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Abstract

Green tea polyphenols may contribute to the prevention of cancer and other diseases. To

learn more about the pharmacokinetics and interindividual variation of green tea polyphe-

nols after oral intake in humans we performed a population nutrikinetic study of standardized

green tea extract. 84 healthy participants took green tea extract capsules standardized to

150 mg epigallocatechin-gallate (EGCG) twice a day for 5 days. On day 5 catechin plasma

concentrations were analyzed using non-compartmental and population pharmacokinetic

methods. A strong between-subject variability in catechin pharmacokinetics was found with

maximum plasma concentrations varying more than 6-fold. The AUCs of EGCG, EGC and

ECG were 877.9 (360.8–1576.5), 35.1 (8.0–87.4), and 183.6 (55.5–364.6) h*μg/L respec-

tively, and the elimination half lives were 2.6 (1.8–3.8), 3.9 (0.9–10.7) and 1.8 (0.8–2.9) h, re-

spectively. Genetic polymorphisms in genes of the drug transporters MRP2 and OATP1B1

could at least partly explain the high variability in pharmacokinetic parameters. The observed

variability in catechin plasma levels might contribute to interindividual variation in benefical

and adverse effects of green tea polyphenols. Our data could help to gain a better under-

standing of the causes of variability of green tea effects and to improve the design of studies

on the effects of green tea polyphenols in different health conditions.

Trial registration: ClinicalTrials.gov: NCT01360320

Introduction

Green tea prepared from the dried leaves of the plant Camellia Sinensis (L.) Kuntze is one of

the most widely consumed bevarages in the world. Tea leaves contain up to 30% phenolic sub-

stances, commonly known as tea catechins. The major catechins in green tea are (-)-epigalloca-

techin-3-gallate (EGCG), (-)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG) and

(-)-epicatechin (EC) [1]. Epidemiological studies showed a reduction of the cancer risk and a

protective effect on the cardiovascular system with green tea consumption [2–4]. These effects

seem to be governed by green tea catechins, particularly EGCG [3,5]. Due to these presumed

beneficial effects green tea polyphenols are of growing interest for cancer prevention. Several
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observational and interventional studies have been conducted investigating these chemo-

preventive effects (reviewed in [2–4,6,7]).

The oral bioavailability of EGCG and other green tea catechins which is important for its

systemic and chemopreventive effects has been investigated in humans in several studies

administering purified EGCG [8–12], tea [13–16] or green tea extract [10–12,17–19]. EGCG,

EGC, ECG, EC are absorbed after oral administration with tmax varying from one to five

hours. The oral bioavailability is suggested to be low in humans [17] as it was earlier demon-

strated in rodents [20,21]. The plasma concentrations of EGCG were proportional to the dose

administered but showed high interindividual variability in a study including 10 volunteers

[9]. No significant differences in nutrikinetic parameters of purified EGCG and green tea

extract were observed [10,11]. In studies investigating daily dosing of EGCG or green tea

extract after overnight fast for up to two weeks almost no accumulation of catechins in the

blood plasma was detected [8,11,19].

Green tea catechins are absorbed in the small intestine [22] and biotransformed in the liver

and in enterocytes in the small intestine mostly by phase II metabolizing enzymes leading to

methylated, sulfated and glucuronidated metabolites [23]. Catechins passing the small intes-

tine either unabsorbed or after enterohepatic recycling are then in substantial amounts broken

down to ring-fission metabolites most propably by colonic bacteria [24,25]. Methylation of

green tea catechins is catalyzed by catechol-O-methyltransferase (COMT) [23,26]. In several

studies it was shown that EGCG is methylated by COMT, forming 4’-O-methyl-EGCG, 4”-O-

methyl-EGCG and 4’-4”-di-O-methyl-EGCG metabolites [26,27]. EGCG was shown to inhibit

COMT activity in vitro [27,28], but a recent study in healthy volunteers consuming a single

dose (750 mg) of EGCG after one night fasting demonstrated that COMT activity measured in

erythrocytes was not inhibited [29]. Green tea catechins are extensively sulfated or glucuroni-

dated. In plasma samples more than 80% of polyphenols have been found to be conjugated

after ingestion of green tea extract. EGCG and EC were detected mainly in sulfate forms,

whereas for EGC the glucuronide forms dominated in the plasma samples [30]. Sulfotrans-

ferases (SULT) contribute in sulfate conjugation of catechins, but it is still not clear which iso-

forms are exactly involved. EC is sulfated through SULT1A1 in human liver cytosol [31], but

EGCG appears to be a substrate for SULT2A1 but not SULT1A1 [32]. SULT1A1 is the main

isoform in the human liver and SULT1A1 and SULT1A3 are highly expressed in the intestine.

EGCG and EGC are inhibitors of a number of SULT isoforms including SULT1A1 and

SULT1A3 [33]. Glucuronidation of EGCG and EGC is catalyzed predominantely by UDP-glu-

curinosyltransferases (UGT) 1A1, 1A8 and 1A9. The intestinal specific UGT1A8 isoform has

been shown to have the highest catalytic efficiency of these UGTs [23,34].

Bioavailability of green tea catechins may not only depend on biotransformation processes

but also on uptake and excretion. Multidrug resistance-associated protein (MRP) 1, MRP2

and p-glycoprotein (Pgp) have been shown to be involved in the excretion of green tea cate-

chins. In vitro studies showed that EGCG is a substrate for MRP1 and MRP2 but not for Pgp

[35] and that ECG and EC may be substrates of MRP2 [36]. In addition, several studies suggest

that green tea catechins inhibit Pgp as well as organic anion-transporting polypeptide (OATP)

1B1, OATP1B3, organic cation transporter (OCT)1, OCT2, multidrug and toxin extrusion

(MATE)1 and MATE2-K transporters [37,38].

Several inherited polymorphisms in drug metabolizing enzymes and transporters have

been reported to influence the pharmacokinetic and disposition of drugs. But there is not

much knowledge and evidence if functional polymorphisms in drug metabolizing enzymes

and drug transporters affect the pharmacokinetic of green tea catechins.

A detailed characterization of interindividual variation in plasma concentrations of green

tea catechins is important to interpret both beneficial but also adverse systemic effects. Blood
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concentrations of green tea polyphenols are relevant for cardiovascular and metabolic effects.

Together with unabsorbed catechins having local effects, systemic concentrations of the poly-

phenols may also be relevant for the anti-cancer effects in the colon. To better understand the

systemic exposure with polyphenols for the outcomes of clinical trials on health preventive

effects of green tea polyphenols, the objectives of the present study were to characterize the

nutrikinetics of EGCG, EGC and ECG in a large and comprehensive study in healthy volun-

teers, using the standardized green tea extract capsules and to investigate which factors have a

relevant impact on that systemic exposure and the large interindividual variation in catechin

plasma concentrations.

Materials and methods

The protocols for this trial (S1–S3 Files) and supporting TREND checklist (S4 File) are avail-

able as supporting information.

Study drug

Green tea extract capsules were produced by Dr. Loges (Hamburg, Germany) using a commer-

cially available green tea extract. Each capsule contained approximately 225 mg total catechins.

The catechin content of the capsules was standardized to 150 mg EGCG, containing in addi-

tion 18 mg EGC, 35 mg ECG, 10 mg EC and 1.3 mg caffeine.

Participants

89 healthy volunteers with Western European ancestry were enrolled in the study between 1st

November 2011 and 30th June 2012. Participants were approached with a notice at the local

university notice-board and interested volunteers were recruited. Before the start of the study

participants were physically examined and a blood sample was taken to evaluate the health

condition of the participant. During this check-up the following demographic and diagnostic

parameters were collected: gender, age, weight, height, BMI, typical clinical biochemistry

parameters (AST, ALT, Bilirubin), complete blood count, green tea consumption habits,

smoking status, frequency of alcohol consumption and use of oral contraceptives. Exclusion

criteria for the participation in the study were pregnancy, any acute or chronic disease and reg-

ular use of drugs with the exception of oral contraceptives. Five participants dropped out of

the study (dropout rate: 5.6%) due to inappropriate health conditions after physical examina-

tion, difficulties in blood sampling, or did not show up at study day (Fig 1). All participants

Fig 1. Consort flowchart.

https://doi.org/10.1371/journal.pone.0193074.g001
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had a minimum age of 18 years and a body mass index (BMI) between 18 and 30 kg/m2. The

study protocol was approved by the Ethical Committee of the University Ulm (permission:

171/11); participants gave their written informed consent after detailed explanation of the

study. Sample size was estimated a priori based on AUC values published previously [8].

Assuming a frequency of 20% of carriers of the methionine variant (heterozygote plus homo-

zygote carrier) and an allele frequency of 11% for the COMT polymorphism an effect on the

pharmacokinetics would be detectable in n = 100 participants. If n = 20 participants carry

either Val/Met or Met/Met genotypes and n = 80 carry Val/Val genotype a difference of less

than 30% in the oral clearance of EGCG could be detected with a power of 80% and a signifi-

cance of 0.05. After finally including 84 participants in the analysis a subsequent sample size

estimation showed that a group sample sizes of 67 and 17 achieve 80% power to detect a differ-

ence of 25.8% with a significance level (alpha) of 0.05 using a two-sided two-sample equal-vari-

ance t-test.

Study design

The study was an open one-arm nutrikinetic study conducted at the university Ulm. It was

aimed to measure the plasma concentrations of green tea catechins in a cohort of healthy indi-

vidual. To capture a possible influence of a continuous intake of catechins, e.g. accumulation

of catechins, transcriptional changes or inhibition of membrane transporters and metabolizing

enzymes caused by catechins, plasma concentrations were determined after 5 days of intake of

green tea extract.

The study was conducted as briefly described. One day before the treatment period partici-

pants were requested to stop any green tea consumption and to avoid polyphenol rich nutri-

tion during study. All participants were asked if they did extensive physical exercises in the

days before and during the study. None of the participants stated an extensive physical activity.

For the first 4 days of the treatment period participants took green tea capsules twice daily

(≙ 2 x 150 mg EGCG/day). Capsules were swallowed in the morning and in the evening (12 h

interval) with a glass of tap water during meal. After one night fasting, on the morning of day 5

a blood sample for the baseline measurements was taken. Afterwards another capsule of green

tea extract (150 mg EGCG) was administered and subsequently venous blood samples were

taken after 0.5, 1, 2, 3, 4, 5, 7, and 9 hours (Fig 2). A standardized meal and snack were served

4 h and 10 h after the intake of the green tea extract capsule.

Tea polyphenol concentration measurement

Venous blood was drawn into ethylene diamine tetraacetic acid (EDTA) containing tubes and

centrifuged within 10 minutes after sampling at 3500 rpm for 10 minutes. Then, 1 mL aliquots

of plasma were mixed with 20 μL of antioxidant solution (2 g ascorbic acid per 10 mL double

distilled water including 70 μL of 0.5 M EDTA). Plasma samples were frozen immediately after

mixing with the antioxidant solution and stored at -80˚C until analysis.

Calibrators for EGCG, EGC, ECG, and EC were obtained from Sigma-Aldrich. As internal

standard (IS) deuterated EGCG (Epigallocatechingallate-d4-d6) from Synfine (Richmond Hill,

Canada) was used and the peak areas of all analytes were normalized to the area of the deuter-

ated (d4) isotope of EGCG. Calibrator and IS stock solutions were prepared as 1 mg/mL solu-

tions in 50% methanol including 2% of the antioxidant solution given above. Calibrators and

IS for measurement were prepared in bovine serum with the same proportion of antioxidant

solution as used for the human plasma samples to be analyzed.

Quantification was performed after precipitation and online solid phase extraction using

reversed phase HPLC with tandem mass spectrometric detection. HPLC-MS/MS-system with
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column switching was used as essentially described earlier [39]. The HPLC-MS/MS-system con-

sisted of a vantage mass spectrometer with a HESI-II Ionization Probe (Thermo Separations,

Waltham, MA, USA). The liquid chromatography unit consisted of a P680-pump, a HPG3400,

a WTS 3000 and a column compartment with column switching valves (Dionex, Germering,

Germany). The precipitation reagent stock solution was prepared from 350 mL methanol, 150

mL 0.3 M ZnSO4 and 9.375 mL acetic acid. For precipitation 200 μL of plasma to be analyzed

and 400 μL of precipitation reagent (45 mL precipitation reagent stock solution, 0.9 mL antioxi-

dant solution, 112.5 mL internal standard) were mixed for 15 minutes and then centrifuged at

4500 rpm for 15 minutes. 4 x 95 μL sample supernatant was injected using a multiple injection

mode onto the extraction column 3.0 x 10 mm 3 μm Aqua Perfect (MZ-Analysentechnik Mainz

Germany) and washed with 3 mL/min 1% acidic acid. After column switching, the analytes

were eluted onto an analytical column (BEH Shield RP18 1.7 μm 2.1 x 100 μm, Waters Milford

USA). Electrospray MS/MS detection was used with ionization in the positive mode using the

following transitions: EGCG: 459/139, EGCG-d4-d6: 463/141, EGC: 307/139, ECG: 443/123

and EC: 291/139. Integration and calculation of the ratios of analyte/IS peak areas was per-

formed using the QuanLynx software. Interassay coefficient of variation over all series was

12.6%, 13.8% and 8.9% for the 5 ng/mL, 50 ng/mL and 500 ng/mL controls, respectively.

DNA isolation and genotyping of ABCC2, SLCO1B1, ABCB1, COMT,

SULT1A1 and UGT1A1
DNA was extracted from EDTA blood using QIAamp DNA Mini Kit (Qiagen, Hilden) follow-

ing the manufacturer’s instruction. Following genotypes for MRP2 (ABCC2): c.1249G>A

(rs2273697), c.3972C>T (rs3740066), c.-24C>T (rs717620), c.4544G>A (rs8187710), OATP1B1
(SLCO1B1): c.521T>C (rs4149056), c.388A>G (rs2306283), c.463C>A (rs11045819), Pgp

(ABCB1): c.3435T>C (rs1045642), c.1236T>C (rs1128503), c.2677T>G (rs2032582), COMT
c.1947G>A (rs4680) SULT1A1 c.-197G>A (rs750155) and UGT1A1�28: (TA)7 repeat (rs8175347)

Fig 2. Schematic representation of the study design and blood sampling. The experiment includes one pre-study

day and 5 days treatment with standardized green tea extract (GTE). Blood sampling for nutrikinetics takes place on

day 5. Dosing of GTE: day 1–4: twice a day (≙ 2 x 150 mg EGCG/day), day 5: after overnight fasting intake of one GTE

capsule (150 mg EGCG).

https://doi.org/10.1371/journal.pone.0193074.g002
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were detemined using PCR amplification with real-time PCR probes. In brief, 5 μL DNA (10

ng/μL) was amplified using Lightcycler1 FastStart DNA Master HybProbe Mix (Roche, Ger-

many) and the respective LightSNiP Assay (TIBMolBiol, Berlin). The following PCR protocol

was applied: 10 min at 95˚C, followed by 45 cycles for amplification: 10 s at 95˚C, 10 s at 60˚C,

15 s at 72˚C. Melting curve analysis was performed to distinguish between the different

genotypes.

Pharmacokinetic analysis

Non-compartmental analysis (NCA) was performed using Phoenix WinNonlin 6.4 (Certara

USA Inc., Princeton, NJ, USA). The linear trapezoidal-linear interpolation method was applied

to calculate the areas under the plasma concentration-time curves (AUCs). Computation for-

mulas used in the non-compartmental analysis are given in the modeling supplement (S5

File). Correlation analyses were performed on AUCs, volumes of distribution and clearances

of the three measured catechins.

The population pharmacokinetic (PopPK) model development for the separate characteriza-

tion of EGCG, EGC and ECG nutrikinetics was performed using non-linear mixed-effects

modeling techniques (NONMEM version 7.3, ICON Development Solutions, Ellicott City, MD,

USA), that allow estimation of population medians for model parameters with simultaneous

quantification of interindividual variability (IIV) and residual (unexplained) variability. The

first-order conditional estimation algorithm in NONMEM with interaction option was applied

and IIV was modeled using exponential random effects models. An example of an exponential

model is Pki = Θk�eηki where Pki denotes the value of the parameter k of the individual i, Θk is

the typical value of the population parameter k and ηki is the difference between the natural log-

arithms Pki and Θk. It is assumed that all Pki are log-normally distributed. In addition, all ηki

are assumed to be independently, multivariately symmetrically distributed with zero mean and

the variance ω2k. The use of an exponential model has several attractive features. It ensures that

all parameters are strictly positive avoiding the estimation of negative non-physiological individ-

ual values. Also ω2k becomes dimensionless and expresses approximately the coefficient of varia-

tion in the model parameters [40]. Model selection was based on several analyses, including the

objective function value (OFV) provided by NONMEM, precision of parameter estimates and

visual inspection of goodness-of-fit plots. One nested model was considered superior to another

when the OFV was reduced by 3.84 points or more (Chi-square, p<0.05, 1 degree of freedom).

For internal model evaluation, a visual predictive check (VPC) was performed based on

1000 simulations using the final PK models with their fixed- and random-effects parameters.

Median simulated plasma concentrations and corresponding 5th and 95th percentiles were

plotted against time, and overlaid with the observed data. SAS version 9.4 (SAS Institute Inc.,

Cary, NC, USA) was used for statistical analyses (characterization of the study population,

analysis of frequency distributions and correlations between different PK parameters) and

generation of graphics.

Furthermore a large panel of covariates was tested, including gender, age, weight, height,

BMI, green tea consumption habits, smoking status, frequency of alcohol consumption, use of

oral contraceptives, genotypes of drug transporters and phase II enzymes suggested to be

involved in catechin transport and biotransformation and multiple blood count parameters. A

stepwise covariate model-building strategy was employed using forward inclusion of covari-

ates followed by backward elimination. For the forward inclusion, covariates were added to

the model in the order of their ranking (decrease of OFV when included individually com-

pared to the base model), covariates were retained in the model if their inclusion improved the

OFV significantly (p�0.01). For the backward elimination, included covariates were removed
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from the model (the covariate causing the smallest increase of OFV when removed individu-

ally is eliminated first), covariates were retained in the model if their removal worsened the

OFV significantly (p�0.001). Following the first covariate testing, the significance requirement

for covariate inclusion and retention of the different analysed transporter and phase II enzyme

genotypes were lowered to p�0.025 for both, forward inclusion and backward elimination, in

an explorative approach to generate hypotheses to explain the high interindividual differences

found in the observed pharmaocokinetic profiles.

The final EGCG, EGC and ECG models were used for prediction of single dose and steady-

state plasma concentration time profiles as well as AUC, maximum plasma concentration

(Cmax) and minimum plasma concentration (Ctrough) values for the assessment of green tea

catechin accumulation in the steady-state during a twice daily dosing regimen.

Results

Plasma concentration time curves of green tea catechins at the 5th day of twice daily oral intake

of standardized green tea extract capsules were assessed in 84 healthy volunteers. Details on

the characteristics of the study participants are given in Table 1.

Table 1. General characteristics of the study population.

Total Male Female

Number of participants 84 (89) 30 54

Age (mean) [years] 24.5 (SD 3.9) 24.7 (SD 2.5) 24.4 (SD 4.5)

Age (range) [years] 19–49 21–32 19–49

Weight [kg] 68.0 (SD 11.7) 80.2 (SD 9.2) 61.3 (SD 6.3)

Height [m] 1.7 (SD 0.1) 1.8 (SD 0.1) 1.7 (SD 0.1)

BMI [kg/m2] 22.7 (SD 2.6) 24.1 (SD 2.8) 21.9 (SD 2.1)

Green tea consumption

Yes 10 4 6

No 74 26 48

Smoking status

Never 56 17 39

Former 8 3 5

Current 20 10 10

Alcohol consumption

Yes 75 28 47

No 9 2 7

Contraceptives

Yes 37 0 37

No 47 30 17

Clinical Covariates

AST [U/L] 24.3 (SD 7.5) 28.5 (SD 10.4) 22.0 (SD 5.2)

ALT [U/L] 23.8 (SD 10.4) 29.8 (SD 12.2) 20.5 (SD 7.4)

Bilirubin [μmol/L] 10.6 (SD 6.5) 15.3 (SD 7.6) 8.1 (SD 4.1)

Leucocytes [Giga/L] 6.5 (SD 1.8) 6.2 (SD 1.8) 6.6 (SD 1.8)

Erythrocytes [Tera/L] 4.6 (SD 0.5) 5.1 (SD 0.4) 4.3 (SD 0.3)

Hemoglobin [g/dL] 14.0 (SD 1.5) 15.5 (SD 1.1) 13.1 (SD 0.8)

Hematocrit 0.4 (SD 0.04) 0.5 (SD 0.03) 0.4 (SD 0.02)

Thrombocytes [Giga/L] 236.8 (SD 53.0) 228.9 (SD 41.3) 241.1 (SD 58.0)

SD: standard deviation

https://doi.org/10.1371/journal.pone.0193074.t001
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Concentration-time profiles and non-compartmental pharmacokinetic

analysis

Individual plasma concentration-time profiles of EGCG, EGC and ECG at the 5th day of oral

administration are presented in Fig 3. Plasma levels of EC were below detection limit. Basal

plasma concentrations for EGCG, EGC and ECG were low but variable between individuals

with mean values of 26.8 μg/L (limit of detection (LoD)– 149.9 μg/L), 3.8 μg/L (LoD– 10.9 μg/

L) and 4.5 μg/L (LoD– 23.6 μg/L), respectively. Peak plasma concentrations (Cmax), area under

the curve (AUC0-end) and time to reach Cmax (tmax) from the non-compartmental analysis are

presented in Table 2. Drug concentrations declined in a biexponential fashion with terminal

half-lives of 2.6 (1.8–3.8), 3.9 (0.9–10.7) and 1.8 (0.8–2.9) h for EGCG, EGC and ECG,

respectively.

AUC values, volumes of distribution (V/F) and total body clearances (CL/F) of EGCG,

EGC and ECG were significantly correlated. Scatter Plots showing the relation of AUCs of the

different catechins are presented in Fig 4.

Compartmental pharmacokinetic analysis / PopPK model development

Concentration-time profiles of the three catechins were best described by two-compartment

models with one central and one peripheral compartment. Absorption of EGCG and ECG

Fig 3. Individual measured plasma concentration-time profiles of EGCG, EGC and ECG on the 5th day of oral administration.

https://doi.org/10.1371/journal.pone.0193074.g003
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were modeled by a zero-order dissolution into the depot compartment (constant amount dis-

solved per time, concentration independent) combined with a first-order absorption processes

from the depot (absorption rate is concentration dependent) with a lag time of 19 minutes. In

Table 2. Pharmacokinetic parameters and their variability in the study population (5th - 95th percentile), non-

compartmental analysis.

EGCG EGC ECG

Cmax [μg/L] 275.4 (95.1–577.0) 10.7 (3.0–22.6) 60.1 (18.1–118.9)

tmax [h] 1.6 (1.0–2.1) 1.5 (0.5–3.1) 1.7 (1.0–2.2)

AUC0-end [h�μg/L] 877.9 (360.8–1576.5) 35.1 (8.0–87.4) 183.6 (55.5–364.6)

t1/2 [h] 2.6 (1.8–3.8) 3.9 (0.9–10.7) 1.8 (0.8–2.9)

V/F [L] 717.1 (241.3–1636.2) 2410.0 (437.8–5619.1) 548.8 (224.6–1179.5)

CL/F [L/h] 187.0 (77.5–362.6) 523.4 (163.3–1267.3) 236.1 (91.5–566.8)

V: volume of distribution, F: bioavailability, CL: total body clearance

https://doi.org/10.1371/journal.pone.0193074.t002

Fig 4. Correlation between the AUCs of the different green tea catechins. Distribution histograms of the AUCs and scatter plots showing the correlation between

the AUCs of the different green tea catechins. ρ: Pearson correlation coefficients: AUCEGCG−AUCEGC: 0.3058 (p = 0.0052); AUCEGCG−AUCECG: 0.9248 (p<0.0001),

AUCEGC−AUCECG: 0.4537 (p<0.0001).

https://doi.org/10.1371/journal.pone.0193074.g004
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contrast, absorption of EGC was best described by a first-order absorption process only, with a

lag time of 25 minutes.

Distribution and elimination of EGCG, EGC and ECG were characterized by a central and

a peripheral volume of distribution with an intercompartment clearance (Q/F) and a systemic

first-order clearance from the central volume of distribution (CL/F). A schematic representa-

tion of the three structural models describing absorption, distribution and elimination of the

green tea catechins is shown in Fig 5. The model equations are given in the modeling supple-

ment (S5 File). The PopPK model parameter estimates are presented in Table 3. All structural

model parameters could be precisely estimated with relative standard errors�32% (Table 3).

Large interindividual variabilities on the dissolution and absorption processes of EGCG and

ECG (D1 and ka, Table 3) on the one hand, and on the central volume of distribution and

intercompartmental clearance of EGC (Vcentral/F and Q/F, Table 3) on the other hand were

identified, indicating wide variation in absorption and transport through barriers within the

human body.

The VPCs in Fig 6 demonstrate good descriptive performance of all three models with nei-

ther bias nor under- or overestimation of the model variabilities. Population and individual

observed versus predicted plasma concentrations (goodness-of-fit plots, Fig 7) are randomly

distributed around the line of identity, indicating good descriptive properties. Plots of condi-

tional weighted residuals are shown in the modeling supplement (S5 File).

Covariate screening revealed a significant influence of contraceptives on Vcentral/F of the

EGC dose (55% reduction of Vcentral/F with contraception compared to Vcentral/F of men and

women not using oral contraceptives, p<0.0001). The most likely physiologic interpretation of

this is that oral contraceptives inhibit membrane transporter (Pgp and MRP2) involved in the

excretion of EGC. Including this covariate into the model explained 10% of the interindividual

variability in Vcentral/F.

We genotyped several functional polymorphism in genes coding for the drug transporters

MRP2, OATP1B1, Pgp and the phase II metabolizing enzymes COMT, SULT1A1 and

UGT1A1, that are suggested to be involved in the transport and biotransformation of green

tea catechins. All genotypes were in Hardy–Weinberg equilibrium and allele frequencies were

comparable to those reported in the literature for Europeans (Table 4).

Fig 5. PopPK models. Structures of the three independently developed PopPK models employing two-compartment

nested models with different descriptions of the absorption processes for the gallate (EGCG, ECG) and non-gallate

(EGC) green tea catechins. The depot compartment (Depot) represents the gastrointestinal tract, from where the

catechins are absorbed into the central volume of distribution (Vcentral), representing the blood and quickly

equilibrating tissues such as liver and kidney. Vperiph.: peripheral volume of distribution, D1: dissolution duration, ka:

absorption time constant, Q: intercompartmental clearance, CL: clearance from Vcentral.

https://doi.org/10.1371/journal.pone.0193074.g005
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Lowering our level of significance requirement in the covariate screening to p�0.025 for

forward inclusion and backward elimination, several polymorphisms with influence on the kinetic

of EGCG and EGC were identified. Relative bioavailability and CL/F of EGCG were influenced by

ABCC2 -24C>T (MRP2_rs717620) and SLCO1B1 521T>C (OATP1B1_rs4149056) genotypes,

respectively. Wildtype carriers of ABCC2 -24C>T showed 26% less relative bioavailability than

carriers of the variant allele (p = 0.00721). In addition, CL/F of EGCG was lower in carriers of the

C allele of SLCO1B1 521T>C (p = 0.01212, see Table 5).

Two genotypes of ABCC2 (-24C>T and 3972C>T (MRP2_rs3740066)), one genotype of

SLCO1B1 (388A>C (OATP1B1_rs2306283)), UGT1A1 (rs8175347) and COMT (rs4680)

affected the kinetic of EGC. Wildtype carriers of SLCO1B1 388A>C and UGT1A1 rs8175347

Table 3. Pharmacokinetic parameters, estimated with the final two-compartment models.

EGCG EGC ECG

Model parameter Unit Estimate RSE [%] Estimate RSE [%] Estimate RSE [%]

Fixed effects
D1 [h] 0.301 11 - - 0.422 12

Lag time [h] 0.327 5 0.413 5 0.319 9

ka [1/h] 1.86 11 0.830 8 1.78 13

Vcentral/F [L] 334 7 1180 31 395 7

Q/F [L/h] 59.7 11 324 23 56.2 11

Vperipheral/F [L] 1260 17 10100 32 1300 18

CL/F [L/h] 148 7 560 16 196 6

F - 1.00� - 1.00� - 1.00� -

OATP1B1_rs4149056 - -0.152 32 - - - -

MRP2_rs717620_EGCG - 0.740 10 - - - -

CONCEP - - - 0.450 24 - -

COMT_rs4680 - - - 0.760 15 - -

UGT1A1�28 - - - 0.744 15 - -

OATP1B1_rs2306283 - - - 0.653 18 - -

MRP2_rs3740066 - - - 2.33 26 - -

MRP2_rs717620_EGC - - - -0.370 27 - -

Random effects: interindividual variability
IIV D1 [%CV] 103 8 - - 70 10

IIV Lag time [%CV] 32 20 11 25 43 16

IIV F [%CV] 46 9 37 18 57 9

IIV ka [%CV] 79 14 - - 78 14

IIV Vcentral/F [%CV] - - 80 17 - -

IIV Q/F [%CV] - - 92 14 - -

IIV CL/F [%CV] 25 15 38 26 39 16

Random effects: residual variability
Prop. residual variability [%] 17 9 28 8 18 9

Add. residual variability [μg/L] 5 18 - - 1 29

� Parameter fixed

Add.: additive, CL: clearance from central compartment, COMT_rs4680: effect of SNP on F, CONCEP: effect of contraceptives on Vcentral/F, CV: coefficient of variation,

D1: dissolution duration, F: relative bioavailability, IIV: interindividual variability, ka: absorption time constant, Lag time: delay in absorption, MRP2_rs3740066: effect

of SNP on Q/F, MRP2_rs717620_EGC: effect of SNP on Vcentral/F, MRP2_rs717620_EGCG: effect of SNP on F, OATP1B1_rs2306283: effect of SNP on CL/F,

OATP1B1_rs4149056: effect of SNP on CL/F, Prop.: proportional, Q: intercompartmental clearance, RSE: relative standard error, UGT1A1�28: effect of SNP on CL/F,

V: volume of distribution. Mathematical implementation of covariates is detailed in the modeling supplement.

https://doi.org/10.1371/journal.pone.0193074.t003
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Fig 6. Visual predictive checks of the simulation of 1000 individual plasma concentration-time profiles. Visual predictive

checks showing the medians (black lines) and corresponding 90% prediction intervals (shaded grey areas) of the simulation of

1000 individual plasma concentration-time profiles using the final PopPK model parameters of EGCG, EGC and ECG, overlaid

with the respective observed data (circles). Linear (left panel) and logarithmic (right panel) presentation of plasma

concentrations.

https://doi.org/10.1371/journal.pone.0193074.g006
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Fig 7. Goodness-of-fit plots of the final PopPK models of EGCG, EGC and ECG. Observed (x-axis) vs. predicted (y-axis)

plasma concentrations (black circles) scattered around the line of identity. Population predictions (left panel) and individual

plasma concentration predictions (right panel) of all three catechins.

https://doi.org/10.1371/journal.pone.0193074.g007
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Table 4. Distribution of allele frequencies in the study population.

SNP Genotype Allele frequency HWE

(p- value)

ABCC2 (MRP2) rs2273697 GG GA AA G A

50 30 4 0.77 0.23 0.92

rs3740066 CC CT TT C T

40 32 12 0.67 0.33 0.26

rs717620� CC CT TT C T

58 22 3 0.82 0.17 0.85

rs8187710 GG GA AA G A

77 7 0 0.96 0.04 0.35

SLCO1B1 (OATP1B1) rs4149056 TT CT CC T C

54 27 3 0.80 0.20 0.88

rs2306283 AA GA GG A G

29 40 15 0.58 0.42 0.95

rs11045819 CC AC AA C A

63 20 1 0.87 0.13 0.92

ABCB1 (PGP) rs1045642 TT CT CC T C

21 43 20 0.51 0.49 0.94

rs1128503 TT CT CC T C

19 38 27 0.45 0.55 0.53

rs2032582 TT GT GG T G

22 38 24 0.49 0.51 0.48

COMT rs4680 GG GA AA G A

14 47 23 0.45 0.55 0.3

SULT1A1 rs750155 GG GA AA C T

18 45 21 0.48 0.52 0.61

UGT1A1�28: (TA)7 repeat rs8175347 (-) (-/TA) TA (-) TA

37 37 10 0.66 0.34 0.95

�for one individual genotype could not be determined, SNP: single nucleotide polymorphism, HWE: Hardy-Weinberg Equilibrium

https://doi.org/10.1371/journal.pone.0193074.t004

Table 5. Covariates included into the final models.

P-value Covariate Affected parameter Change of parameter

EGCG final model

0.00721 MRP2_rs717620 F CC: -26%

0.01212 OATP1B1_rs4149056 CL/F TT: -0%, CT: -15%, CC: -30%

EGC final model

0.00001 Contraceptives Vcentral/F -55%

0.00153 MRP2_rs3740066 Q/F CC: +133%

0.00163 OATP1B1_rs2306283 CL/F AA: -35%

0.01654 MRP2_rs717620 Vcentral/F CC: -0%, CT: -37%, TT: -74%

0.01795 UGT1A1�28 CL/F (-): -26%

0.02350 COMT_rs4680 F AA: -24%

CL: clearance from central compartment, F: relative bioavailability, ka: absorption time constant, Lag time: delay in absorption, Q: intercompartmental clearance, V:

volume of distribution. Transporter and enzyme covariates were included into the final model if p�0.025 during backward elimination

https://doi.org/10.1371/journal.pone.0193074.t005
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showed a 35% (p = 0.00163) and 26% (p = 0.01795) reduction in CL/F of EGC, respectively. In

addition, wildtype carriers of ABCC2 3972C>T exhibited a higher Q/F compared to the

remaining population. An influence of ABCC2 -24C>T on Vcentral/F of EGC was also deter-

mined, showing a reduced Vcentral/F in carriers of the T allele (Table 5). Furthermore, EGC rel-

ative bioavailability was reduced 24% in carriers of the low activity AA genotype of COMT
compared to the remaining population. No covariate was identified for the ECG model. Habit-

ual tea drinking did not affect the kinetic of any of the catechins.

Exposure of EGCG, EGC and ECG after a single dose of green tea extract and under steady-

state conditions was predicted based on the final PopPK models. For all three catechins only

little accumulation could be observed at steady-state after dosing every 12 hours (Fig 8). The

maximum increase of AUC0-12 found was twofold, median AUC values for single dose and

steady-state conditions respectively are 657.0 and 902.0 h�μg/L for EGCG, 15.8 and 30.4 h�μg/

L for EGC and 144.2 and 176.7 h�μg/L for ECG.

Discussion

In epidemiological and observational studies health beneficial effects of green tea have been

shown. Interindividual variation in plasma concentrations could be an explanation for in parts

contradictory effects seen in different populations or diseases. Our population-based analysis

of plasma concentrations of green tea catechins might help to understand this interindividual

variability. Population-based nutrikinetics modeling of polyphenols has previously been

described after consumption of polyphenol rich extracts, like grape wine or black tea extracts.

In these nutrikinetics models catechins and metabolites generated by gut microbial bioconver-

sion were measured in plasma and urine to integrate metabolomics and nutrikinetics [41,42].

Here we present the largest population-based nutrikinetic study of green tea catechins in

plasma samples from 84 healthy volunteers consuming standardized green tea extract capsules

after multiple dosing. Our study design allows a precise estimation of interindividual variation

in pharmacokinetic parameters of green tea catechins on a population-based level and, due to

the high number of participants, gives us the opportunity to study if individual pharmacoge-

netic variations in drug transport and metabolism may explain interindividual variations in

plasma concentrations of green tea catechins.

With half lifes of about 3 hours, pharmacokinetic steady state is already achieved after one

day, but 5 days were choosen to consider possible alterations in absorption due to transcrip-

tional changes in membrane transporters or metabolizing enzymes. Considering the plasma

concentrations, green tea catechins seem to have a low bioavailability, as it was also previously

suggested [13,17,22]. No substance appropriately pure and safe for intravenous administration

were available to us and without intravenous administration, no precise estimation of the abso-

lute bioavailability can be made from the present study. However, considering that these

hydrophilic substances will probably distribute initially only in the extracellular space (about

20 l), with the central volume of distribution estimated as 425 l for EGCG, one may estimate

that less than 5% of EGCG is absorbed from the gut into the systemic circulation. Catechins

were absorbed with moderate velocity and quickly eliminated, with maximum plasma concen-

trations measured after approximately 1.6 h and terminal half-lifes of 2.6 h, 3.9 h and 1.8 h for

EGCG, EGC and ECG, respectively (Table 2). Accordingly, consistent with the findings of

other groups, in our study only a small degree of accumulation after twice daily dosing was

found, with a 1.4-fold increase of EGCG AUC0-12, a 1.9-fold increase of EGC AUC0-12 and a

1.2-fold increase of ECG AUC0-12 [8,11].

AUC values, volumes of distribution and total body clearances were significantly correlated

between the different catechins, with the strongest associations between kinetic parameters of
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EGCG and ECG. EGCG, EGC and ECG share a similar chemical structure, varying only

in the number of hydroxyl group substitutions in the B ring of their flavan-3-ol structure

(epigallocatechin: tri-hydroxyl, epicatechin: di-hydroxyl) and the gallate substitution [1]. A

conversion of gallate to non-gallate forms may also be possible [14]. This similarity in structure

Fig 8. Simulation of single dose and steady-state plasma concentrations using the final PopPK model parameters

of EGCG, EGC and ECG. Shown are the predicted medians (black lines) and corresponding 90% prediction intervals

(shaded grey areas) of the simulation of 1000 individual plasma concentration-time profiles for each green tea catechin.

https://doi.org/10.1371/journal.pone.0193074.g008
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is most probably responsible for comparable kinetics of the green tea catechins, however the

two gallate catechins (EGCG and ECG) clearly distinguished from the non-gallate form

(EGC).

The best model for the description of EGCG and ECG absorption turned out to be a

sequential zero-order, first-order absorption process with lag time, whereas EGC absorption

was better described by a model lacking the zero-order process suggesting different dissolution

behavior or different sites of absorption of gallate and non-gallate forms in the small intestine.

Normalizing plasma levels to the doses of EGCG, EGC and ECG in the green tea capsules

reveals higher relative plasma levels for EGCG and ECG than for EGC. This finding is in con-

trast to previous publications showing lower relative plasma levels for EGCG; however, in

these former studies free and conjugated forms of each catechin were quantified together

[12,14,15]. In vitro studies, investigating the transport of tea catechins across Caco-2 cells, a

model of the intestinal epithelium, found higher efflux rates for a non-gallate catechin (EC)

than for the corresponding gallate form (ECG) [22,43,44], suggesting the gallate moiety to be

responsible for this difference. Lower efflux rates of gallate catechin (ECG) are associated with

an higher cellular accumulation compared to EC [44]. It has also been described that catechins

containing a gallate moiety are present in the plasma mainly as unconjugated forms whereas

non-gallate catechins are usually conjugated [12,17,22]. In general conjugation may facilitate

elimination; this could additionally contribute to the finding of higher relative plasma levels

found for EGCG and ECG. As we measured only unconjugated catechins in the plasma it can

not be excluded that total level of EGC may be much higher.

We saw a high intersubject variability in the nutrikinetics of EGCG, EGC and ECG. Maxi-

mum plasma concentrations (Cmax) varied 6.1, 7.7 and 6.6-fold for EGCG, EGC and ECG

within the study population as measured by their 5th to 95th percentiles (Table 2). This variabil-

ity is in agreement with previous studies investigating the pharmacokinetics of green tea cate-

chins in considerably smaller populations [11,22,45]. For EGCG and ECG the highest

interindividual variabilities in the compartmental analysis were detected on the zero-and first-

order absorption processes, whereas for EGC the interindividual variability was high for the

central volume of distribution and the intercompartmental distribution. However, with oral

administration both parameters depend on the bioavailablity. Differences in the intestinal

absorption of gallate and non-gallate catechins caused by an inhibition of efflux transporters

(e.g. MRP2, Pgp) by the gallate moiety, could be one plausible explanation for the observed dif-

ference in the interindividual variability. Highly variable blood concentrations of green tea

polyphenols may be relevant to understand interindividual effects in cardiovascular or meta-

bolic prevention but may also be considered in respect to adverse systemic effects, like liver

damage. Reviews assessing the liver-related safety of green tea show only mild liver-related

events after intake of green tea extract [46], but also a few severe cases of liver injury have

recently been reported occurring mostly after intake of high amounts of green tea over a long

time period [47]. Considering our results a multiple dosing regime with several low doses of

green tea extract per day could be advisable to reduce the risk of adverse reactions.

In the presented covariate analysis, gender, age, weight, height and BMI did not influence

the kinetics of EGCG, EGC or ECG, neither did the tested lifestyle parameters smoking, alco-

hol consumption or regular consumption of green tea before the study. Interestingly, use of

contraceptives significantly reduced Vcentral/F of EGC (55% reduction, p<0.0001). In contrast,

no influence of contraceptives on Vcentral/F of EGCG or ECG was found. 69% of the women

participating in the study stated the use of contraceptives. In several publications the effect of

sexual hormones on drug transporters was investigated. In vitro, progestins were shown to

inhibit Pgp and MRP2 [38,39] whereas pharmacologic concentrations of ethinylestradiol

increase the expression and activity MRP2 [40]. Pgp, MRP1 and MRP2 also seem to be
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involved in the absorption and excretion of green tea catechins. In Caco-2 cells it was demon-

strated that EC, and to a lower extend also ECG, are transported by Pgp and MRP2 [44]. Inves-

tigations in MDCKII cells overexpressing human Pgp, MRP1 and MRP2 genes indicate that

MRP1 and MRP2 are transporters for EGCG and its methylated metabolites [24,35]. The use

of oral contraceptives might therefore be responsible for an altered transport of green tea cate-

chins which could lead to differences in the distribution and elimination of EGC. Investigating

genetic polymorphisms in genes coding for drug transporters that might be involved in the

active transport of green tea catechins in the intestine and liver revealed that Vcentral/F of EGC

was also reduced in carriers of the low functional T allele of MRP2 -24C>T. The polymor-

phism -24C>T is located in the 5’ untranslated region (UTR) of the ABCC2 gene and several

in vivo studies demonstrated an impact of this polymorphism on the pharmacokinetic of dif-

ferent drugs (e.g. methotrexate, mycophenolic acid, irinotecan) [48]. In addition we found

that genetic polymorphisms in the SLCO1B1 gene coding for OATP1B1 were associated with

the clearance of EGCG and EGC (CL/F of EGCG: 30% reduction in homozygous carriers of

the C allele of SLCO1B1 521T>C (SLCO1B1�5), p = 0.01212; CL/F of EGC: 35% reduction in

the wildtype compared to the variant allele SLCO1B1 388A>G (SLCO1B1�1B) allele, p =

0.00163). OATP1B1 is expressed predominantly on the basolateral membrane of hepatocytes

and mediates active intracellular hepatic uptake of various anionic compounds [49]. In vitro
studies suggested a lower function of the SLCO1B1�5 variant compared to wildtype [50], in

agreement with our finding of a lower CL/F of EGCG with this genotype. The fact that CL/F

of EGC was reduced in wildtype individuals in comparison to carriers of the variant allele

SLCO1B1�1B is also in accordance with several publications indicating that SLCO1B1�1B is

associated with an increased transport function of OATP1B1, even if reports on the effect of

SLCO1B1�1B are inconsistent and substrate dependent [51]. In vitro studies suggested green

tea catechins to be potent inhibitors of OATP1B1, but our results indicate that OATP1B1

could not only be inhibited by catechins but could also be involved in their hepatic clearance.

Regarding the effect of genetic polymorphisms of the main phase II enzymes involved in

the biotransformation of green tea catechins (COMT, SULT1A1, UGT1A1) we observed only

a weak impact on the kinetics of EGC. We could identify a 24% reduction in bioavailability of

EGC in carriers of the low activity genotype Met/Met of COMT as well as a 26% reduction of

CL/F in the wildtype carriers of UGT1A1 rs8175347. The influence of COMT rs4680 genotype

on the kinetic of EGCG or green tea catechins has been addressed in a few previous studies

[29,52,53], but these studies identified also no or only small effects of COMT rs4680 genotype

on kinetic parameters of tea catechins. Considering that methylation, sulfation and glucuroni-

dation play an interesting role in catechin biotransformation, it was most obvious to analyze

known functional polymorphisms within this genes. However, these polymorphisms had no

effects on EGCG and ECG kinetics and statistically weak and counterintuitive effects on EGC.

Since we do not have a convincing explanation for the latter findings, the best explanation may

be that there is no relevant effect on all three catechins.

In summary, the plasma concentration-time profiles and their interindividual variation of

EGCG, EGC and ECG after twice daily oral administration could be described in a large sam-

ple of healthy volunteers. Within the very homogenous study population a high intersubject

variability of plasma concentrations was revealed. We found that the use of contraceptives

and inherent genetic variations in genes coding for MRP2 and OATP1B1 impact on the phar-

macokinetic of EGCG and EGC even if this explains only a part of the large intersubject

variability. The investigated polymorphisms in the genes of Pgp and SULT1A1 showed no sig-

nificant influence on the pharmacokinetic parameters of EGCG, EGC and ECG. Further

explanations of the large variability in green tea catechin plasma concentrations might be

interindividual differences in gastrointestinal solubility or in the influence of the microbiome.
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The pharmacokinetic data obtained in this study may be important for extrapolation of the in
vitro effects seen with green tea catechins to possible effects in humans. The highly variable

blood concentrations of green tea catechins will be key to understand the individual pharma-

codynamic effects in cardiovascular, metabolic or cancer prevention of green tea extract as

well as in adverse reactions. The data may be useful to optimize and individualize future stud-

ies investigating health benefit of green tea catechins.
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