketoconazole (1 !  400  mg) P- gp AUCa �n (2.4- fold) Higher rate of adverse effects 68

Edoxaban Erythromycin (4 !  500  mg/
day for 8 days)

P- gp AUC �n (+ 85%) Higher rate of adverse effects 69

Edoxaban Cyclosporin (1 !  500  mg) P- gp AUC �n (+ 73%) Higher rate of adverse effects 69

Digoxin Quinidine P- gp AUC �n (~ twofold) Higher rate of adverse effects 23,70,71

Rivaroxaban Ritonavir (2 !  600  mg/day 
for 5 days)

P- gp AUC �n (2.5- fold) Higher rate of adverse effects 71,72

Apixaban Rifampin (1 !  600  mg/day 
for 11 days)

P- gp AUC �p ("  54%) Reduced therapeutic effects 66,71

Dabigatran etexilate Rifampin (1 !  600  mg/day 
for 7 days)

P- gp AUCa �p ("  67%) Reduced therapeutic effects 68,73

Digoxin Rifampin (1 !  600  mg/day 
for 10 days)

P- gp AUC �p ("  30%) Reduced therapeutic effects 21

Rosuvastatin Eltrombopag (1 !  75 mg/
day for 9 days)

BCRP AUC �n (+ 55%) Higher rate of adverse effects 28,74

AUC, area under the plasma/serum concentrationÐ time curve; BCRP, breast cancer resistance protein; P- gp, P- glycoprotein; PK, pharmacokinetic.
aTotal dabigatran AUC.
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cytochrome P450 (CYP)3A4. Increased plasma concentrations 
of these statins could be due to both inhibition of OATP1B1/1B3 
and CYP3A4. Moreover, most statins are not specifically trans-
ported by OATPs, but they are also substrates of other uptake 
and/or efflux transporters (e.g., OATP2B1, sodium- taurocholate 
cotransporting polypeptide, BCRP, and multidrug resistance 
proteins).26 A recent perspectives paper by the International 
Transporter Consortium names pitavastatin as the most sensitive 
OATP1B1 probe.26 DrugÐ drug interaction studies of pitavasta-
tin and OATP inhibitors, such as rifampin (single oral dose), 
yielded area under the plasma concentrationÐ time curve (AUC) 
changes of 5.7- fold.32 Table 2 shows examples on the impact of 
known OATP inhibitors on disposition of pitavastatin and other 
statins.

OCT1 is considered as a hepatic transporter of emerging im-
portance.8 This is highlighted by its role for hepatic uptake and 
effect of the oral antidiabetic metformin but also by data of phar-
macogenetic studies in healthy volunteers for fenoterol, sumatrip-
tan, O- desmethyl- tramadol, and tropisetron.8,33Ð36 A major site 
of metforminÕs pharmacodynamic effects are the hepatocytes. 
Positron emission tomography imaging studies nicely highlighted 
that polymorphisms in the gene encoding for OCT1 (SLC22A1) 
significantly reduced hepatic distribution of metformin in hu-
mans.37 There are recent studies that showed that metformin 
effects can be altered without significant changes in metformin 

plasma concentrations (Table 2). Verapamil decreased the glucose- 
lowering effects of metformin in healthy subjects, presumably due 
to inhibition of OCT1- mediated metformin uptake into the 
hepatocytes.38 Similar to verapamil, famotidine did not change 
plasma concentrations of metformin. In contrast to verapamil, fa-
motidine enhanced the glucose- lowering effects of metformin in 
healthy subjects, likely due to preferential inhibition of multidrug 
and toxin extrusion 1 (MATE1) transporter- mediated export out 
of the hepatocytes.39

RENAL TRANSPORTER- MEDIATED DRUGÐDRUG 
INTERACTIONS
Renal drug secretion is generally mediated by a coordinate activity 
of transporter- mediated uptake across the basolateral membrane 
of proximal tubular cells and of transporter- mediated export 
across the luminal membrane. Excellent recent reviews highlight 
the importance of these processes of drug secretion and renal 
drugÐdrug interactions (e.g., refs. 3, 15, 19). Mean alterations in 
victim drug systemic concentrations are generally modest in renal 
transporter- mediated drugÐdrug interactions compared with 
mean changes of plasma concentrations with intestinal or hepatic 
transporter- mediated drugÐdrug interactions, but substantial 
changes can occur with renal clearance of the respective drug. 
Examples of renal transporter- mediated drugÐdrug interactions 
are highlighted in Table 3.

Table 2 Examples of transporter- mediated drugÐdrug interactions occurring at least in part in hepatocytes

Victim drug Perpetrator drug

Hepatic 
transporter 

involved
PK change of 
victim drug

Possible change in victim 
drug effect or toxicity References

Bosentan Clarithromycin 
(2 !  500  mg/day for 

4 days)

OATP1B1, 
OATP1B3

AUC �n (3.7- fold) Higher rate of adverse 
effects

75

Pitavastatin Cyclosporine (1 !  2 mg/kg) OATP1B1, 
OATP1B3, 
OATP2B1

AUC �n (4.6- fold) Higher rate of adverse 
effects, decreased 

therapeutic hepatic effects

71

Pravastatin Clarithromycin 
(2 !  500  mg/day for 

8 days)

OATP1B1, 
OATP1B3, 
OATP2B1

AUC �n (twofold) Higher rate of adverse 
effects, decreased 

therapeutic hepatic effects

76

Rosuvastatin Cyclosporine (2 !  75 mg/
day to 2 !  200  mg/day)

OATP1B1, 
OATP1B3, 
OATP2B1

AUC �n (7.1- fold 
heart transplant 

recipients vs. 
healthy controls)

Higher rate of adverse 
effects, decreased 

therapeutic hepatic effects

77

Rosuvastatin Gemfibrozil (2 !  600  mg/
day for 7 days)

OATP1B1 AUC �n (1.9- fold) Higher rate of adverse 
effects, decreased 

therapeutic hepatic effects

78

Rosuvastatin, 
pitavastatin

Rifampin (1 !  600  mg) OATP1B1, 
OATP1B3, 
OATP2B1

AUC �n (5.7- fold, 
4.4- fold)

Higher rate of adverse 
effects, decreased 

therapeutic hepatic effects

32

Metformin Verapamil (1 !  180  mg/
day for 3 days)

OCT1 Cmax, AUC 
unchanged

Glucose- lowering effect �p 8,38

Metformin Famotidine (1,000 mg in 
6 divided doses)

MATE1 Cmax, AUC 
unchanged, 

estimated F �n, 
ClR �n

Glucose- lowering effect �n 8,39

The information in this table is partially from respective data shown in Table 6 of ref. 16.
AUC, area under the plasma/serum concentrationÐ time curve; ClR, renal clearance; Cmax, maximum serum/plasma concentration; F, bioavailability; MATE, 
multidrug and toxin extrusion; OATP, organic anion- transporting polypeptide; OCT, organic cation transporter; PK, pharmacokinetic.
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The transporter combination OCT2 (uptake) and MATE1/
MATE2- K (efflux) mediates renal secretion of multiple cationic 
drugs (e.g., of metformin).3,18 Inhibition of metformin renal se-
cretion by, for example, cimetidine, trimethoprim, and pyrimeth-
amine results in reduced renal secretion of the oral antidiabetic 
(Table 3).

Transporter- mediated uptake and efflux also determine local, 
intracellular drug concentrations and, in some cases, toxicity. 
Cisplatin nephrotoxicity is a major clinical problem.40 Because 
cisplatin intracellular accumulation in renal proximal tubular cells 
is determined by OCT2- mediated uptake,40,41 OCT2 inhibition 
might be an approach to reduce cisplatin- induced nephrotoxic-
ity.40Ð42 Unfortunately, clinical studies convincingly showing that 
this approach is indeed beneficial are lacking.40,43,44

Adefovir and cidofovir renal cytotoxic effects are determined by 
the uptake transporter organic anion transporter 1 (OAT1).45,46 
Based on data pointing to a reduction of cidofovir- induced renal 
toxicity by OAT1 inhibitors, it is mandatory according to the re-
spective SmPCs to coadminister the OAT inhibitor probenecid in 
patients receiving cidofovir.

TRANSPORTER- MEDIATED DRUGÐDRUG INTERACTIONS IN 
ADDITIONAL TISSUES
There is ample preclinical evidence that transporter- mediated 
drugÐ drug interactions can alter the victim drug concentrations 
locally at specific cell types; however, in most cases, there are sparse 
data on the clinical relevance in patients. For example, transporter 
inhibition at the blood- brain barrier could modify brain concen-
trations of the victim drug. A study performed in healthy volun-
teers showed that coadminstration of the P- glycoprotein inhibitor 
quinidine with the antidiarrheal drug loperamide caused central 
opioid effects of loperamide.47 Imaging studies have become a 
valuable tool to further investigate alterations of victim drug brain 
concentrations due to inhibition of transporters at the blood- brain 
barrier.48,49

Transporters limit the maternal- fetal transfer of certain drugs 
into the placenta.50,51 Therefore, preclinical data indicate that 
inhibition of transporters, such as P- glycoprotein, could increase 
fetal drug exposure.50,51 Other examples of the potential clinical 
relevance of local transporter- mediated drugÐdrug interactions are 
peripheral blood cells (e.g., harboring HIV) or tumor tissues.52,53 

Table 3 Examples of transporter- mediated drugÐ drug interactions occurring at least in part in renal proximal tubular cells

Victim drug Perpetrator drug
Renal transporter 

involved
PK change of 
victim drug

Possible change in victim drug 
effect or toxicity References

Digoxin Quinidine P- gp AUC �n (~ twofold) 
ClR �p (!  54%)

Higher rate of adverse effects 24,71

Digoxin Clarithromycin (2 "  250  mg/
day for 3 days)

P- gp AUC �n (1.7- fold) 
ClR �p (!   17%)

Higher rate of adverse effects 79

Metformin Cimetidine (2 "  400  mg/day 
for 5 days)

OCT2, MATE1, 
MATE2- K

AUC �n (1.5- fold) 
ClR �p (!  27%)

Higher rate of adverse effects 9

Metformin Pyrimethamine (1 "  50 mg) MATE1, MATE2- K Cmax �n (1.4- fold) 
AUC �n������������fold�� 
ClR �p (!  33 to 

!  35%)

Higher rate of adverse effects 80

Metformin Trimethoprim (2 "  200  mg/
day for 5 days)

OCT2, MATE1, 
MATE2- K

Cmax �n (1.2- fold to 
1.4- fold) 

AUC �n (1.3- fold to 
1.4- fold)  

ClR �p (!  26%)

Higher rate of adverse effects; 
plasma lactate �n

81,82

Metformin Dolutegravir (2 "  50 mg/day 
for 7 days)

OCT2, MATE1, 
MATE2- K

Cmax �n (2.1- fold)  
AUC �n (2.5- fold)

Higher rate of adverse effects 83

Amantadine Quinine (1 "  200  mg), 
quinidine (1 "  200  mg)

OCT2, MATE1 ClR �p (!  27% and 
!  33%, only in 
men but not in 

women)

Higher rate of adverse effects 84

Lamivudine Trimethoprim/sulfamethoxa- 
zole (1 "  160/180  mg/day 

for 5 days)

OCT2, MATE1, 
MATE2- K

AUC �n (1.4- fold)  
ClR (!  35%)

Higher rate of adverse effects 85,86

Chloroquine Cimetidine (1 "  400  mg/day 
for 4 days)

MATE1 ClO �p (!  53%) 
Ae �p (!  43%)

Higher rate of adverse effects 87,88

Adefovir Probenecid (1 "  750  mg) OAT1 AUC �n (2.1- fold) 
ClR �p (!  57%)

Higher rate of adverse effects 89

Benzylpenicillin Probenecid (1 "  1,500  mg) OAT3 AUC �n (3.3- fold) 
ClR �p (!  78%)

Higher rate of adverse effects 89

Furosemide Probenecid (4 "  500  mg/day 
for 3 days)

OAT1, OAT3 ClR �p (!  78%) 
CLO �p (!  63%)

Higher rate of adverse effects 90

Ae, amount of drug excreted; AUC, area under the plasma/serum concentrationÐtime curve; Cmax, maximum plasma/serum concentration; ClO, apparent oral clearance; 
ClR, renal clearance; MATE, multidrug and toxin extrusion; OAT, organic anion- transporting; OCT, organic cation transporter; P- gp, P- glycoprotein; PK, pharmacokinetic.
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Green Tea Catechins as Perpetrators of Drug 
Pharmacokinetic Interactions
Nicki M. Kyriacou1 , Annette S. Gross1  and Andrew J. McLachlan1,*

Green tea (Camellia sinensis) is a commonly consumed beverage or dietary supplement. As a natural product with a 
myriad of proposed health benefits, patients are likely to consume green tea while taking their medications unaware 
of its potential to interact with drugs and influence drug efficacy and safety. Catechins are the abundant polyphenolic 
compounds in green tea (e.g., (! )- epigallocatechin- 3- gallate), which are reported to influence determinants of drug 
pharmacokinetics, such as drug solubility and the activity of drug transporters and drug metabolizing enzymes. 
This review summarized the results of clinical studies investigating the influence of green tea catechins on the 
pharmacokinetics of clinically used medications. The majority of analyses (72%) reported significant decreases 
(by 18Ð99%) in systemic drug exposure with green tea consumption (atorvastatin, celiprolol, digoxin, fexofenadine, 
folic acid, lisinopril, nadolol, nintedanib, raloxifene, and rosuvastatin). One analysis (6%) reported a 50% increase in 
drug systemic exposure (sildenafil) and for 22% of analyses drug pharmacokinetics were not affected by green tea 
consumption (fluvastatin, pseudoephedrine, simvastatin, and tamoxifen). For most drugs reporting an interaction, 
green tea catechins were proposed to decrease intestinal drug absorption by inhibiting OATP uptake (particularly 
OATP1A2), enhancing P- gp efflux activity or reducing drug solubility. Case reports have associated changes in drug 
pharmacokinetics with green tea consumption to changes in drug efficacy or safety (e.g., nadolol and erlotinib). 
These findings prompt the need for further research in relating evidence from existing literature to predict additional 
clinically important green teaÐdrug interactions and to provide appropriate recommendations for patients and 
clinicians.

Food/beverageÐdrug interactions have been widely studied and 
reported to have clinically significant effects on systemic drug 
exposure and the incidence of drug adverse events.1Ð3 Green tea 
is one of most commonly consumed beverages worldwide and is 
prepared from the leaves of the Camellia sinensis plant.4,5 Notable 
among the chemical constituents of green tea are polyphenols 
known as catechins (e.g., (! )- epigallocatehin- 3- gallate, EGCG).5 
There is great variability in individual exposure to catechins due 
to the diversity in the way in which green tea is prepared and con-
sumed, with the green tea formulation (e.g., brewed tea, extract 
capsule), catechin concentration, amount of green tea consumed 
and frequency of consumption all being important.5 Extensive ev-
idence from in vitro analyses indicate that the catechins of green 
tea have the potential to influence drug systemic exposure in vivo 
by altering drug solubility and the activity of drug transporters 
and drug metabolizing enzymes.6Ð11 Clinical explorations of the 
drug interaction potential of green tea catechins have become in-
creasingly popular in recent years. Early clinical studies, including 
research by Misaka et al.,12 which revealed co- administration of 
green tea reduced nadolol systemic exposure by 85% in healthy 
volunteers, as well as early case reports of green tea consumption 
impacting patient clinical response,11,13 have raised awareness of 
the significance of green teaÐdrug interactions and prompted fur-
ther research in this field.

This comprehensive review summarizes the results from clini-
cal studies investigating the influence of concomitant green tea 
consumption on drug pharmacokinetics. An overview of in vitro 
studies investigating potential mechanisms by which green tea may 
influence important determinants of drug pharmacokinetics is also 
presented. Green teaÐdrug pharmacokinetic interactions for car-
diovascular drugs have been previously reviewed14; however, since 
this review, 13 additional clinical green teaÐdrug interaction stud-
ies have been published.4,15Ð26 This review aims to inform clini-
cians, researchers and medical professionals of the drug interaction 
potential of concomitant green tea consumption, the proposed 
mechanisms by which green tea catechins may alter drug pharma-
cokinetics in vivo, the factors that can influence the magnitude of a 
green teaÐdrug interaction and the data required to predict green 
teaÐdrug interactions.

GREEN TEA
Green tea can be consumed in many different forms, including as 
a freshly brewed tea, commercial beverage, and as an extract in-
cluded in in dietary supplements. Due to differences in the pro-
cessing of tea leaves, a number of green tea variations exist which 
differ in taste and chemical composition (e.g., sencha, matcha, and 
hojicha).6,27 Green tea may be consumed for the enjoyment of its 
taste, for cultural/traditional customs or for its perceived health 
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once- daily dosing of 200 mg or 400 mg of EGCG for 10 days in 
healthy participants were 0.6 and 1.5 ! M, respectively.44 These 
EGCG plasma concentrations are lower than Ki, IC50 and EC50 
values defined for EGCG toward OATP1B1, OATP1B3, and 
OATP2B1 activity. Therefore, the systemic exposure of cate-
chins may not be sufficient for there to be a clinically significant 
effect on the activity of hepatic OATP transporters. Additional 
solute carrier drug transporters have been studied in vitro. 
EGCG (100 ! M) has been reported to reduce metformin cat-
ion transport mediated by organic cation transporter 1 (OCT1, 
" 60%), OCT2 (" 37%), multidrug and toxin extrusion protein 1 
(MATE1, " 26%), and MATE2- K (" 32%).42

ATP- binding cassette transporters. EGCG and ECG have been 
reported to reversibly inhibit P- glycoprotein (P- gp)- mediated 
efflux of several substrates and contribute to the reversal of 
multidrug resistance in human cancer cells.17,42,45Ð48 Incubation 
of EGCG (2 ! g/mL) and ECG (60 ! g/mL) in doxorubicin 
resistant hepatocellular carcinoma cells resulted in a 23.1-  to 
29.1- fold increase in the accumulation of the P- gp substrate 
rhodamine- 123, indicating evidence of a decrease in P- gp efflux 
activity.45 The mechanisms proposed to explain the decrease 
in P- gp functionality in the presence of gallate- type catechins 
include decreased levels of P- gp in cells due to downregulation 
of ABCB1 gene expression or induction of P- gp degradation by 
the proteasome.45,48 However, Qian et al.46 reported that EGCG 
inhibited P- gp activity through the tight binding of EGCG 
with a P- gp ATP- binding site without affecting ABCB1 gene or 
P- gp expression. Conversely, the catechin EC has been reported 
to increase the transport of a P- gp substrate (EC50 1.3 ! M) by 

binding to, and activating, an allosteric site, which enhances the 
function and efficiency of P- gp.49 The activities of additional 
ATP- binding cassette efflux transporters have also been reported 
to be inhibited in the presence of green tea catechins, including 
breast cancer resistance protein (BCRP, IC50 0.37 ! M for EGCG) 
and multidrug resistance protein 2 (MRP2, IC50 2.2 ! M for 
EGCG).17 As IC50 and EC50 values are lower than or within 
predicted in vivo intestinal EGCG concentration ranges (40 to 
1,600 ! g/mL for a 200 to 800 mg EGCG dose),50 inhibition of 
intestinal ATP- binding cassette efflux transporters by green tea 
catechins is a plausible mechanism of interaction in vivo.

Altered drug metabolizing enzyme activity
Green tea catechins have been reported to alter the activity of 
numerous enzymes crucial to drug metabolism and elimination 
(Figure 1).

Cytochrome P450 enzymes. Green tea catechins have been 
reported to inhibit the drug metabolizing activity of a number 
of cytochrome P450 (CYP) enzymes.51Ð56 In human liver 
microsomes, the inhibitory effects of a green tea extract on the 
activities of CYP2B6 (IC50 5.9 ! g/mL), CYP2C8 (IC50 4.5 
! g/mL), CYP2C19 (IC50 48.7 ! g/mL), CYP2D6 (IC50 25.1 
! g/mL), and CYP3A (IC50 13.8 ! g/mL) have been reported.51 
Misaka et al.51 proposed that green tea containing multiple 
catechins inhibited these CYPs with a greater potency than 
EGCG alone. The risk of inhibition of intestinal CYP3A was 
considered to be high at an EGCG dose ! 132.5 mg, based on 
the drug interaction number index.51 Therefore, the authors 
anticipate that daily green tea consumption could lead to 

Figure 1 Pharmacokinetic pathways affected by green tea catechin administration. : increased activity in the affected pathway. : 
decreased activity in the affected pathway. CYP enzymes impacted are: CYP1A1, 1A2, 2A6, 2B6, 2C, 2D6 2E1, and 3A. Figure prepared using 
medical illustrations from Servier Medical Art (SMART, https://  smart. servi er. com). BCRP, breast cancer resistance protein; CYP, cytochrome 
P450 enzyme; GI Tract, gastrointestinal tract; MATE, multidrug and toxin extrusion protein; MRP, multidrug resistance protein; OATP, organic 
anion transporting polypeptide; OCT, organic cation transporter; P- gp, P- glycoprotein; UGT, UDP- glucuronosyltransferase.
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its metabolite were plotted semilogarithmically against
time, and the area under the concentration-time curves
was calculated by the log trapezoidal rule [AUC(0-240
min)]. Statistical comparisons were performed by two-
tailed paired t testing.

RESULTS
Effect of quinidine on carbon dioxide response slope.

Loperamide was administered 1 hour after quinidine
administration to all eight subjects. When loperamide
was administered after placebo in the absence of quini-
dine, there was no evidence of impairment of the CO2
response. The effects of loperamide on the ventilatory
response to increasing concentrations of CO2 after
administration of both placebo and quinidine are pre-
sented in a representative subject in Fig 1. It is apparent
that the coadministration of quinidine along with lo-
peramide impaired the respiratory response to CO2
compared with loperamide alone. The slope of the ven-
tilatory/CO2 response slope plotted over time in all sub-
jects (Fig 2) showed impairment of the response to CO2
(P < .001), which occurred within 30 minutes of lo-
peramide administration. This respiratory depression after
administration of quinidine lasted for more than 2 hours.

The administration of quinidine increased the plasma
concentrations of loperamide and its metabolite compared
with placebo (Fig 3), resulting in increased areas under the
loperamide and metabolite plasma concentration time
curves (AUC) of 99.55 ± 20.31 versus 247.0 ± 45.25

ng/mL á hr (P < .005) for loperamide and 149.15 ± 39.30
versus 289.55 ± 49.39 ng/mL á hr (P < .02) for metabolite,
after administration of placebo and quinidine, respectively.

To determine whether the impaired respiratory
response to CO2 could be explained simply by the
increase in plasma loperamide concentrations, the
change in the CO2 response and the plasma drug con-
centrations was superimposed (Fig 4). It is apparent that
up to at least 60 minutes, when the plasma loperamide
concentrations after administration of quinidine and
placebo were identical, there was substantial impairment
of ventilatory response to CO2 after quinidine but not
placebo, thus demonstrating that coadministration of
quinidine with loperamide produces respiratory depres-
sion independent of changes in plasma concentrations.

DISCUSSION
We found that the inhibition of P-glycoprotein by

quinidine resulted in respiratory depression after admin-
istration of loperamide that was not seen after adminis-
tration of loperamide alone. Loperamide is a potent
opiate that is widely available without prescription as
an antidiarrheal. Absence of analgesic efficacy, respira-
tory depression, or impairment of CO2 response reflects
its normal lack of CNS effects, which appears to be due
to the fact that it is a P-glycoprotein substrate that is so
efficiently removed from the CNS by the P-glycopro-
tein efflux pump that pharmacologically effective con-
centrations are not normally achieved in the CNS.16 In

Sadeque et al 235
CLINICAL PHARMACOLOGY & THERAPEUTICS
VOLUME 68, NUMBER 3

Fig 4. Comparison of pharmacodynamics and pharmacokinetics of loperamide after administration
of placebo (open boxes)or quinidine (solid triangles).
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