Received: 1 December 2019

Revised: 19 March 2020

Accepted: 2 April 2020

DOI: 10.1111/bcp.14315

SHORT REPORT

BRITISH
4 PHARMACOLOGICAL
LY SOCIETY
aes

Effects of single green tea ingestion on pharmacokinetics of
nadolol in healthy volunteers

Shingen Misaka? | Osamu Abe? | Tomoyuki Ono' | Yuko Ono! |
Hiroshi Ogata® | Itaru Miura? | Yayoi Shikama® | Martin F. Fromm®* |
Hirooki Yabe? | Kenju Shimomura®

Department of Bioregulation and
Pharmacological Medicine, School of Medicine,
Fukushima Medical University School of
Medicine, Fukushima, Japan

2Department of Neuropsychiatry, School of
Medicine, Fukushima Medical University
School of Medicine, Fukushima, Japan

SCentre for Medical Education and Career
Development, School of Medicine, Fukushima
Medical University School of Medicine,
Fukushima, Japan

4Institute of Experimental and Clinical
Pharmacology and Toxicology, Friedrich-
Alexander-Universitat Erlangen-Nurnberg,
Erlangen, Germany

Correspondence

Shingen Misaka, PhD, Department of
Bioregulation and Pharmacological Medicine,
School of Medicine, Fukushima Medical
University School of Medicine, Fukushima,
Japan.

Email: misaka@fmu.ac.jp

Funding information

JSPS KAKENHI, Grant/Award Number:
JP17K17983; Honjo International Scholarship
Foundation (Food and Health Program 2015),
Tokyo, Japan

1 | INTRODUCTION

Aims: The aim of this study was to investigate the effects of a single green tea
(GT), administered concomitantly or 1 hour before nadolol intake on nadolol
pharmacokinetics.

Methods: In a randomized 3-phase crossover study, 11 healthy volunteers received
an oral administration of nadolol with, or 1 hour after preingestion of brewed GT, or
with water in a volume of 150 mL.

Results: Geometric mean ratio with 90% confidence interval for nadolol AUCq_sg
was 0.371 (0.303-0.439) with concomitant GT. In addition, ingestion of GT 1 hour
before nadolol administration resulted in a significant reduction of nadolol AUCq_sg
with geometric mean ratio of 0.536 (0.406-0.665). There were no differences in time
to maximal plasma concentration and renal clearance of nadolol among groups.
Conclusion: These results suggest that single concomitant ingestion of GT substan-
tially decreases plasma concentrations of nadolol. Moreover, the reduction in nadolol

bioavailability could persist for at least 1 hour after drinking a cup of GT.
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glycoprotein,*> and influx transporters such as organic anion

transporting polypeptides (OATP).>~?

Green tea (Camellia sinensis) has received considerable attention due
to its potential beneficial health effects.! From the viewpoint of drug-
food interactions, green tea catechins, flavonoids abundantly present
in green tea leaves and infusion, are intriguing compounds because of
their in vitro inhibitory potentials on several cytoplasmic or membrane
proteins associated with drug metabolism and transport such as
cytochromes P450 (CYPs),?>® efflux transporters such as P-

The authors confirm that the Pl for this paper is Prof. Yayoi Shikama, MD, PhD and that she
had direct clinical responsibility for participants.

Previously, our group reported that green tea ingestion greatly
decreased plasma concentrations of nadolol by 85%, a hydrophilic
nonselective -adrenoceptor antagonist, after chronic consumption of
green tea for 14 days in healthy subjects.® Moreover, we have rev-
ealed that,
(-)-epigallocatechin gallate (EGCG) is suggested to be a key contribu-

among various components of green tea,
tor of this interaction.” A single concomitant administration of nadolol
with an aqueous solution of EGCG-concentrated green tea extract
(GTE; at EGCG doses equivalent to approximately 50 or 150 mg)
resulted in significant reductions in nadolol plasma concentrations

(—40%) without altering terminal half-life and renal clearance (CLg) of
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nadolol in healthy volunteers. However, it is still unknown whether a
single ingestion of green tea affects nadolol pharmacokinetics.

After drinking green tea or an aqueous solution of GTE, EGCG
reaches its maximal plasma concentration (tn.,) after around
1-2 hours.81° Given that the mechanism underlying nadolol-green
tea and/or EGCG interaction could be attributed to the inhibition of
absorptive transport of nadolol in the intestine,®” it is possible that
the interaction might be prevented or diminished by drinking green
tea before (e.g. 1 h) oral administration of nadolol, since nadolol is
taken up from the intestine for several hours with t,.x being approxi-
mately 3 hours. To avoid therapeutic inefficacy of nadolol, it is impor-
tant to evaluate the duration of green tea-nadolol interaction after
the ingestion. Therefore, the present study was undertaken to investi-
gate whether a single concomitant or 1 hour before ingestion of

brewed green tea affects nadolol pharmacokinetics in humans.

2 | METHODS
2.1 | Study design

The study protocol was approved by the ethics committee of the
Fukushima Medical University, and was registered at UMIN-CTR as
number UMIN000019398. The study procedures were in accordance
with the ethical standards of the Declaration of Helsinki. An open,
randomized, single-centre crossover study was carried out in 3 phases,
separated by washout periods of at least 1 week. Twelve healthy vol-
unteers (6 males, 6 females; aged 20-63 years; body mass index
18.9-33.1 kg m~2) were enrolled in the study after giving written
informed consent. The volunteers were confirmed to be healthy by
medical history, physical examination, and routine laboratory tests
and to be nonsmokers before entering the study. A single oral dose of
30 mg nadolol (Nadic®, Sumitomo Dainippon Pharma, Osaka, Japan)
was administered in the morning of the study day with 150 mL of
concomitant brewed green tea, or 1 hour after 150 mL of brewed
green tea or with 150 mL of concomitant water. Brewed green tea
was prepared before ingestion in every trial according to previous

studiest®1?

in order to achieve an EGCG concentration of approxi-
mately 100 mg dL™2. In brief, commercially available green tea leaves
(3.0 g per 100 mL, Harada Tea Processing Co. Ltd., Shimada, Japan)
were mixed with hot water (90°C) for 4 minutes with stirring 1 day
before the clinical trial, and the brewed green tea was stored at 4°C
until the subjects took it. Subjects were instructed to refrain from
consuming green tea and fruit products including apple, grapefruit and
orange juices for 7 days before the trial day. In addition, no medica-
tion was permitted during the study. Subjects fasted overnight before
nadolol administration and had a standardized meal 1 and 4 hours
after administration of nadolol. In each study period, 5 mL venous
blood samples were obtained over 48 hours following nadolol admin-
istration. Blood samples were centrifuged for 10 minutes at approxi-
mately 2000 g. Urine was collected during periods of 0-4, 4-8, 8-24
and 24-48 hours after administration of nadolol. Plasma and urine

samples were stored at —80°C until analysis. As pharmacodynamic
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What is already known about this subject

e Repeated consumption of green tea causes a pronounced
decrease in plasma concentrations of nadolol in humans
presumably by inhibiting the intestinal absorption of
nadolol.

o Epigallocatechin gallate, a major catechin found in green
tea, is suggested to be a key contributor to the pharma-
cokinetic interaction of green tea with nadolol.

What this study adds

o Single concomitant ingestion of brewed green tea signifi-
cantly decreases plasma concentrations of nadolol with-
out changing its elimination half-life and renal clearance
in healthy volunteers.

e Reduction in nadolol bioavailability could persist for at

least 1 hour after drinking a cup of brewed green tea.

tests, pulse rate (PR), systolic blood pressure (SBP) and diastolic blood
pressure (DBP) were measured after 10 minutes’ rest in a sitting posi-
tion over 48 hours after nadolol administration with an automatic
blood pressure monitor (HEM-7051-HP, Omron, Kyoto, Japan). The
mean values for the pharmacodynamic parameters were calculated
from triplicate measurements and given as percent changes from the
individual baseline value. Twelve volunteers were required to deter-
mine a 25% change in the area under the plasma concentration-time
curve (AUC) of nadolol with 80% power (a-level 5%) on the basis of

the previous studies.®*®

2.2 | Data analysis
Data are expressed as geometric means and 90% confidence interval
unless stated otherwise. Pharmacokinetic analysis was performed using
a noncompartmental model. AUC was determined by the trapezoidal
method. CLg was calculated from the following equation: CLg = A./
AUC,_4g, in which A, is the amount of nadolol excreted into urine up to
48 hours. The area under the time-effect curve over 48 h (AUECq_4g)
for PR, SBP and DBP was obtained using the trapezoidal method.
Pharmacokinetic and pharmacodynamic parameters including
peak plasma concentration (Cphax), AUCq_g, AUCq_4g, Urinary excretion
(Ae), renal clearance (CLg) and AUEC for PR, SBP and DBP were
analysed by repeated measures analysis of variance and posthoc test-
ing was performed using the Dunnet's test for the comparison
between groups using GraphPad Prism (ver. 6.07, GraphPad software,
San Diego, CA, USA). The tq.x Was compared using Dunn's multiple
comparison test. Effects of green tea on pharmacokinetics of nadolol

were accepted if the 90% confidence interval of the geometric mean
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ratios did not fall within the bioequivalence boundary of 0.8-1.25.
The criterion for significance was P < .05.

3 | RESULTS AND DISCUSSION

Eleven subjects completed this study with no adverse events, and
1 male participant withdrew from the study due to personal reasons.
Mean * standard deviation concentrations of 8 catechins and caffeine
in the brewed green tea are shown in Table S1. Accordingly, doses
(mg) of catechins and caffeine were estimated when subjects took
150 mL of the brewed green tea. Of note, subjects received approxi-
mately 166 mg of EGCG with a total catechin content of
539 + 39 mg. The dose of EGCG was comparable to our previous
study, in which EGCG was administered to healthy volunteers at a
dose of 150 mg as aqueous solution of GTE.?

Plasma concentration-time profiles and pharmacokinetic parame-
ters of nadolol are summarized in Figures 1 and 2, and Table 1.
Nadolol Cpax, AUCqo_g, AUCy_45 and A, in the concomitant green tea
phase were significantly decreased by 68% (P < .001), 63% (P < .001),
57% (P < .001), and 50% (P < .001), respectively, compared with the
water phase. These data suggest that 1-time co-ingestion of brewed
green tea substantially affects the pharmacokinetics of nadolol. No
change was observed in CLg of nadolol between concomitant green
tea and water phases, indicating that green tea modulates the intesti-
nal absorption, but not the renal excretion, of nadolol. The individual
value of AUCy_4g in water phase was highly correlated with the
decrease in AUCq_sg in concomitant green tea phase (R?> = .933,
P < .001), indicating that individuals with higher nadolol AUC with
water had greater decrease with green tea. In the previous studies,
we have demonstrated that multiple ingestion of green tea or a single
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FIGURE 1 Plasma concentrations of nadolol after oral

administration nadolol (30 mg) with 150 mL of concomitant brewed
green tea (open circle), or 1 hour after 150 mL of brewed green tea
(open triangle), or with 150 mL of concomitant water (closed circle) in
11 healthy volunteers. Data are expressed as mean + standard
deviation, and the insert depicts log-plasma concentration of nadolol
vs time profiles

coadministration of EGCG significantly decreased plasma concentra-
tions of nadolol in humans.2? Nadolol has been found to be a sub-
strate of OATP1A2, and green tea catechins such as EGCG potently
inhibit OATP1A2-mediated nadolol uptake.®®? Based on the assump-
tion that OATP1A2 plays a role in the absorptive transport of nadolol
in intestine,2*1% it is suggested that the inhibition of OATP1A2 by cat-
echins could lead to a reduction of intestinal absorption of nadolol. To
gain insight into the effects of green tea on nadolol pharmacokinetics,
the extent of green tea-nadolol interaction as indexed by % decrease
in AUC of nadolol was plotted against estimated oral dose of EGCG in
the different studies. As shown in Figure S1, the decrease in plasma
exposure to nadolol appears to be dependent on the oral dose of
EGCG. Under a hypothesis that green tea-nadolol interaction may be
caused by the inhibition of carrier-mediated uptake of nadolol in the
intestine, the data were fitted by the hyperbolic equation with coeffi-
cient of determination of 0.79. It is estimated that a single
coadministration of green tea, which contains approximately 130 mg
of EGCG could halve the AUC of orally administered nadolol in
humans.

Interestingly, 1-time ingestion of brewed green tea 1 hour before
nadolol administration also resulted in significant reductions in Cp,a,
AUC_g, AUCy_4g and A, of nadolol by 54% (P < .01), 47% (P < .01),
45% (P < .001) and 41% (P < .01), respectively, without changing CLg of
nadolol (Table 1). The individual AUCy_4g value in water phase was cor-
related with the decrease in AUCq_sg (R? = .793, P < .001) due to green
tea ingested 1 hour before nadolol. EGCG reaches its maximal plasma
concentration around 1-2 hours after drinking green tea or an aqueous
solution of GTE with a t4, of about 1.6 hours.810 In contrast, nadolol is
taken up for several hours with t,,., being approximately 3 hours, thus
posing the possibility that ingested green tea constituents could indi-
rectly affect the intestinal absorption of nadolol. We have previously
discussed that EGCG is unlikely to chemically bind to nadolol in aqueous
solution.” These data suggest that, although the underlying mechanism
is not fully elucidated, the functional modulation of green tea on intesti-
nal absorption of nadolol, presumably mediated by OATP1A2, may be
prolonged over 1 hour after ingestion.

As for the pharmacodynamic response to nadolol, changes in PR,
SBP and DBP after nadolol administration with water or brewed green
tea are shown as percent decrease from baseline in Figure S2. The
mean baseline values with standard deviation of PR, SBP and DBP
were 69 + 8 beats/min, 120 + 18 mmHg and 75 + 12 mmHg, respec-
tively, with no differences between phases. In water phase, nadolol
lowered PR, SBP and DBP with the mean maximum decreases of
26, 15 and 20%, respectively. Although we did not find significant dif-
ferences in the AUEC,_g for PR, SBP and DBP between groups partly
due to the small sample size, those pharmacodynamic responses to
nadolol tended to decline with concomitant ingestion of brewed green
tea. It has been reported that nadolol exerts dose-related decreases of
heart rate and SBP as indexed by double product, which is calculated
by heart rate x SBP,¢ and therefore it is assumed that the decrease
in plasma concentration of nadolol could result in the reduction of its
B-blocking effect. However, it should be noted that we only recorded

the acute response to nadolol after single oral administration. Thus,
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FIGURE 2 Urinary excretion of nadolol after oral administration nadolol (30 mg) with 150 mL of concomitant brewed green tea (open circle),
or 1 hour after 150 mL of brewed green tea (open triangle), or with 150 mL of concomitant water (closed circle) in 11 healthy volunteers.

(A) Mean cumulative amount of nadolol excreted into urine during 48 hours, (B) individual values of urinary excretion of nadolol by 48 hours,

(C) individual values of renal clearance of nadolol. Data are expressed as mean * standard deviation

TABLE 1

Pharmacokinetic parameters of nadolol after administration of a single 30-mg oral dose to healthy volunteers

Brewed green tea

Water Concomitant 1 hour before

Geometric mean cv Geometric mean cv Geometric mean cv
Crmax (ng mL™%) 69.3 0.33 220 0.36 322 041
GMR (90% ClI) 0.318 (0.255-0.382) 0.465 (0.328-0.601)
tmax (); median 3.0 (2.0-4.0) 2.0 (1.0-4.0) 3.0 (2.0-3.0)
AUCq_g (hng mL™?) 306.7 0.35 113.8 0.26 162.5 0.31
GMR (90% Cl) 0.371 (0.303-0.439) 0.530 (0.402-0.657)
AUCq_4g (h ng mL™Y) 830.5 0.30 359.0 0.28 453.6 0.31
GMR (90% Cl) 0.432 (0.346-0.519) 0.546 (0.434-0.658)
Ae (mg) 34 0.30 1.7 0.26 2.0 0.38
GMR (90% Cl) 0.491 (0.417-0.565) 0.601 (0.481-0.722)
CLg (mL min™) 68.1 0.32 77.4 0.23 75.0 0.19
GMR (90% Cl) 1.136 (0.833-1.440) 1.011 (0.865-1.337)

Nadolol (30 mg) was orally administered with 150 mL of concomitant brewed green tea, or 1 hour after 150 mL of brewed green tea, or with 150 mL of
concomitant water to healthy volunteers (n = 11). The tax Values are expressed as median (range). CV, coefficient of variance; Crax, Peak plasma concen-
tration; GMR, geometric mean ratio; Cl, confidence interval; tay, time to Ciax; AUC, area under the plasma concentration-time curve; A., amount excreted

unchanged into urine over 48 hours; CLg, renal clearance.

we consider that it is difficult to evaluate from our study whether
acute pharmacokinetic changes of nadolol by green tea may translate
into long-term antihypertensive effects. Another study limitation is
that study participants of this study were all Japanese adults, and thus
we cannot rule out the possibility of interethnic differences in the
pharmacokinetic interaction between nadolol and green tea.

In conclusion, a single concomitant ingestion of brewed green tea
markedly inhibited the intestinal absorption of nadolol and led to a
substantial decrease in its systemic exposure. Moreover, drinking
green tea 1 hour before nadolol administration had also a pro-

nounced effect on disposition of nadolol. Although these results

cannot necessarily be generalized to all other green tea formulations,
it is recommended not to take green tea or catechin, particularly
EGCG, supplement during nadolol treatment to reduce therapeutic

failure.
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APPENDIX A

Determinations of drug concentration

Nadolol plasma and urinary concentrations were determined using
ultra-performance liquid chromatography (UPLC) with fluorometric
detection (Waters, Milford, MA) according to our previous studies.r ™3
Briefly, nadolol and the internal standard (IS, metoprolol) were
extracted from plasma and urine by solid phase extraction using EVO-
LUTE CX (Biotage, Uppsala, Sweden) Chromatographic separation
was archived using AQUITY BEH, C18, column (particle size 1.7 pum;
column size 2.1 x 50 mm; Waters) at 40°C with mobile phase con-
sisting of 20mM ammonium acetate (pH 9.0; A) and acetonitrile
(B) with a flow rate of 0.50 mL min~!. The linear gradient con-
dition of mobile phases was as follows: 0-5.0 minutes, 10-40% B;
5.0-7.0 minutes, 10% B. Nadolol and IS were detected with the exci-
tation wavelength at 230 nm and emission at 300 nm. The limit of
quantification of nadolol was 0.5 ng mL™%. The mean interday coeffi-
cients of variance for nadolol was 9.3%.

The concentrations of catechins in the green tea used in the clini-
cal study were also determined by UPLC with UV detection (Waters)
according to a previously described method.>* In brief, samples were
injected into the UPLC system after 2-fold dilution by 10mM ascorbic
acid solution with 2mM catechol (IS), followed by filtrating through a
0.22-pm filter membrane. The mobile phase consisted of 0.2% phos-
phoric acid (A) and acetonitrile (B), and chromatographic separation
was performed on an AQCUITY Shield RP18 column (50 mm x 2.1 mm
i.d.,, 1.7 um; Waters). The gradient condition was set as follows: a lin-
ear increase from 2% B to 25% B over 6.5 minutes, followed by
3.5 minutes equilibration at 2% B. An UV detector was operated at a
wavelength of 280 nm. The limits of quantification of caffeine and all

catechins determined were 0.05 pM.
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