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ABSTRACT:

Luteolin is mainly metabolized by phase Il enzymes in animals and
humans with glucuronidation and sulfation as the two known met-
abolic pathways. Although methylation of luteolin was reported
previously, the structure of the methylated metabolites and the
enzymes involved in the process have not been clarified. In our
study, two methylated metabolites, M1 (chrysoeriol) and M2 (dios-
metin), were identified in the urine after intravenous administration
of luteolin to rats, and the data suggested that the methylation was
mediated by catechol-O-methyltransferase (COMT). When luteolin
was coadministered with a specific COMT inhibitor, entacapone,
the formation of M1 and M2 was significantly reduced, whereas the
plasma concentration of luteolin increased. Methylation of luteolin
was also studied in vitro using rat tissue homogenates. The appar-

ent kinetic parameters associated with the formation of M1 and M2
in vitro were estimated, and regioselectivity of methylation of lu-
teolin was observed. In the in vitro experiment, there was a pref-
erence for the formation of M2 over M1. In contrast, accumulation
of M1 was preferred in vivo in both rat plasma and urine after an
intravenous dose of luteolin. In conclusion, COMT played a crucial
role in the disposition of luteolin in rats. Our results indicated that
the methylation pathway in rats was significantly reduced when
luteolin was coadministered with a specific COMT inhibitor. There-
fore, COMT-associated drug-drug interactions need be considered
in the future in luteolin clinical trials because the plasma concen-
trations and related therapeutic effects may be altered in vivo in
the presence of a COMT inhibitor.

Introduction

Luteolin (3',4',5,7-tetrahydroxyflavone) is one of the most widely
occurring flavonoids in the plant kingdom. Several epidemiological
studies have shown that high consumption of foods containing luteo-
lin is associated with a reduced risk of developing chronic diseases
(Lépez-Lazaro, 2009). Numerous experimental data have revealed
that luteolin possesses a wide range of pharmacological effects, in-
cluding antioxidation, anti-inflammation, antimicrobial activity, and
anticarcinogenic activity (Seelinger et al., 2008a,b; Lopez-Lazaro,
2009).

Because knowledge of the potential benefits of luteolin on health is
increasing, it is essential to study the absorption, distribution, metab-
olism, and excretion process of luteolin in vivo. Luteolin is present in
plants as the aglycone and glycosides (Lopez-Lazaro, 2009). In gen-
eral, the aglycone of luteolin can be directly absorbed in the intestine
through passive diffusion, whereas the glycosides of luteolin will be
absorbed after being hydrolyzed in the intestine by microbacteria or
lactase phlorizin hydrolase (Shimoi et al., 1998; Sesink et al., 2003;
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Kottra and Daniel, 2007; Lu et al., 2010). It has been proved that
luteolin was mainly absorbed in the jejunum passively in a single-pass
perfused rat intestinal model (Zhou et al., 2008), and luteolin was
relatively permeable (with a apparent permeability coefficient of
5.8 = 0.1 X 107° cm/s) in a Caco-2 cell model (Ng et al., 2004),
which indicated moderate (20—70%) absorption (Yee, 1997). Because
of its polyphenol structure, luteolin is a good substrate of uridine
diphosphate glucuronosyltransferases and sulfotransferases and
mainly undergoes glucuronidation and sulfation during passage
through the intestinal mucosa or the liver (Shimoi et al., 1998).
Consistent with our previous studies, luteolin occurred mainly as
conjugated forms in vivo when Chrysanthemum morifolium extract,
containing luteolin 7-O-glucoside, was orally administrated to rat,
dog, and human (Li et al., 2005; Li and Jiang, 2006; Chen et al.,
2007).

In our previous excretion studies after administration of C.
morifolium extract containing luteolin 7-O-glucoside to rat and
human (Li and Jiang, 2006; Chen et al., 2007), we focused on the
free luteolin or glucuronide and sulfate conjugates of luteolin, and
the total excreted luteolin (free and conjugated forms) in rat urine,
bile, and feces was 6.60, 2.05, and 31.3% of the dose, respectively,
whereas the excreted luteolin (free and conjugated forms) in hu-
man urine was 2.03%. Apart from the glucuronidation and sulfa-
tion, few reports focused on the other metabolism pathways re-
sponsible for disposition of luteolin. On the basis of the structure

ABBREVIATIONS: COMT, catechol-O-methyltransferase; HPLC, high-performance liquid chromatography; DAD, diode array detector; MS/MS,
tandem mass spectrometry; MRT,_,, mean residence time from 0 to t postdose; AUC,_,, area under the plasma concentration versus time curve
from 0 to t postdose; AUC,_.., area under the plasma concentration versus time curve from 0 to infinity.
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of catechol, luteolin might be a substrate of catechol-O-
methyltransferase (COMT) (EC 2.1.1.6) (Fig. 1); however, this has
not been clarified. In our preliminary experiment, two metabolites
with longer retention times than luteolin on HPLC chromatograms
were found in acidic hydrolyzed urine from rats dosed with luteo-
lin, and we deduced that they were methylated metabolites of
luteolin. Therefore, the present study was designed to identify the
methylated metabolites of luteolin, to characterize the methylation
of luteolin systemically, and to evaluate the effect of methylation
in disposition of luteolin in rats. The results will undoubtedly
contribute to a better understanding of the disposition and phar-
macological effects of luteolin.

Materials and Methods

Chemicals. Luteolin was purchased from Hangzhou Skyherb Technologies
Co., Ltd. (Hangzhou, Zhejiang, China) (purity >99%). Diosmetin (3,5,7-
trihydroxy-4'-methoxyflavone) was purchased from Shaanxi Huateng Biotech-
nology Co., Ltd. (Xian, Shanxi, China) (purity >95%). Chrysoeriol (4',5,7-
trihydroxy-3'-methoxyflavone) was synthesized by the Department of
Medicinal Chemistry, College of Pharmaceutical Sciences, Zhejiang Univer-
sity (Hangzhou, Zhejiang, China) (purity >99%). S-Adenosyl-L-methionine
p-toluene sulfonate salt was obtained from Aladdin Reagent (Shanghai, China)
(purity >80%). Entacapone was obtained from Jinan Wedo Industrial Co., Ltd.
(Jinan, Shandong, China) (purity >99%). Methanol, acetonitrile, formic acid,
and water were HPLC-grade. All other chemicals were from standard com-
mercial sources and were of the highest quality.

Animals. Male Sprague-Dawley rats weighing 200 to 250 g were obtained
from the Experimental Animal Center of Zhejiang Academy of Medical
Sciences. They were housed in cages at 23°C with a 12-h light/dark cycle and
given ad libitum access to food and water. All animals were handled according
to an approved animal use protocol of Zhejiang University. Animals were
given free access to water but were fasted for 12 h before an experiment and
for 2 h after drug administration.

Preparation of COMT Fractions from Rat Tissues. Liver, kidney, small
intestine (jejunum), and lung tissue homogenates were prepared as described
previously (Bonifdcio et al., 2009). In brief, six male Sprague-Dawley rats
were sacrificed by cervical dislocation after fasting for 12 h. Tissues (liver,
kidney, small intestine, and lung) were homogenized in phosphate buffer (5
mM, pH 7.4) and then were centrifuged at 15,000g for 20 min. The supernatant
was used as the total COMT fraction (containing both soluble COMT and
membrane-bound COMT).

The erythrocyte total COMT fraction was prepared from hemolyzed eryth-
rocyte as described previously (Soares-da-Silva et al., 2003) with minor
modifications. In brief, erythrocytes were separated by centrifugation for 10
min (2000g, 4°C), plasma and the uppermost cell layer were removed, and the
remaining erythrocytes were washed twice with 3 volumes of ice-cold 0.9%
NaCl solution. Then erythrocytes were lysed with 4 volumes of ice-cold water,
the membranes were separated by centrifugation for 20 min (15,000g, 4°C),
and the lysate was applied for total COMT assay. The protein concentration
was assayed with the BCA protein assay kit (Beyotime Institute of Biotech-
nology, Jiangsu, China).

Preparation of Rat Liver Microsomes. Rat liver microsomes were pre-
pared by an ultracentrifugation method. Male rats were sacrificed by cervical
dislocation after fasting for 12 h, and livers were perfused with 0.9% NaCl at
4°C and homogenized in 4 volumes of 0.25 M sucrose. After centrifugation for
20 min (9000g, 4°C), the supernatant was collected and centrifuged for another
20 min (19,000g, 4°C), and then the supernatant was centrifuged for 55 min
(100,000g, 4°C) to precipitate the microsomes. After removal of the superna-
tant, the pellet was rehomogenized with 0.15 M KCl and then centrifuged for
another 45 min (100,000g, 4°C). The microsomal pellet was resuspended in 20
mM Tris-sucrose (pH 7.4). The protein concentration was assayed with the
BCA protein assay Kkit.

HPLC-DAD Analysis of Two Metabolites of Luteolin in Rat Urine.
Urine samples from rat were hydrolyzed with hydrochloric acid and extracted
with ethyl acetate after intravenous administration of 6.5 mg/kg luteolin (Chen
et al., 2007). The HPLC analysis was performed as described previously by
Chen et al. (2007), and the mobile phase was optimized to separate luteolin and
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its two metabolites. In brief, the HPLC analysis was performed using an
Agilent 200 HPLC-DAD system (Agilent Technologies, Waldbronn, Ger-
many). The separation was performed on an Agilent Zorbax SB-C18 column
(250 X 4.6 mm, 5 um) with a mobile phase consisting of 0.1% phosphoric
acid, acetonitrile, and methanol (60:16:24, v/v/v) at 30 £ 1°C with a constant
rate of 1 ml/min. The injection volume was 50 ul, and the DAD was set at a
wavelength of 350 nm for quantitative analysis. The UV spectra were obtained
with the DAD from 200 to 400 nm.

MS/MS Analysis of Two Metabolites of Luteolin. Two metabolites from
the rat urine were separated and collected on HPLC with the chromatographic
conditions described above except that 0.2% formic acid was used instead of
0.1% phosphoric acid to adapt to mass spectrometry. The collected elutions
were dried under vacuum and redissolved with methanol. Mass spectrometry
and MS/MS analysis was performed on an ACQUITY TQD triple quadrupole
instrument (Waters, Milford, MA) with a Z-spray electrospray ionization
source. Metabolites and standard compounds were infused continuously into
the electrospray ionization source, and the deprotonated molecular ions were
detected on mass spectrometry with the following parameters: negative mode,
capillary voltage of 3.7 kV, cone voltage of 68 V, source temperature of
120°C, desolvation gas temperature of 350°C and collision energy of 40 eV for
the MS/MS spectra.

Methylation of Luteolin in Rat Tissue Homogenates with or without
COMT Inhibitor. The COMT reaction was performed as described previously
with some modifications (Bonifacio et al., 2009). In brief, the reaction mixture
containing homogenate protein (1.0 mg/ml), 100 uM MgCl,, 1.0 mM EGTA,
and 20 uM luteolin, with or without 30 nM entacapone in 150 ul of phosphate
buffer (5 mM, pH 7.8), was preincubated for 3 min at 37°C, and then 1.5 ul
of 25 mM S-adenosylmethionine dissolved in phosphate buffer (5 mM, pH 7.8)
was added to initiated the reaction. Reactions were terminated by adding 150
ul of ice-cold methanol after incubation for 0, 20, 40, and 60 min at 37°C. The
mixture was centrifuged (15,000g for 10 min), and luteolin and its metabolites
in the supernatant were analyzed by the HPLC method described above.

Kinetic Study of Formation of Two Methylated Metabolites of Luteolin
with Rat Tissue Homogenates. Protein concentration of homogenates (0.25
mg/ml for liver, 0.50 mg/ml for kidney, and 1.0 mg/ml for small intestine,
lung, and erythrocyte homogenates, in which the initial formation rate of M1
and M2 could be detected within a 10-min incubation) and incubation time (10
min for all tissue homogenates) were used in the kinetic study. The COMT
reaction was conducted in the same conditions as described above. The
formation kinetics of both M1 and M2 was determined by incubating luteolin
at a series of concentrations (1, 2.5, 5, 10, 20, 40, and 80 uM for liver, kidney,
lung, and erythrocytes and 0.5, 1, 2.5, 5, 10, 20, 40, and 80 uM for small
intestine). The experiments were performed in triplicate, and the reaction
velocities were calculated in the unit of nanomoles of product formed per
minute and milligram of homogenate protein. Apparent kinetic parameters K,
and V,, ., were obtained from nonlinear regression by Prism 5 software (Graph-
Pad Software Inc., San Diego, CA) with the Michaelis-Menten equation.

Effect of Entacapaone on Pharmacokinetics of Luteolin and Two Meth-
ylated Metabolites In Vivo. To evaluate the influence of methylation on the
pharmacokinetics of luteolin in rat in vivo, entacapaone was used as a specific
COMT inhibitor. Ten male Sprague-Dawley rats were allocated into the
control group and entacapaone group with five rats each. A dose of 5 mg/kg
entacapone [dissolved in 20% hydroxypropyl-B-cyclodextrin (w/v) containing
5% glucose (w/v)] and relevant vehicle was given to the entacapone group and
control group intravenously through the tail vein 30 min before administration of
6.5 mg/kg luteolin [dissolved in 20% hydroxypropyl-B-cyclodextrin (w/v) con-
taining 5% glucose (w/v)] intravenously through the tail vein. The blood samples
from the orbital venous sinus were collected in heparinized tubes at 0.083, 0.25,
05,1,2,3,5,7,9, and 12 h postdose and centrifuged at 2000g for 10 min at 4°C.
Plasma samples were stored at —20°C until analysis. Plasma samples were
prepared according to the method developed in our laboratory (Chen et al., 2007).
In brief, 100-ul plasma samples were hydrolyzed by hydrochloric acid (2 M) at
80°C for 1.5 h, and then the mixture was extracted by ethyl acetate. After the
extraction was evaporated to dryness, the residue was reconstituted in the mobile
phase, and the concentrations of luteolin and two methylated metabolites were
determined by the HPLC methods described above.

Effect of Entacapone on Urinary Excretion of Luteolin and Two Meth-
ylated Metabolites. Ten male Sprague-Dawley rats were allocated into the
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control group and entacapone group with five rats each, and each rat was
housed individually in a metabolic cage at 23°C with a humidity level of 50%.
Rats were administered luteolin (control group) or entacapone and luteolin
using the method described above. Urine samples were collected in glass flasks
containing 200 wl of ascorbic acid (0.1%, w/v) at the intervals of O to 4, 4 to
8, 8 to 12, and 12 to 24 h after dose. Residual urine adhering to the metabolic
cages was carefully washed with a small volume of saline and pooled with the
collected urine. Urine samples were prepared the same as the plasma samples,
and luteolin and two methylated metabolites were determined by the HPLC
methods described above.

Phase I Metabolism of M1 and M2 in Rat Microsomes. The phase I
metabolism of M1 and M2 in rat microsomes was conducted using the method
described by Xia et al. (2007). In brief, 100 ul of mixture containing 14.9 mM
trinatric isocitric acid, 0.035 unit/ml isocitric dehydrogenase, 0.15 M MgCl,,
10 uM substrate (M1 or M2), 0.4 mg/ml microsomal protein, and 0.1 M (pH
7.4) Tris-HCI buffer was preincubated at 37°C for 3 min, and the reaction was
initiated by adding NADP and NADPH (0.9 mM/0.2 mM). After a 10- or
30-min incubation at 37°C, the reaction was terminated by adding 100 ul of
ice-cold methanol. After centrifugation at 15,000g for 10 min, the supernatant
was analyzed by HPLC.

Data Analysis. Data are expressed as the mean * S.D. Student’s 7 test
(unpaired, two-tail) was used to evaluate the significance of the COMT
inhibitor (P = 0.05). Pharmacokinetic parameters of luteolin and its two
metabolites were estimated by the noncompartmental method using DAS 2.0
software (Chinese Pharmacologic Society, Beijing, China).

Results

Identification of Two Methylated Metabolites in Urine after
Intravenous Administration of Luteolin to Rats. Urine samples
were collected after intravenous administration of 6.5 mg/kg luteolin
to rats. With a hydrolysis and extraction preparation, urine samples
were analyzed by reverse-phase HPLC, and luteolin and two metab-
olites were separated from endogenous substances in the chromatog-
raphy system with a retention time of 15.46 min (luteolin), 29.35 min
(M1), and 30.85 min (M2), respectively (Fig. 2A). The retention times
of M1 and M2 were matched with the standard of chrysoeriol and
diosmetin, respectively, under the same HPLC conditions (Fig. 2A).
In addition, the two metabolites were also detected in rat tissue
homogenates from the in vitro incubation study with luteolin.

The M1 and M2 metabolites had the same UV and MS/MS spectra
as chrysoeriol and diosmetin, respectively (Fig. 2, B and C). In the
MS/MS analysis, a characteristic fragmentation of flavonoids was
obtained, in which the [M — H — CH;]™ ion of 284 represented a
methylated luteolin, ion m/z 107 and 151 represented the A ring of
luteolin and ion m/z 132 represented the B ring of luteolin, and ion m/z
255 and 284 represented [M — H — CH; — CO]” and [M — H —
CH,], respectively. On the basis of the HPLC chromatograms, UV
spectra, and MS/MS analysis, M1 and M2 were identified to be
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3’-O-methylated luteolin (chrysoeriol) and 4'-O-methylated luteolin
(diosmetin), respectively.

Methylation of Luteolin in Rat Tissue Homogenates. Methylated
metabolites, M1 and M2, were detected after incubation with luteolin
in rat liver, kidney, lung, small intestine, and erythrocyte homogenates
in the presence of S-adenosylmethionine. The time profiles of luteolin
elimination and metabolites formation are shown in Fig. 3. It was
revealed that methylation contributed almost all of the elimination of
luteolin in rat tissue homogenates after incubation. The elimination of
luteolin and formation of M1 and M2 both dramatically decreased in
the presence of 30 nM entacapone, the specific COMT inhibitor (Fig.
3). In all of the tissue homogenate incubations investigated, there was
a preference for formation of M2 over M1, with a M2/M1 ratio of 2.2
to 2.6 in liver, kidney, and erythrocyte and 1.2 in small intestine and
lung (incubation for 20 min). The M2/M1 ratio did not change
significantly except for a slight decrease in the small intestine and
lung in the presence of entacapone. Of all tissues studied, liver
showed the highest methylation activity, followed by kidney, small
intestine, lung, and erythrocyte (Fig. 3).

Kinetics Study of M1 and M2 Formation in Rat Tissue Homog-
enates. M1 and M2 were formed on the basis of the methylation of
luteolin, and the initial formation rate could be obtained within 10 min
of incubation. Both M1 and M2 followed Michaelis-Menten kinetics
well (Fig. 4). The formation rate of M1 and M2 almost reached the
apparent V.. at 40 uM luteolin in all the tissue homogenates. The
apparent V. of M2 was approximately 2-fold higher than that of M1
in all the tissue homogenates, and both M1 and M2 showed the
highest apparent V., in the liver, followed by kidney, small intestine,
lung, and erythrocyte (Table 1). M1 and M2 had a similar apparent K,
(3.57-3.82 uM) in liver and kidney homogenates, but with different
apparent K, values in other tissues (Table 1). The estimated values of
Vinax! K., for M2 were approximately two times higher than that of M1
in all the tissues except for the lung (Table 1).

Pharmacokinetics of M1, M2, and Luteolin in Rats with or
without Entacapone. The plasma concentration-time profiles of M1,
M2, and luteolin after intravenous administration of 6.5 mg/kg luteolin to
rats in the control (without entacapone) and entacapone-treated groups
are presented in Fig. SA. In the control group, the intact profiles of
luteolin, M1, and M2 could be obtained, the maximal concentration of
M1 and M2 was reached at 5 min after dosing, and the total AUC, .,
values of the two metabolites were 33.6% of that of luteolin (Tables 2 and 3).
In vivo, the M2/M1 ratio in AUC,,_, was 0.20, whereas the in vitro ratio
ranged from 1.4 to 2.6 using AUC, _, calculated from the formation
profiles of M1 and M2 (Fig. 3). In the entacapone-treated group, the
plasma concentration of luteolin was significantly higher than that of
the control group, and the AUC, ., of luteolin increased by 52% and

3 OCH;

|
|

Fic. 1. Proposed COMT-mediated O-methylation of luteolin. Me-
OH tabolites: chrysoeriol (3'-O-methylation) and diosmetin (4'-O-
methylation).
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the MRT,_, was longer than that of the control group (Table 2).
Meanwhile, the plasma concentrations of M1 and M2 dramatically
decreased (Fig. 5SA). M1 was only detected at 0.083, 0.25, 0.5, and 1 h
postdose, whereas M2 was not detected at any time points.
Excretion of M1, M2, and Luteolin in Rat Urine. After intrave-
nous administration of luteolin to rats, luteolin and its two methylated
metabolites were detected in rat hydrolyzed urine, and the cumulative
excretion did not increase noticeably after 12 h (Fig. 5B). In the control
group, the cumulative excretion of luteolin, M1, and M2 in 24-h urine
samples was 5.12, 1.92, and 1.22% of the dose, respectively; hence, the

total methylated metabolites were 3.14% of the dose, which was approx-
imately half of the luteolin excreted in urine. In the entacapone-treated
group, the total excretion of luteolin increased to 7.32% of the dose,
whereas the total excretion of M1 and M2 decreased to 0.451 and 0.254%
of dose, respectively. The ratio of M2/M1 in the urine collected in each
period (0—4, 4-8, 8—12, and 12-24 h) in the two groups was approxi-
mately 0.71, which was in line with the results from plasma.

Stability of M1 and M2 in Rat Microsomes. In the in vitro
experiment, there was a preference for the formation of M2 over M1.
In contrast, the concentrations of M1 were significantly higher than
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FiGg. 3. Luteolin metabolism and metabolite
formation by incubation of rat tissue homoge-
nates [liver, kidney, small intestine (jejunum),
lung, and erythrocytes] with 20 uM luteolin in
the absence (- — —) or in the presence (——) of
30 nM entacapone. Incubation for 0, 20, 40, and
60 min at 37°C. Protein concentrations of tissue
homogenates were 1 mg/ml. Values are expressed
as the mean = S.D. (n = 3). Data between control
and experiment groups were compared with Stu-
dent’s ¢ test (unpaired, two-tailed): *, P < 0.05;
#%, P < 0.01.

Concentratioin(pM)
Concentratioin(pM)

Time(min) Time(min)

those of M2 in vivo in both rat plasma and urine after an intravenous
dose of luteolin. The data suggest that M1 and M2 might be converted
back to luteolin in vivo, especially in the liver. To confirm this
deduction, an experiment was conducted using rat liver microsomes,
and the result demonstrated that M1 and M2 could be demethylated by
the phase I enzymes and converted back to luteolin. However, the
amount of luteolin formed from M2 was approximately 2-fold higher
than that formed from M1 (Fig. 6B), and this finding might suggest
that M1 was more stable than M2 in rat microsomes (Fig. 6A).

Discussion

In the present study, two metabolites [M1 (chrysoeriol) and M2
(diosmetin)] were identified in rat urine after intravenous administra-
tion of luteolin (Fig. 1). This is the first time that the two methylated
metabolites in rats were clearly identified and enzymatically charac-
terized. We may speculate that the 3'- or 4'-hydroxyl of luteolin is
subjected to methylation based on its structure; however, this specu-
lation has not been confirmed. Because the 3'- and 4'-methylated
metabolites of luteolin have similar partition coefficients, it was hard
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to separate them in the chromatography system, and this might be the
reason that only one methylated metabolite was reported in the pre-
vious studies of luteolin (Gradolatto et al., 2004). In addition, the two
methylated metabolites could be further metabolized by uridine
diphosphate glucuronosyltransferases or sulfotransferases in vivo,
which made it difficult for them to be identified and quantitated. To
simplify the analysis of methylation, samples, such as blood and urine,
were hydrolyzed in the preparation before HPLC analysis, with which
total methylation (conjugated and free forms) was assayed.

COMT is a phase II enzyme that is responsible for O-methyla-
tion and that is involved in the inactivation of the catecholamine
neurotransmitters, such as dopamine, epinephrine, and norepineph-
rine. COMT introduces a methyl group to the catechol ring, which
is donated by a cosubstrate, S-adenosylmethionine. Luteolin has a
catechol ring and was identified as a substrate of COMT in rat in
the present study. It is known there are two isoforms of COMT
from one gene in mammals, membrane-bound COMT and soluble
COMT. In our study, the rat tissue homogenates containing both
membrane-bound COMT and soluble COMT were used in the

small intestine

®
>

FIG. 4. Apparent formation rates of M1 (3'-0-
methylation) and M2 (4'-O-methylation) in rat
tissue homogenates [liver, kidney, lung, small
intestine (jejunum), and erythrocyte]. Forma-
tion rates of M1 and M2 were determined with
a series of concentrations of luteolin (1, 2.5, 5,
10, 20, 40, and 80 uM for liver, kidney, lung,
and erythrocytes and 0.5, 1, 2.5, 5, 10, 20, 40,
and 80 uM for small intestine). Protein concen-
trations of 0.25 mg/ml for liver, 0.5 mg/ml for
kidney, and 1.0 mg/ml for small intestine, lung,
and erythrocyte homogenates and incubation
time of 10 min were used. The formation rate is
the average of three determinations, and the
error bar represents the S.D. of the mean. The
points are observed formation rates of M1 and
M2, and the curves were estimated on the basis
of nonlinear regression using Prism 5 software
with the Michaelis-Menten equation.
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TABLE 1

Apparent kinetics parameters for M1 and M2 by rat tissue homogenates with luteolin

Data are expressed as the mean = S.D. n = 3.

Kin Vinax Vinax/Kin
M1 M2 M1 M2 Ml M2

uM nmol mg protein”™ ! min™! ml mg protein™! min~!
Liver 3.54 £ 0.34 3.38 £ 0.51 271 £ 6 651 =23 76.6 = 3.5 193 =23
Kidney 3.45 +0.37 3.57 £ 044 144 = 4 371 £ 11 42.0*x53 105 = 13
Lung 2.39 £ 0.24 4.10 £ 0.28 36.7 £ 0.8 739 x 13 154 1.1 18.0 £ 0.3
Small intestine (jejunum) 1.06 = 0.09 1.31 £ 0.11 247+ 04 745+ 14 23428 57.0 £ 6.3
Erythrocyte 292+ 044 2.38 = 0.17 123+ 04 25.0 04 4.30 = 1.10 10.6 £ 1.2

kinetic study; thus, the K, and V,,, for M1 and M2 were all
apparent parameters.

In our in vitro study, COMT showed a preference in methylation of
4'-hydroxyl luteolin over that of 3'-hydroyxI luteolin in all rat tissues
investigated, with a 4'/3" ratio of approximately 2.5 in V, /K
(Table 1). In fact, regioselectivity of the COMT reaction was previ-
ously reported for compounds such as L-dopa, dopamine, and quer-
cetin; however, the 3-hydroxyl (the 3- and 4-positions in catechol are
equivalent to the 3'- and 4’-positions in luteolin) was preferentially
methylated in these substrates (Zhu et al., 1994; Lotta et al., 1995; de
Boer et al., 2005), because rat soluble COMT was crystallized, and the
critical atomic structure was described in detail (Vidgren, 1998).
Regioselectivity of methylation could be further explained by the
protein-substrate interaction. According to the molecular dynamic
simulation studies (Lau and Bruice, 1998), the catechol ring displays
a tilt of approximately 30° compared with the active site of COMT,
which directs the substituent at the 1-position of catechol ring (Fig. 1,

m

—==-3 == Control group (i.v. luteolin)

3

>
Luteolin concentration in plasma
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I‘)
~
-,..-o-q"""'m_‘

*

*
ey
’

M1 concentration in plasma

equivalent to the 1’-position in luteolin) into a hydrophobic pocket.
Thus, hydrophobic substituents accommodated in this pocket have a
preference for 4-O-methylation, whereas polar substituents repelled
by this hydrophobic pocket make 3-O-methylation favorable. Accord-
ing to this hypothesis, methylation of L-dopa, dopamine, and quercetin
would be preferred to 3-hydroxyl in the catechol because they are
relatively polar with the calculated logP (ChemOffice 2004 software)
of substituents —2.83, —0.32, and —0.57, respectively, whereas a
preferential 4-O-methylation of catechol (4'-O-methylation in luteo-
lin) will take place on luteolin because of its relative hydrophobicity
with the calculated logP value of 0.6.

An unexpected finding was that the concentration of 3’-O-methyl-
ated luteolin (chrysoeriol) was significantly higher than that of 4'-O-
methylated luteolin (diosmetin) in plasma and urine after intravenous
dosing of luteolin to rats, contradictory to the in vitro result. Such
different regioselectivities of O-methylation by COMT in in vivo
versus in vitro conditions were previously reported for other sub-
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Fic. 5. Plasma concentration-time curves (A) and urinary excretion-time profiles (B) of luteolin and metabolites after intravenous administration of 6.5 mg/kg luteolin to

Cumulative urinary
excretion of dose

time(h)

, experimental group) rats. Values are expressed as the mean = S.D. (n = 5). Data between control and

experiment groups were compared with Student’s 7 test (unpaired, two-tailed): *, P < 0.05; **, P < 0.01.
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ROLE OF COMT IN DISPOSITION OF LUTEOLIN IN RATS

TABLE 2

Pharmacokinetics parameters of luteolin after intravenous administration of 6.5
mg/kg luteolin to vehicle-treated or entacapone-treated rats
Data are expressed as the mean = S.D. n = 5. Vehicle: 20% hydroxypropyl-B-

cyclodextrin (w/v) containing 5% glucose (w/v). Both entacapone and luteolin for intravenous
administration were dissolved in this vehicle.

Parameters Vehicle + Luteolin Entacapone + Luteolin
AUC,_, (ug/ml + h) 7.60 £ 1.10 11.4 £ 2.3%*
AUC, ., (ug/ml - h) 8.18 = 0.87 12.5 £ 2.5%*
MRT,,_, (h) 1.41 = 0.17 1.65 = 0.09*
MRT,, .. (h) 232+ 043 2.68 = 0.31
t,,, (h) 3.20 = 0.70 3.31 £0.55
CL (I/h/kg) 0.801 £ 0.076 0.537 = 0.097**
V (I/kg) 3.74 = 1.10 2.57 £ 0.63

* P < 0.05; comparison between two groups with Student’s 7 test.
#k P < 0.01.

strates but not clearly explained (Palma et al., 2003). We supposed
that further metabolism might cause different degradation of each
metabolite (Palma et al., 2003). For example, some cytochrome
P450s, such as CYP1A and CYP2C, selectively demethylate the
4-O-methyl (Busse et al., 1995; Androutsopoulos et al., 2010), which
may result in accumulation of 3-O-methylation in vivo. The present
study indicated that diosmetin (4'-O-methylation of luteolin) was
more unstable than chrysoeriol (3'-O-methylation of luteolin) and the
demethylation of diosmetin was significantly faster than that of chry-
soeriol in rat microsomal phase I metabolism (Fig. 6). However, the
demethylation only explained approximately 39% of reduced sub-
strates (in a 30-min reaction), and other metabolism pathways for the
remaining 61% were still to be disclosed. It is proposed that luteolin
may indeed be methylated with a preference for 4’-O-methylation
over 3'-O-methylation, but the subsequent metabolic pathways pref-
erentially metabolized 4'-O-methylated luteolin, which led to the
apparent preference for 3'-O-methylation over 4'-O-methylation in
vivo in rat.

COMT is widely distributed throughout the organs of the body in
mammals. This result is consistent with our preliminary study that
methylation of luteolin was detected in all incubations with rat tissue
homogenates that were investigated, including liver, kidney, small
intestine, lung, erythrocyte, brain, spleen, and heart. The first five
tissues were selected for further study because of their significant role
in metabolism in vivo. The in vitro study revealed that liver showed
the highest COMT activity to luteolin, followed by the kidney, small
intestine, lung, and erythrocyte. Therefore, the liver is considered to
play the major role in methylation of luteolin in rats. However, the
contribution of other tissues should not be neglected because of the
wide distribution of COMT in nonliver tissues. For example, eryth-
rocytes display relatively low COMT activity, but they compose the

TABLE 3

Pharmacokinetic parameters of M1 and M2 after intravenous of 6.5 mg/kg
luteolin to rats

Data are expressed as the mean = S.D. n = 5.

Parameters Ml M2
AUC,_, (ug/ml * h) 2.09 £ 0.33** 0.427 + 0.054
AUC, ., (ug/ml - h) 2.28 + 0.49%%* 0.466 = 0.086
MRT,_, (h) 1.24 = 0.14%* 0.597 £ 0.035
MRT, ., (h) 1.76 = 0.52%%* 0.767 £ 0.140
t,,, (h) 1.57 = 0.75%* 0.514 = 0.140
CL (1 - h/kg) 2.94 £ 0.54%* 143 £25
V (I/kg) 6.34 = 2.50%* 103 = 1.6
Cphax (ng/ml) 2.06 £ 0.25%* 0.560 = 0.070

* P < 0.05; comparison between two groups with Student’s 7 test.
#k P < 0.01.
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FiG. 6. Phase I metabolism of M1 and M2 in rat microsomes. A, remaining M1 and
M2 after incubation for 10 and 30 min. B, luteolin demethylated from M1 and M2
after incubation for 10 and 30 min. The initial concentration of M1 or M2 was 10
M. Values are expressed as the mean * S.D. (n = 3). Data between the two groups
were compared with Student’s 7 test: *, P < 0.05; =, P < 0.01.

majority of the blood and drugs are exposed to erythrocytes for a
relatively long time, which indicates a potential contribution to phar-
macokinetics of catechol compounds. In a recent study, the platelet
was reported to have COMT activity (Wright et al.,2010), which
might mediate the methylation of luteolin in vivo. Although the small
intestine may play a minor role in methylation of luteolin when
luteolin is intravenously administrated to rats, COMT will methylate
oral drugs once absorbed into the enterocytes. Almost all of these
tissues are able to methylate luteolin in vivo; therefore, the methylated
metabolites detected in plasma or urine may result from not only liver
but also other nonliver tissues.

Because the catechol structure is always associated with many
biological activities, such as antioxidant activity and as a free radical
scavenger (Heim et al., 2002), it is essential to study whether the
pharmacodynamics of luteolin will be influenced by COMT. Of
interest, it was reported that some catechol-containing flavonoids,
such as luteolin and quercetin, displayed mutagenic activity in vitro
(Rueff et al., 1995), but in fact they did not play this role in vivo
because of wide methylation in the body (Zhu et al., 1994). On the
other hand, the metabolites (chrysoeriol and diosmetin) of luteolin not
only possessed many biological activities, as did luteolin, but also
showed specific activities (Hsu and Kuo, 2008; Cha et al., 2009; Liu
et al., 2009). Thus, it is more complex to study the pharmacodynamics
of luteolin in vivo when methylation occurs, and we should distin-
guish the effects from luteolin and metabolites in mechanism studies.

A typical treatment is to use a COMT inhibitor to prolong the
elimination half-life of L-dopa in Parkinson’s disease (Piccini et al.,
2000), and the nitrocatechol COMT inhibitors, entacapone and tolca-
pone, are widely used in clinical therapy. A further point of concern
is to discover completely new COMT inhibitors without a nitrocat-
echol structure, which possibly is associated with some side effects
(Ménnistoé and Kaakkola, 1999). Some flavonoids, such as quercetin
and tea catechins, were reported to efficiently decrease COMT activ-
ity, and might be potential COMT inhibitors (Lu et al., 2003; Singh et
al., 2003). In our current study, luteolin also showed a relatively high
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affinity for COMT; thus, it is essential to verify the inhibitory role of
luteolin on COMT in further studies.

In conclusion, the present study identified two methylated metab-
olites of luteolin both in vitro and in vivo and characterized the
enzymology of the methylation of luteolin in rat tissue homogenates.
Regioselectivity of methylation of luteolin revealed the reaction
mechanism of COMT, and different regioselectivities of the O-meth-
ylation of luteolin in in vivo versus in vitro conditions could be
explained by further metabolism. Moreover, the contribution of meth-
ylation to disposition of luteolin in rat was revealed, and COMT was
another crucial phase II enzyme for luteolin, which indicates a poten-
tial COMT-based luteolin-drug interaction. Because the methylated
metabolites (chrysoeriol and diosmetin) of luteolin have their own
pharmacological effects, it is essential to take these metabolites into
consideration when we study the pharmacological mechanism of
luteolin in vivo.

Authorship Contributions
Participated in research design: Z. Chen, Zeng, and Jiang.
Conducted experiments: Z. Chen and M. Chen.
Contributed new reagents or analytic tools: Z. Chen, Pan, Sun, and Li.
Performed data analysis: Z. Chen, Pan, Sun, Li, Zeng, and Jiang.
Wrote or contributed to the writing of the manuscript: Z. Chen, M. Chen,
Li, and Jiang.

References

Androutsopoulos VP, Papakyriakou A, Vourloumis D, Tsatsakis AM, and Spandidos DA (2010)
Dietary flavonoids in cancer therapy and prevention: substrates and inhibitors of cytochrome
P450 CYP1 enzymes. Pharmacol Ther 126:9-20.

Bonifdcio MJ, Loureiro Al Torrdo L, Fernandes-Lopes C, Wright L, Pinho MJ, and Soares-da-
Silva P (2009) Species differences in pharmacokinetic and pharmacodynamic properties of
nebicapone. Biochem Pharmacol 78:1043-1051.

Busse D, Cosme J, Beaune P, Kroemer HK, and Eichelbaum M (1995) Cytochromes of the P450
2C subfamily are the major enzymes involved in the O-demethylation of verapamil in humans.
Naunyn Schmiedebergs Arch Pharmacol 353:116-121.

Cha BY, Shi WL, Yonezawa T, Teruya T, Nagai K, and Woo JT (2009) An inhibitory effect of
chrysoeriol on platelet-derived growth factor (PDGF)-induced proliferation and PDGF recep-
tor signaling in human aortic smooth muscle cells. J Pharmacol Sci 110:105-110.

Chen T, Li LP, Lu XY, Jiang HD, and Zeng S (2007) Absorption and excretion of luteolin and
apigenin in rats after oral administration of Chrysanthemum morifolium extract. J Agric Food
Chem 55:273-2717.

de Boer VC, Dihal AA, van der Woude H, Arts IC, Wolffram S, Alink GM, Rietjens IM, Keijer
J, and Hollman PC (2005) Tissue distribution of quercetin in rats and pigs. J Nutr 135:1718—
1725.

Gradolatto A, Canivenc-Lavier MC, Basly JP, Siess MH, and Teyssier C (2004) Metabolism of
apigenin by rat liver phase I and phase II enzymes and by isolated perfused rat liver. Drug
Metab Dispos 32:58—-65.

Heim KE, Tagliaferro AR, and Bobilya DJ (2002) Flavonoid antioxidants: chemistry, metabo-
lism and structure-activity relationships. J Nutr Biochem 13:572-584.

Hsu YL and Kuo PL (2008) Diosmetin induces human osteoblastic differentiation through the
protein kinase C/p38 and extracellular signal-regulated kinase 1/2 pathway. J Bone Miner Res
23:949-960.

Kottra G and Daniel H (2007) Flavonoid glycosides are not transported by the human Na*/
glucose transporter when expressed in Xenopus laevis oocytes, but effectively inhibit electro-
genic glucose uptake. J Pharmacol Exp Ther 322:829-835.

Lau EY and Bruice TC (1998) Importance of correlated motions in forming highly reactive near
attack conformations in catechol O-methyltransferase. J Am Chem Soc 120:12387-12394.

CHEN ET AL.

Li L, Jiang H, Wu H, and Zeng S (2005) Simultaneous determination of luteolin and apigenin in
dog plasma by RP-HPLC. J Pharm Biomed Anal 37:615-620.

Li LP and Jiang HD (2006) Determination and assay validation of luteolin and apigenin in human
urine after oral administration of tablet of Chrysanthemum morifolium extract by HPLC.
J Pharm Biomed Anal 41:261-265.

Liu Z, Song XD, Xin Y, Wang XJ, Yu H, Bai YY, Liu JH, Zhang CN, and Hui RT (2009)
Protective effect of chrysoeriol against doxorubicin-induced cardiotoxicity in vitro. Chin Med
J (Engl) 122:2652-2656.

Lopez-Lézaro M (2009) Distribution and biological activities of the flavonoid luteolin. Mini Rev
Med Chem 9:31-59.

Lotta T, Vidgren J, Tilgmann C, Ulmanen I, Melén K, Julkunen I, and Taskinen J (1995) Kinetics
of human soluble and membrane-bound catechol O-methyltransferase: a revised mechanism
and description of the thermolabile variant of the enzyme. Biochemistry 34:4202—-4210.

Lu H, Meng X, and Yang CS (2003) Enzymology of methylation of tea catechins and inhibition
of catechol-O-methyltransferase by (—)-epigallocatechin gallate. Drug Metab Dispos 31:572—
579.

Lu XY, Sun DL, Chen ZJ, Chen T, Li LP, Xu ZH, Jiang HD, and Zeng S (2010) Relative
contribution of small and large intestine to deglycosylation and absorption of flavonoids from
Chrysanthemum morifolium extract. J Agric Food Chem 58:10661-10667.

Minnisto PT and Kaakkola S (1999) Catechol-O-methyltransferase (COMT): biochemistry,
molecular biology, pharmacology, and clinical efficacy of the new selective COMT inhibitors.
Pharmacol Rev 51:593-628.

Ng SP, Wong KY, Zhang L, Zuo Z, and Lin G (2004) Evaluation of the first-pass glucuronidation
of selected flavones in gut by Caco-2 monolayer model. J Pharm Pharm Sci 8:1-9.

Palma PN, Bonifdcio MJ, Loureiro AL, Wright LC, Learmonth DA, and Soares-da-Silva P (2003)
Molecular modeling and metabolic studies of the interaction of catechol-O-methyltransferase
and a new nitrocatechol inhibitor. Drug Metab Dispos 31:250-258.

Piccini P, Brooks DJ, Korpela K, Pavese N, Karlsson M, and Gordin A (2000) The catechol-
O-methyltransferase (COMT) inhibitor entacapone enhances the pharmacokinetic and clinical
response to Sinemet CR in Parkinson’s disease. J Neurol Neurosurg Psychiatry 68:589-594.

Rueff J, Gaspar J, and Laires A (1995) Structural requirements for mutagenicity of flavonoids
upon nitrosation. A structure-activity study. Mutagenesis 10:325-328.

Seelinger G, Merfort I, and Schempp CM (2008a) Anti-oxidant, anti-inflammatory and anti-
allergic activities of luteolin. Planta Med 74:1667-1677.

Seelinger G, Merfort I, Wolfle U, and Schempp CM (2008b) Anti-carcinogenic effects of the
flavonoid luteolin. Molecules 13:2628-2651.

Sesink AL, Arts IC, Faassen-Peters M, and Hollman PC (2003) Intestinal uptake of quercetin-
3-glucoside in rats involves hydrolysis by lactase phlorizin hydrolase. J Nutr 133:773-776.

Shimoi K, Okada H, Furugori M, Goda T, Takase S, Suzuki M, Hara Y, Yamamoto H, and Kinae
N (1998) Intestinal absorption of luteolin and luteolin 7-O-beta-glucoside in rats and humans.
FEBS Lett 438:220-224.

Singh A, Naidu PS, and Kulkarni SK (2003) Quercetin potentiates L-dopa reversal of drug-
induced catalepsy in rats: possible COMT/MAO inhibition. Pharmacology 68:81—88.

Soares-da-Silva P, Vieira-Coelho MA, and Parada A (2003) Catechol-O-methyltransferase
inhibition in erythrocytes and liver by BIA 3-202 (1-[3.4-dibydroxy-5-nitrophenyl]-2-phenyl-
ethanone). Pharmacol Toxicol 92:272-278.

Vidgren J (1998) X-ray crystallography of catechol O-methyltransferase: perspectives for target-
based drug development. Adv Pharmacol 42:328-331.

Wright B, Gibson T, Spencer J, Lovegrove JA, and Gibbins JM (2010) Platelet-mediated
metabolism of the common dietary flavonoid, quercetin. PLoS One 5:¢9673.

Xia ZL, Ying JY, Sheng R, Zeng S, Hu YZ, and Yao TW (2007) In vitro metabolism of BYZX
in human liver microsomes and the structural elucidation of metabolite by liquid chromatog-
raphy-mass spectrometry method. J Chromatogr B Analyt Technol Biomed Life Sci 857:266—
274.

Yee S (1997) In vitro permeability across Caco-2 cells (colonic) can predict in vivo (small
intestinal) absorption in man—fact or myth. Pharm Res 14:763-766.

Zhou P, Li LP, Luo SQ, Jiang HD, and Zeng S (2008) Intestinal absorption of luteolin from
peanut hull extract is more efficient than that from individual pure luteolin. J Agric Food Chem
56:296-300.

Zhu BT, Ezell EL, and Liehr JG (1994) Catechol-O-methyltransferase-catalyzed rapid O-meth-
ylation of mutagenic flavonoids. Metabolic inactivation as a possible reason for their lack of
carcinogenicity in vivo. J Biol Chem 269:292-299.

Address correspondence to: Dr. Huidi Jiang, Department of Pharmaceutical
Analysis and Drug Metabolism, College of Pharmaceutical Sciences, Zhejiang
University, Hangzhou 310058, China. E-mail: hdjiang@zju.edu.cn

8T0Z ‘6T AInC Uo Sfeunor 1 34S Y e Bio'sfeuunofisdse puup wouy pspeojumoq


http://dmd.aspetjournals.org/

