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Abstract

Objectives The effects of myricetin, a natural flavonoid, on the pharmacokinetics of
losartan and its active metabolite, EXP-3174, were investigated in rats. Losartan and myrice-
tin interact with cytochrome P450 (CYP) enzymes and P-glycoprotein, and the increase in
the use of health supplements may result in myricetin being taken concomitantly with
losartan as a combination therapy to treat or prevent cardiovascular diseases.
Methods The pharmacokinetic parameters of losartan and EXP-3174 were determined
after oral administration of losartan (9 mg/kg) to rats in the presence or absence of myricetin
(0.4, 2 and 8 mg/kg). The effects of myricetin on P-glycoprotein as well as CYP3A4 and
CYP2C9 activity were also evaluated.
Key findings Myricetin inhibited CYP3A4 and CYP2C9 enzyme activity with a 50%
inhibition concentration of 7.8 and 13.5 mm, respectively. In addition, myricetin significantly
enhanced the cellular accumulation of rhodamine 123 in MCF-7/ADR cells overexpressing
P-glycoprotein in a concentration-dependent manner. The pharmacokinetic parameters of
losartan were significantly altered by myricetin compared with the control. The presence of
myricetin (2 or 8 mg/kg) increased the area under the plasma concentration–time curve of
losartan by 31.4–61.1% and peak plasma concentration of losartan by 31.8–50.2%. Conse-
quently, the absolute bioavailability of losartan in the presence of myricetin increased
significantly (P < 0.05, 2 mg/kg; P < 0.01, 8 mg/kg) compared with the control. There was no
significant change in the time to reach the peak plasma concentration, apparent volume of
distribution at steady state or terminal half-life of losartan in the presence of myricetin.
Furthermore, concurrent use of myricetin (8 mg/kg) significantly decreased the metabolite–
parent area under the plasma concentration–time curve ratio by 20%, implying that myricetin
may inhibit the CYP-mediated metabolism of losartan to its active metabolite, EXP-3174.
Conclusions The enhanced bioavailability of losartan may be mainly due to inhibition of
the CYP3A4- and CYP2C9-mediated metabolism of losartan in the small intestine or in the
liver, and the P-glycoprotein efflux pump in the small intestine by myricetin.
Keywords cytochrome P450 enzymes; EXP-3174; losartan; myricetin; P-glycoprotein

Introduction

Losartan is the prototype of a new class of orally active and long-lasting selective antagonists
of angiotensin II receptors used for the treatment of hypertension.[1–3] Following oral
administration, losartan is rapidly absorbed, reaching maximum concentrations 1–2 h after
dosing, but it has a low and highly variable oral bioavailability (12.1–66.6%).[4] Losartan is
metabolized to the active metabolite EXP-3174, which is about 10-fold more potent than its
parent drug. Thus, the clinical hypotensive activity is predominantly mediated by the active
metabolite EXP-3174, although losartan itself exhibits good efficacy.[5] In addition to
metabolism to EXP-3174, losartan undergoes glucuronidation on the hydroxyl and tetrazole
groups and shows species differences in the extent of oxidation versus conjugation.[6] Some
in-vitro and in-vivo studies have indicated that losartan is metabolized to EXP-3174 mainly by
cytochrome P450 (CYP) 2C9 and 3A4 enzymes.[6–10] Furthermore, Soldner et al.[11] suggested
that losartan is a substrate of P-glycoprotein (P-gp). Considering that losartan is a substrate of
both CYP enzymes and P-gp, modulation of CYP and P-gp activities may cause significant
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changes in the pharmacokinetic profiles of losartan and its
active metabolite EXP-3174. For example, Zaidenstein et al.[12]

reported that concomitant intake of grapefruit juice signifi-
cantly altered some of the pharmacokinetic parameters of
losartan and its metabolite EXP-3174 in healthy volunteers via
inhibition of CYP3A4 metabolism. Kobayashi et al.[13] dem-
onstrated that bucolome, a CYP2C9 inhibitor, significantly
increased the area under the plasma concentration–time curve
(AUC) of losartan but decreased the AUC of EXP-3174. In
addition, flavonoids epigallocatechin and hesperidin increased
theAUC0–• and peak plasma concentration (Cmax) of verapamil
(a substrate of CYP3A4 and P-gp) in rats,[14,15] and morin and
hesperidin increased the AUC0–• and Cmax of diltiazem (a
substrate of CYP3A4 and P-gp) in rats.[16,17] Such studies
strongly suggest that potential drug interactions could occur
via the inhibition of CYP-mediated metabolism of losartan.

Flavonoids represent a group of phytochemicals that are
produced by various plants in high quantities.[18] Flavonoids
have been referred to as ‘nature’s biological response modi-
fiers’ because of strong experimental evidence of their inher-
ent ability to modify the body’s reaction to allergens, viruses
and carcinogens. It has been reported that flavonoids possess
anti-inflammatory, antioxidant, anti-allergic, hepatoprotec-
tive, antithrombotic, antiviral and anticarcinogenic activi-
ties.[19] In recent years, interest in the effects of flavonoids on
the cardiovascular system has been rekindled.[20] Myricetin is
a naturally occurring flavonoid found in several foods includ-
ing onions, berries and grapes, as well as red wine.[21,22]

Myricetin has antihaemorrhagic potential,[23] effects in myo-
cardial infarction[24] and antihypertension effects.[20]

Von Moltke et al.[25] reported that myricetin inhibits
human CYP3A4 and CYP2C9, while Václavíková et al.[26]

found that myricetin inhibits human CYP3A4 and CYP2C8.
Thus, the inhibitory effects of myricetin against human CYP
enzymes remain somewhat unclear. Myricetin is an inhibitor
of P-gp in the KB/MDR cell line,[27] but the inhibitory effect
of myricetin against P-gp is ambiguous elsewhere. We there-
fore re-evaluated the inhibition of CYP enzyme activity and
P-gp activity by myricetin using CYP inhibition assays and
rhodamine 123 retention assays in P-gp-overexpressing
MCF-7/ADR cells.

Losartan and myricetin interact with CYP enzymes and
P-gp, and the increase in the use of health supplements may
result in myricetin being taken concomitantly with losartan
to treat or prevent cardiovascular diseases. It is important to
assess the potential pharmacokinetic interactions after the
concurrent use of losartan and myricetin or myricetin-
containing dietary supplements in order to ensure the effec-
tiveness and safety of the drug therapy. However, the
possible effects of myricetin on the bioavailability and phar-
macokinetics of losartan have not been reported in vivo. In
the present study, we investigated the effects of myricetin on
the pharmacokinetics of losartan and its active metabolite,
EXP-3174, in rats.

Materials and Methods

Materials
Losartan, its metabolite EXP-3174 and the internal standard
L-158.809 were kindly provided by Merck Co. (NJ, USA).

Myricetin was purchased from Sigma-Aldrich Co. (St Louis,
MO, USA). Acetonitrile, methanol and tert-butylmethylether
were purchased from Merck Co. (Darmstadt, Germany). All
other chemicals were of reagent grade and all solvents were of
HPLC grade.

Animal studies
All animal studies were performed in accordance with the
Guiding Principles in the Use of Animals in Toxicology
adopted by the Society of Toxicology (USA) and the experi-
mental protocols were approved by the Animal Care Commit-
tee of Chosun University. Male Sprague-Dawley rats (280–
300 g) were purchased from Dae Han Laboratory Animal
Research and Co. (Eumsung, Korea), and had free access to
normal standard chow diet (Superfeed Company, Wonju,
Korea) and tap water. Throughout the experiment, the animals
were housed, four or five per cage, in laminar flow cages
maintained at 22 � 2°C, 50–60% relative humidity, under a
12-h light–dark cycle. The animals were kept in these facili-
ties for at least 1 week before the experiments. Rats were
fasted for 24 h before beginning the experiments.

Drug administration
Rats were divided into five groups (n = 6 in each group) as
follows: Group 1: losartan (9 mg/kg p.o.; control); Groups 2–4:
losartan (9 mg/kg p.o.) with myricetin (0.4, 2 or 8 mg/kg, given
orally at 30 min before losartan administration); and Group 5:
losartan (3 mg/kg i.v., control). Blood samples were collected
from the femoral artery into heparinized tubes at 0.25, 0.5, 1, 2,
4, 8, 12 and 24 h after oral administration of losartan and at 0,
0.1, 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h after intravenous admin-
istration of losartan. The blood samples were centrifuged at
16 810g for 5 min and the plasma samples obtained were
stored at -40°C until analysed by HPLC.

HPLC assay
The plasma concentrations of losartan were determined by
the HPLC assay reported by Zarghi et al.[28] with slight
modification. Briefly, 50 ml of L-158.809 (0.2 mg/ml dis-
solved in methanol; an internal standard) and 0.5 ml of
acetonitrile were added to a 0.2-ml plasma sample in a
polypropylene microtube. The mixture was then stirred for
5 min and centrifuged at 16 810g for 10 min. A 0.5-ml sample
of the organic layer was transferred into a clean test tube and
evaporated under a gentle stream of nitrogen gas at 35°C. The
residue was reconstituted in 150 ml of the mobile phase and
centrifuged at 16 810g for 5 min and then a 70-ml sample of
the supernatant was injected into the HPLC system. The
HPLC system comprised two solvent delivery pumps (model
LC-10AD; Shimadzu Co., Japan), a UV-Vis detector (model
SPD-10A), a system controller (model SCL-10A), a degasser
(model DGU-12A) and an autoinjector (SIL-10AD). The
UV detector was set at 215 nm. The stationary phase was a
Kromasil KR 100-5C8 column (5 mm, 4.6 ¥ 250 mm; EKA
Chemicals, Sweden) and the mobile phase was acetonitrile/
0.01 m phosphate buffer (41 : 59 v/v, pH 2.5 adjusted
with phosphoric acid). The retention times at a flow rate
of 0.8 ml/min were as follows: internal standard 6.7 min,
losartan 11.5 min and EXP-3174 17.1 min. The lower limit
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of quantification for losartan and EXP-3174 in rat plasma was
10 ng/ml.

CYP3A4 and CYP2C9 inhibition assays
Inhibition assays on human CYP3A4 and 2C9 enzyme activ-
ity were performed in a multiwell plate using a CYP inhibition
assay kit (GENTEST, Woburn, MA, USA) as described pre-
viously.[29] Briefly, human CYP enzymes were obtained from
baculovirus-infected insect cells. CYP substrates (7-BFC and
7-MFC for CYP3A4) were incubated with or without test
compounds in the enzyme/substrate containing buffer with
1 pmol of P450 enzyme and an NADPH-generating system
(1.3 mm NADP, 3.54 mm glucose 6-phosphate, 0.4 U/ml
glucose 6-phosphate dehydrogenase and 3.3 mm MgCl2) in a
potassium phosphate buffer (pH 7.4). Reactions were termi-
nated by adding a stop solution (0.5 m Tris-buffer mixed with
acetonitrile) after incubation for 45 min. Metabolite concen-
trations were measured by a spectrofluorometer (Molecular
Device, Sunnyvale, CA, USA) at an excitation wavelength of
409 nm and an emission wavelength of 530 nm. A positive
control (1 mm ketoconazole for CYP3A4) was run on the same
plate and produced 99% inhibition. All experiments were
done in duplicate and the results are expressed as the percent
of inhibition.

Rhodamine 123 retention assay
MCF-7/ADR cells were seeded in 24-well plates. At 80%
confluence, the cells were incubated in fetal bovine serumfree
Dulbecco’s modified Eagle’s medium for 18 h. The culture
medium was changed to Hanks’ balanced salt solution and the
cells were incubated at 37°C for 30 min. After incubation of
the cells with 20 mm rhodamine 123 in the presence of myrice-
tin (3, 10, and 30 mm) for 90 min, the medium was completely
removed. The cells were then washed three times with ice-
cold phosphate buffer (pH 7.0) and lysed in lysis buffer. The
rhodamine 123 fluorescence in the cell lysates was measured
using excitation and emission wavelengths of 480 and
540 nm, respectively. Fluorescence values were normalized to
the total protein content of each sample and presented as the
ratio to control.

Pharmacokinetic analysis
Non-compartmental pharmacokinetic analysis was per-
formed using WinNonlin software version 5.2.1 (Pharsight
Co., Mountain View, CA, USA). The area under the plasma
concentration–time curve from time zero to the time of the
last measured concentration (AUC0–t; Clast) was calculated
by the linear trapezoidal rule. The AUC zero to infinity
(AUC0–•) was obtained by the addition of AUC0–t and the
extrapolated area determined by Clast/Kel, the elimination
rate constant. The peak plasma concentration (Cmax) and the
time to reach the peak plasma concentration (Tmax) were
observed values from the experimental data. Kel was
calculated by log-linear regression of losartan or EXP-3174
concentration data during the elimination phase. The
terminal half-life (t1/2) was calculated by 0.693/Kel. The
total body clearance for the intravenous route (CLt)
was calculated from D/AUC, where D is the dose of losartan.
The mean residence time (MRT) was calculated by dividing

the first moment of AUC (AUMC0–•) by AUC0–•. The
apparent volume of distribution at steady state (Vdss) was
estimated by the product of MRTi.v. and CLt after intravenous
dosing. The bioavailability of losartan was calculated by
AUCoral/AUCi.v. ¥ Dosei.v./Doseoral ¥ 100, the relative bioavail-
ability was calculated by (AUCcontrol/AUCwith myricetin) ¥ 100
and the metabolite–parent ratio (MR) was estimated by
(AUCEXP-3174/AUClosartan) ¥ (MWlosartan/MWEXP-3174).

Statistical analysis
All means were presented with their standard deviations. The
pharmacokinetic parameters were compared by one-way
analysis of variance, followed by a posteriori testing with
Dunnett’s correction. A value of P < 0.05 was considered
statistically significant.

Results

Inhibition of CYP3A4 and 2C9
The inhibitory effect of myricetin on CYP3A4 and CYP2C9
activity is shown in Figure 1. Myricetin inhibited CYP3A4
and CYP2C9 enzyme activity and the 50% inhibition concen-
tration (IC50) values of myricetin on CYP3A4 and CYP2C9
activity were determined as 7.8 and 13.5 mm, respectively.

Rhodamine 123 retention assay
As shown in Figure 2, accumulation of rhodamine 123, a P-gp
substrate, was reduced in MCF-7/ADR cells over-expressing
P-gp compared with that in MCF-7 cells lacking P-gp. The
concurrent use of myricetin enhanced the cellular uptake of
rhodamine 123 in a concentration-dependent manner and
showed a statistically significant (P < 0.01) increase over the
concentration range of 3–30 mm. This result suggests that
myricetin significantly inhibits P-gp activity.

Effects of myricetin on the plasma
concentrations after oral administration
The plasma concentration–time profiles of losartan in the
presence of myricetin were significantly increased compared
with those in the control group in Figure 3. The mean phar-
macokinetic parameters of losartan are summarized in
Table 1.

As shown in Table 1, the presence of myricetin (2 or
8 mg/kg) significantly altered the pharmacokinetic param-
eters of losartan compared with those in the control group
given losartan alone. Myricetin significantly (P < 0.05,
2 mg/kg; P < 0.01, 8 mg/kg) increased the AUC0–• of losar-
tan by 31.4–61.1% and the Cmax of losartan by 31.8–50.2%.
Consequently, the absolute bioavailability of losartan in the
presence of myricetin was significantly (P < 0.05, 2 mg/kg;
P < 0.01, 8 mg/kg) higher than that in the control group. The
relative bioavailability of losartan was 1.14- to 1.61-fold
greater than that of the control group. However, there was no
significant change in Tmax, Vdss and t1/2 of losartan with
myricetin. Given that losartan is a substrate of P-gp,
CYP3A4 and CYP2C9, the enhanced bioavailability of
losartan may be due to inhibition of the CYP3A- and
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CYP2C9-mediated metabolism of losartan in the liver and
the P-gp efflux pump in the small intestine by myricetin.

Effects of myricetin on the plasma
concentrations of EXP-3174
The plasma concentration–time profiles of EXP-3174, an
active metabolite, in the presence of myricetin were signifi-
cantly increased compared with those in the control group as

seen in Figure 4. As shown in Table 2, myricetin significantly
(P < 0.05, 8 mg/kg) increased the AUC0–• of losartan by
29.6% and the Cmax of losartan by 31.2%. The metabolite–
parent AUC ratio decreased by 20% in the presence of
myricetin compared with that in the control group, indicating
that myricetin may inhibit the CYP-mediated metabolism of
losartan. However, there was no significant change in Tmax,
Vdss and t1/2 of EXP-3174 with myricetin.
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Figure 1 Inhibitory effect of myricetin on CYP3A4 and CYP2C9 activity. All experiments were done in duplicate and results are expressed as the
percent of inhibition. The IC50 values of myricetin on CYP3A4 and CYP2C9 activity were 7.81 and 13.5 mm, respectively.
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Figure 2 Rhodamine 123 retention. MCF-7/ADR cells were preincu-
bated with myricetin for 24 h. After incubation of MCF-7/ADR cells with
20 mm rhodamine 123 for 90 min, fluorescence values in cell lysates were
measured. The values were divided by the total protein content in each
sample. Data represents mean � s.d. of six separate samples. *P < 0.05,
**P < 0.01, significant difference compared with control MCF-7 cells.
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Discussion

Some in-vitro and in-vivo studies have indicated that losartan
is metabolized to EXP-3174 mainly by CYP2C9 and 3A4
enzymes.[6–10] Furthermore, Soldner et al.[1] suggested that
losartan is a substrate of P-glycoprotein (P-gp). Considering
that losartan is a substrate of both CYP enzymes and P-gp, the
modulation of CYP and P-gp activities may cause the signifi-
cant changes in the pharmacokinetic profiles of losartan and
its active metabolite, EXP-3174.

P-gp is co-localized with CYP3A4 in the apical
membrane of the intestine,[30,31] and they act synergistically
in regulating the first-pass metabolism and bioavailability of
many oral drugs. The inhibitory effect of myricetin against
CYP3A4-mediated metabolism was confirmed by the use of
a recombinant CYP3A4 enzyme. As shown in Figure 1,
myricetin exhibited an inhibitory effect against CYP3A4-
mediated metabolism, with an IC50 of 1.8 mm. Furthermore,

the cell-based assay using rhodamine 123 indicated that
myricetin (30 mm) significantly (P < 0.01) inhibited P-gp-
mediated drug efflux (Figure 2). These results appeared to
be consistent with the findings of some previous studies.[25,27]

The results suggest that myricetin may improve the bio-
availability of losartan, a substrate of CYP3A4 and P-gp.
Therefore, the pharmacokinetic characteristics of losartan
were evaluated in the absence and the presence of myricetin in
rats. As CYP3A9 expressed in rats corresponds to the
ortholog of CYP3A4 in humans,[32] rats were selected as the
animal model in this study to evaluate the potential pharma-
cokinetic interactions mediated by CYP3A4, although there
should be some extent of difference in enzyme activity
between rats and human.[33]

As summarized in Table 1,myricetin significantly increased
the AUC0–• of losartan by 31.4–61.1% and the Cmax of losartan
by 31.8–50.2%. The absolute bioavailability of losartan in the
presence of myricetin was significantly (P < 0.05) higher than
that in the control group. Myricetin inhibited CYP3A and
CYP2C9 isozymes and P-gp activity in the present study. Our
results appeared to be consistent with the findings of some
previous studies,[14–17] in which epigallocatechin and hesperidin
increased the bioavailability of verapamil (a substrate of
CYP3A4 and P-gp) in rats, and in which morin and hesperidin
increased the AUC0–• and Cmax of diltiazem (a substrate of
CYP3A4 and P-gp) in rats. Piao et al.[34] reported that morin, a
flavonoid, significantly enhanced the bioavailability of nicar-
dipine because of possible nicardipine inhibition of P-gp and
intestinal metabolism by morin.

The results also appeared to be consistent with the
findings of other studies.[12,13] For example, Zaidenstein
et al.[12] reported a significant difference in some of the
pharmacokinetic parameters of losartan and its metabolite
EXP-3174 as a result of concomitant intake of grapefruit
juice, a CYP3A4 inhibitor.

As summarized in Table 2, myricetin significantly
decreased metabolite–parent AUC ratios (MR). This result
appears to be consistent with the findings of previous studies
reporting that the MR, a characteristic of the magnitude of
metabolic conversion, was significantly changed, indicating
the inhibition of CYP3A4-mediated metabolism of losartan

Table 1 Pharmacokinetic parameters of losartan after oral administration in the presence and absence of myricetin

Parameter Losartan (9 mg/kg p.o.; control) Losartan co-administered with myricetin Losartan (3 mg/kg i.v.)

0.4 mg/kg p.o. 2 mg/kg p.o. 8 mg/kg p.o.

AUC0–• (ng h/ml) 283 � 57.4 323 � 65.9 372 � 74.5* 456 � 88.1** 296 � 59.6
Cmax (ng/ml) 23.9 � 4.7 27.0 � 5.4 31.5 � 6.3* 35.9 � 6.8** ND
Tmax (h) 0.92 � 0.21 0.92 � 0.21 1.17 � 0.41 1.17 � 0.41 ND
Vdss(l/kg) 7.1 � 2.4 6.7 � 2.0 6.0 � 1.9 5.3 � 1.8 ND
t1/2 (h) 10.5 � 2.8 10.9 � 2.9 11.2 � 3.2 11.6 � 3.3 8.7 � 2.5
Absolute bioavailability (%) 28.7 � 6.5 32.8 � 7.1 37.7 � 8.2* 46.1 � 9.8** 100
Relative bioavailability (%) 100 114 131 161 ND

Data are the means � s.d., n = 6. AUC0–•, area under the plasma concentration–time curve from 0 h to infinity; Cmax, peak plasma concentration; Tmax,
time to reach Cmax; Vdss, volume of distribution; t1/2, terminal half-life; ND, not determined. *P < 0.05, **P < 0.01, significant difference compared with
the control group given oral losartan alone.
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after co-administration of grapefruit juice, and concurrent use
of bucolome, a CYP2C9 inhibitor, significantly increased the
AUC of losartan by the inhibition of metabolic conversion of
losartan to EXP-3174.[12,13] Also epigallocatechin and morin
significantly decreased MR of verapamil and diltiazem,
respectively.[14,16] Those studies in conjunction with our
present findings suggest that the combination of losartan and
CYP (CYP2C9, CYP3A4) inhibitors may result in a signifi-
cant pharmacokinetic drug interaction.

Although the intestine contains CYP enzymes, there is no
evidence of significant oxidation of losartan by the entero-
cytes using either in-vitro or in-situ absorption models.[35] In
contrast, some previous studies have suggested that the active
metabolite EXP-3174 detected in rats is most likely of hepatic
origin.[35,36] In the present study, the decrease in the
metabolite–parent AUC ratios may be mainly due to the
inhibitory effect of myricetin on hepatic metabolism rather
than intestinal metabolism of losartan. Therefore, the
enhanced bioavailability of losartan may be mainly due to
inhibition of the CYP3A and CYP2C9-mediated metabolism
of losartan in the liver and the P-gp efflux pump in the small
intestine by myricetin. Although potentially an adverse effect,
this interaction may provide a therapeutic benefit whereby it
enhances bioavailability and lowers the dose administered.
The present study raises awareness about potential drug inter-
actions with concomitant use of myricetin and losartan, and
further evaluation in clinical studies is necessary.

Conclusions

Myricetin significantly enhanced the oral bioavailability of
losartan in rats. The enhanced bioavailability of losartan may
be due to inhibition of the CYP3A- and CYP2C9-mediated
metabolism of losartan in the liver and the P-gp efflux pump
in the small intestine by myricetin. The clinical significance of
these findings should be further investigated in clinical trials.
Concomitant use of myricetin with losartan may require close
monitoring for potential drug interactions.

Declarations

Conflict of interest
The Author(s) declare(s) that they have no conflicts of interest
to disclose.

Funding
This study was financially supported by a research fund from
Chosun University, Republic of Korea.

References
1. Diez J. Review of the molecular pharmacology of losartan and its

possible relevance to stroke prevention in patients with
hypertension. Clin Ther 2006; 28: 832–848.

2. McIntyre M et al. Losartan, an orally active angiotensin (AT1)
receptor antagonist: a review of its efficacy and safety in essen-
tial hypertension. Pharmacol Ther 1997; 74: 181–194.

3. Inagami T et al. Cloning, expression and regulation of
angiotensin II receptors. J Hypertens 1992; 8: 713–716.

4. Lo MW et al. Pharmacokinetics of losartan, an angiotensin II
receptor antagonist, and its active metabolite EXP3174 in
humans. Clin Pharmacol Ther 1995; 58: 641–649.

5. Wong PC et al. Nonpeptide angiotensin II receptor antagonists.
XI. Pharmacology of EXP3174: an active metabolite of DuP 753,
an orally active antihypertensive agent. J Pharmacol Exp Ther
1990; 255: 211–217.

6. Stearns RA et al. The metabolism of DuP 753, a nonpeptide
angiotensin II receptor antagonist, by rat, monkey, and human
liver slices. Drug Metab Dispos 1992; 20: 281–287.

7. Yun CH et al. Oxidation of the angiotensin II receptor antagonist
losartan (DuP 753) in human liver microsomes. Role of cyto-
chrome P4503A(4) in formation of the active metabolite
EXP3174. Drug Metab Dispos 1995; 23: 285–289.

8. Meadowcroft AM et al. The effects of fluvastatin, a CYP2C9
inhibitor, on losartan pharmacokinetics in healthy volunteers.
J Clin Pharmacol 1999; 39: 418–424.

9. Kaukonen KM et al. Fluconazole but not itraconazole decreases
the metabolism of losartan to E-3174. Eur J Clin Pharmacol
1998; 53: 445–449.

10. McCrea JB et al. Phenotypic and genotypic investigations of a
healthy volunteer deficient in the conversion of losartan to its
active metabolite E-3174. Clin Pharmacol Ther 1999; 65: 348–
352.

11. Soldner A et al. Active transport of the angiotensin-II antagonist
losartan and its main metabolite EXP 3174 across MDCKMDR1
and caco-2 cell monolayers. Br J Pharmacol 2000; 129: 1235–
1243.

12. Zaidenstein R et al. Effect of grapefruit juice on the pharmaco-
kinetics of losartan and its active metabolite E3174 in healthy
volunteers. Ther Drug Monit 2001; 23: 369–373.

13. Kobayashi M et al. The effect of bucolome, a CYP2C9 inhibitor,
on the pharmacokinetics of losartan. Drug Metab Pharmacokinet
2008; 23: 115–119.

Table 2 Pharmacokinetic parameters of EXP-3174 after oral administration of losartan in the presence and absence of myricetin

Parameter Losartan (9 mg/kg p.o.; control) Losartan co-administered with myricetin

0.4 mg/kg p.o. 2 mg/kg p.o. 8 mg/kg p.o.

AUC0–• (ng h/ml) 230 � 43.3 245 � 49.2 269 � 53.6 298 � 60.4*
Cmax (ng/ml) 17.3 � 3.5 18.5 � 3.8 20.6 � 4.4 22.7 � 4.8*
Tmax (h) 1.67 � 0.52 1.67 � 0.52 1.83 � 0.41 2.17 � 0.41
Vdss (l/kg) 9.1 � 2.7 8.5 � 2.4 8.0 � 2.3 7.6 � 2.1
t1/2 (h) 9.6 � 2.6 9.7 � 2.8 10.1 � 3.0 10.4 � 3.0
MR (%) 0.81 � 0.18 0.76 � 0.17 0.72 � 0.14 0.65 � 0.13*

Data are the means � s.d., n = 6. AUC0–•, area under the plasma concentration–time curve from 0 h to infinity; Cmax, peak plasma concentration;
Tmax, time to reach Cmax; MR, metabolite–parent ratio (AUCEXP-3174/AUClosartan) (MWlosartan/MWEXP-3174). *P < 0.05, significant difference compared with
the control group given losartan alone.

Effects of myricetin on losartan pharmacokinetics Dong-Hyun Choi et al. 913



14. Chung JH et al. Effect of epigallocatechin gallate on the oral
pharmacokinetics of verapamil in rats. Biopharm Drug Dispos
2009; 30: 90–93.

15. Piao YJ et al. Enhanced bioavailability of verapamil after oral
administration with hesperidin in rats. Arch Pharm Res 2008; 31:
518–522.

16. Choi JS et al. Pharmacokinetic interaction between diltiazem and
morin, a flavonoid, in rats. Pharmacol Res 2005; 52: 386–391.

17. Cho YA et al. Effect of hesperidin on the oral pharmacokinetics
of diltiazem and its main metabolite, desacetyldiltiazem, in rats.
J Pharm Pharmacol 2009; 61: 825–829.

18. Dixon RA et al. Flavonoids and isoflavonoids – a gold mine for
metabolic engineering. Trends Plant Sci 1999; 4: 394–400.

19. Middleton E Jr et al. The effects of plant flavonoids on mamma-
lian cells: implications for inflammation, heart disease, and
cancer. Pharmacol Rev 2000; 52: 673–751.

20. Xue B et al. Effect of total flavonoid fraction of Astragalus
complanatus R. Brown on angiotensin II-induced portal-vein
contraction in hypertensive rats. Phytomedicine 2008; 15: 759–
762.

21. German JB et al. The health benefits of wine. Annu Rev Nutr
2000; 20: 561–593.

22. Hakkinen SH et al. Content of the flavonols quercetin, myricetin,
and kaempferol in 25 edible berries. J Agric Food Chem 1999;
47: 2274–2279.

23. Nishijima CM et al. Anti-hemorrhagic activity of four Brazilian
vegetable species against Bothrops jararaca venom. Molecules
2009; 14: 1072–1080.

24. Tiwari R et al. Cardioprotective potential of myricetin in
isoproterenol-induced myocardial infarction in Wistar rats. Phy-
tother Res 2009; 23: 1361–1366.

25. Von Moltke LL et al. Inhibition of human cytochromes P450 by
components of Ginkgo biloba. J Pharm Pharmacol 2004; 56:
1039–1044.

26. Václavíková R et al. Paclitaxel metabolism in rat and human
liver microsomes is inhibited by phenolic antioxidants. Naunyn
Schmiedebergs Arch Pharmacol 2003; 368: 200–209.

27. Kitagawa S et al. Structure-activity relationships of the inhibi-
tory effects of flavonoids on P-glycoprotein-mediated transport
in KB-C2 cells. Biol Pharm Bull 2005; 28: 2274–2278.

28. Zarghi A et al. A rapid HPLC method for the determination of
losartan in human plasma using a monolithic column. Arzneimit-
telforschung 2005; 55: 569–572.

29. Crespi CL et al. Microtiter plate assays for inhibition of human,
drug-metabolizing cytochromes P450. Anal Biochem 1997; 248:
188–190.

30. Benet LZ et al. Transporter-enzyme interactions: implications
for predicting drug-drug interactions from in vitro data. Curr
Drug Metab 2003; 4: 393–398.

31. Cummins CL et al. Unmasking the dynamic interplay between
intestinal P-glycoprotein and CYP3A4. J Pharmacol Exp Ther
2002; 300: 1036–1045.

32. Kelly PA et al. Metabolism of cyclosporine by cytochromes
P450 3A9 and 3A4. Eur J Drug Metab Pharmacokinet 1999; 24:
321–328.

33. Cao X et al. Why is it challenging to predict intestinal drug
absorption and oral bioavailability in human using rat model.
Pharm Res 2006; 23: 1675–1686.

34. Piao YJ et al. Effects of morin on the pharmacokinetics of nica-
rdipine after oral and intravenous administration of nicardipine
in rats. J Pharm Pharmacol 2008; 60: 625–629.

35. Krieter PA et al. Absorption and glucuronidation of the angio-
tensin II receptor antagonist losartan by the rat intestine. J Phar-
macol Exp Ther 1995; 273: 816–822.

36. Stearns RA et al. Biotransformation of losartan to its active
carboxylic acid metabolite in human liver microsomes. Role of
cytochrome P4502C and 3A subfamily members. Drug Metab
Dispos 1995; 23: 207–215.

914 Journal of Pharmacy and Pharmacology 2010; 62: 908–914


