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ABSTRACT

Luteolin partially exerts its biologic effects via its metabolites
catalyzed by UDP-glucuronosyltransferases (UGTs) and catechol-
O-methyltransferases (COMTs). However, the interplay of UGTs and
COMTs in mediating luteolin disposition has not been well clarified.
In this study, we investigated the glucuronidation and methylation
pathways of luteolin mediated by the interplay of UGTs and COMTs
in vivo and in vitro. A total of nine luteolin metabolites was detected
in rat plasma and bile by liquid chromatography-tandem mass
spectrometry, namely, three glucuronides, two methylated metab-
olites, and four methylated glucuronides. Luteolin-3’-glucuronide
(Lut-3’-G) exhibited the highest systemic exposure among these
metabolites. Kinetics studies in rat liver S9 fractions suggested two
pathways, as follows: 1) Luteolin was glucuronidated to luteolin-7-

glucuronide, luteolin-4’-glucuronide, and Lut-3'-G by UGTs, and
then Lut-7-G was methylated to chrysoeriol-7-glucuronide and
diosmetin-7-glucuronide by COMTs. 2) Alternatively, luteolin was
methylated to chrysoeriol and diosmetin by COMTs, and then
chrysoeriol and diosmetin were glucuronidated by UGTs to their
respective glucuronides. The methylation rate of luteolin was
significantly increased by the absence of glucuronidation, whereas
the glucuronidation rate was increased by the absence of methyl-
ation, but to a lesser extent. In conclusion, two pathways mediated
by the interplay of UGTs and COMTs are probably involved in the
metabolic disposition of luteolin. The glucuronidation and methyl-
ation of luteolin compensate for each other, although glucuronida-
tion is the predominant pathway.

Introduction

Luteolin (3’,4',5,7-tetrahydroxyflavone) is one of the most common
catechol-type flavonoids present in edible plants and medical herbs, such
as carrot, pepper, olive oil, celery, peppermint, and perilla leaf (L6pez-
Lazaro, 2009). Preclinical studies have revealed that luteolin possesses a
wide range of pharmacological effects, including anti-angiogenic (Park
et al., 2012), antioxidative (L6pez-Lazaro, 2009), anti-inflammatory,
and neuroprotective (Dirscherl et al., 2010) activities. Moreover, the
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antioxidative property of luteolin is claimed to be responsible for its
protective effect against cancers (Seelinger et al., 2008).

Glucuronidation mediated by UDP-glucuronosyltransferases (UGTSs)
and methylation mediated by catechol-O-methyltransferases (COMTs)
are two important metabolic pathways of luteolin in animals and humans
(Boersma et al., 2002; Lemanska et al., 2004). Luteolin-7-glucuronide
(Lut-7-G), a glucuronidated metabolite of luteolin, shows potential anti-
inflammatory activity in lipopolysaccharide-treated RAW 264.7 cells
(Kure et al., 2016). Two methylated metabolites, chrysoeriol and
diosmetin, also exert cardioprotective (Liu et al., 2009), antioxidant
(Mishra et al., 2003), and antimicrobial (Chan et al., 2013) activities.
Thus, the comprehensive investigation of metabolic disposition that is
mediated by UGTs and COMTs is vital in understanding the mechanism
of pharmacological activities of luteolin.

The luteolin monoglucuronide is the major form of luteolin in human
serum and rat plasma (Shimoi et al., 1998). Luteolin-3’-glucuronide
(Lut-3'-G), luteolin-4'-glucuronide (Lut-4’-G), and Lut-7-G have been
identified in rat plasma, liver, kidney, and small intestine (Kure et al.,
2016). Lut-3’-G was the major metabolite, whereas methylated
metabolites were undetected. Additionally, Lut-7-G, Lut-4'-G, and

ABBREVIATIONS: Chr-4'-G, chrysoeriol-4’-glucuronide; Chr-7-G, chrysoeriol-7-glucuronide; COMT, catechol-O-methyltransferase; diG, diglu-
curonide; Dio-3'-G, diosmetin-3’-glucuronide; Dio-7-G, diosmetin-7-glucuronide; IS, internal standard; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; Lut-3’-G, luteolin-3’-glucuronide; Lut-4’-G, luteolin-4’-glucuronide; Lut-7-G, luteolin-7-glucuronide; RLS9, rat liver S9 fraction;
SAM, S-adenosine-L-methionine iodized salt; UDPGA, uridine diphosphate glucuronic acid; UGT, UDP-glucuronosyltransferase; UHPLC, ultra-high

performance liquid chromatography.
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Lut-3’-G were found in microsomal samples with different formation
ratios, as proved by an in vitro study (Boersma et al., 2002). However,
the formation ratios of these glucuronides in this study were based on the
peak area measured by high performance liquid chromatography, which
did not represent their actual metabolic rates. In our previous studies,
UGT1A9 catalyzed glucuronidation of luteolin to generate Lut-7-G,
Lut-3'-G, Lut-4'-G, and luteolin-3’,4’-diglucuronide (diG) in human
liver microsomes and HeLa-UGT1A9 cells. The formation rate of
Lut-7-G was the highest, followed by Lut-3’-G (Tang et al., 2014). In
addition, two novel diGs, namely, luteolin-3’,7-diG and luteolin-4',7-
diG, were identified in human UGTs; a novel luteolin-5-glucuronide was
found in mice intestinal perfusate (Wu et al., 2015). Despite these
thorough investigations of luteolin glucuronidation, the role of methyl-
ation in luteolin disposition was always neglected.

Based on the structure of catechol, luteolin is a substrate of COMTs;
only one of the catechol hydroxyl groups (3'-hydroxyl or 4’-hydroxyl)
can be methylated (Chen et al., 2013). It has been demonstrated that
luteolin, luteolin monoglucuronides, and methylated luteolin glucu-
ronides (chrysoeriol or diosmetin glucuronides) were present in rat
plasma after dosing. However, the chromatographic separation and
structural identification of these isomeric methylated glucuronides are
challenging (Shimoi et al., 2000). Recently, the two methylated
metabolites, chrysoeriol and diosmetin, were simultaneously identi-
fied and isolated in rat urine hydrolyzed with hydrochloric acid after
i.v. administration of luteolin (Chen et al., 2011). In fact, the two
methylated metabolites (chrysoeriol and diosmetin) mainly occurred
as conjugate forms in vivo; the determination of chrysoeriol and
diosmetin in biologic samples that were hydrolyzed before analysis
will not reflect their real exposure and disposition. To date, the
systematic exposure and metabolic pathways of luteolin that are
catalyzed by the interplay of UGTs and COMTs in vivo remain
unclear. The relationship between glucuronidation and methylation in
luteolin disposition is also unknown.

Therefore, the current study aimed to characterize the metabolic
disposition of luteolin mediated by the interplay of UGTs and COMTs.
The isomeric glucuronidated and methylated metabolites in rat plasma
and bile after oral administration of luteolin were determined by liquid
chromatography—tandem mass spectrometry (LC-MS/MS). In vitro
studies were performed using rat liver S9 fractions (RLS9) to predict

903 +ESI MRM Luteolin plasma sample
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the metabolic pathways and relationship between glucuronidation and
methylation in luteolin disposition.

Materials and Methods

Chemicals and Reagents. Luteolin and diosmetin were purchased from
Chengdu Must Bio-technology (Chengdu, China). Chrysoeriol was supplied by
Extrasynthese (Genay, France). Lut-7-G and Lut-3'-G were obtained from
Shifeng Biotechnology (Shanghai, China). Diosmetin-7-glucuronide (Dio-7-G)
was purchased from Toronto Research Chemicals (Toronto, Canada). Lut-4’-G,
chrysoeriol-7-glucuronide (Chr-7-G), chrysoeriol-4’-glucuronide (Chr-4'-G), and
diosmetin-3’-glucuronide (Dio-3'-G) were enzymatically synthesized and inden-
tified in our laboratory previously (Tang et al., 2009; Li et al., 2015). Tilianin,
used as internal standard (IS), was provided by the Department of Pharmacy, First
Aftfiliated Hospital to Shihezi University. The purity of each compound exceeded
98%. Saccharolactone, alamethicin, MgCl,, uridine diphosphate glucuronic acid
(UDPGA), S-adenosine-L-methionine iodized salt (SAM), and EGTA were
purchased from Sigma-Aldrich (St. Louis, MO). RLS9 were prepared following
the protocol as described in publication (Chen et al., 2003; Zhu et al., 2010). All
other reagents were analytical grade or better.

Animals. Male Sprague-Dawley rats weighing 250-300 g were obtained from
the Laboratory Animal Center of the Guangzhou University of Chinese Medicine.
The animal protocols were approved by the Institutional Animal Care and Uses
Committee of Guangzhou University of Chinese Medicine. The rats were kept in
an environmentally controlled room (temperature, 25 * 2°C; humidity, 50 % 5%;
12-hour dark-light cycle) and fed with the AIN 93M diet from Trophic Animal
Feed High-Tech (Nantong, Jiangsu, China) for at least 1 week before the
experiments. The rats were fasted for 12 hours with free access to water prior to
the study.

Ultra-High Performance Liquid Chromatography and LC-MS/MS
Analysis. Ultra—high performance liquid chromatography (UHPLC) analysis
was performed using an Agilent 1290 UHPLC system equipped with a G4212A
diode array detector (Agilent Technologies, Santa Clara, CA). Separation was
achieved by a Cosmosil cholester-packed column (2.5 wm, 2.0 x 100 mm;
Cosmosil, Kyoto, Japan) with mobile phase A of 0.1% formic acid and mobile
phase B of 100% acetonitrile. The flow rate was set at 0.3 mL/min. The following
gradient solvent system was used: 0—1 minute, 20-20% B; 1-12 minutes, 20-30%
B; 12-21 minutes, 30-30% B; 21-21.5 minutes, 30-90% B; 21.5-22 minutes,
90-90% B; and 22-22.5 minutes, 90-20% B. Analytes were monitored at 254 and
330 nm.

LC-MS/MS analysis was operated with the same UHPLC system coupled to an
Agilent 6460 Triple Quadrupole mass system with an electrospray ionization
source in the positive mode. The main working parameters for the mass

Fig. 1. Typical multiple reaction monitoring
chromatograms of luteolin and its metabolites
(Lut-7-G, Lut-4'-G, Lut-3'-G, Chr-7-G, Dio-7-G,
Chr-4'-G, Dio-3'-G, chrysoeriol, and diosmetin)
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7-G, Chr-4'-G, and Dio-3’-G). Blue peak: the
chromatograms of luteolin-methylated metabo-
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Fig. 2. Concentrations of luteolin glucuronides
(Lut-7-G, Lut-4’-G, and Lut-3'-G) and luteolin-
methylated glucuronides (Chr-7-G, Dio-7-G, Chr-
4'-G, and Dio-3'-G) in plasma at 20, 60, and
360 minutes, as well as their cumulative excretion
in bile samples within 24 hours after the oral
administration of luteolin (5 mg/kg) to rats. (A and
B) Plasma concentrations of glucuronides and
methylated glucuronides at 20, 60, and 360 minutes
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after gavage. The symbol “*” shows the significant
differences of plasma concentration among the
different glucuronides or methylated glucuronides
(P < 0.05). (C and D) Cumulative excretion of
glucuronides and methylated glucuronides in bile
samples within 24 hours. Significant differences of
cumulative excretion were found among the
different glucuronides (*P < 0.05 versus Lut-3'-
G). Only two methylated glucuronides (Chr-7-G
and Dio-7-G) were detected in rat bile, and no
significant differences were found between Chr-
7-G and Dio-7-G (P > 0.05). Each point or column
represents the mean of four determinations. The
error bar represents the S.D. of the mean (n = 4,
mean * S.D.).
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spectrometry detection were capillary voltage, 3.5 kV; nozzle voltage, 1.5 kV;
sheath gas temperature, 350°C; and desolvation temperature, 300°C. Acquisition
was performed in multiple reaction monitoring mode at the m/z transitions of
463—287 for Lut-7-G, Lut-4’-G, and Lut-3'-G; 477—301 for Chr-7-G, Dio-7-G,
Chr-4'-G, and Dio-3'-G; 287—153 for luteolin; 301—286 for chrysoeriol and
diosmetin; and 447—285 for tilianin (IS).

In Vivo Metabolism of Luteolin in Rats. Rats were randomly assigned to
four groups (four rats per group). The first three groups were used for blood
collection from abdominal aorta at 20, 60, and 360 minutes after oral
administration of luteolin (5 mg/kg), respectively. All blood samples were
immediately centrifuged at 5510g for 8 minutes to obtain plasma samples. Rats in
the fourth group were anesthetized by ether, and their bile duct was cannulated
using a polyethylene tube (BD Biosciences, Woburn, MA; i.d., 0.28 mm; o.d.,
0.61 mm). After recovery from anesthesia, luteolin was orally administrated to
rats (5 mg/kg), and bile samples were collected for 24 hours. All plasma and bile
samples were stored at —80°C until further analysis.

4 6 8 10 12 24

Post-dosing Time (h)

Plasma and bile samples (10 puL) were mixed with cold methanol
(80 nL), and the mixture was vortexed for 3 minutes. After centrifugation at
19,357g for 10 minutes, 70 uL supernatant was evaporated until dry in a
vacuum drying oven. The residue was redissolved in 60 uL 50% methanol
aqueous solution and centrifuged at 19,357¢ for 30 minutes before the
LC-MS/MS analysis.

Glucuronidation Kinetics of Luteolin, Chrysoeriol, and Diosmetin in
RLS9. The hepatic glucuronidations of luteolin, chrysoeriol, and diosmetin were
estimated with RLS9 adapted from a previous study (Liu et al., 2010). The
incubation mixtures contained 50 mM potassium phosphate buffer (pH 7.4),
RLS9 (final concentration at 0.01 mg/mL for luteolin and diosmetin; 0.005 mg/
mL for chrysoeriol), MgCl, (0.88 mM), saccharolactone (4.4 mM), alamethicin
(0.022 mg/mL), and different concentrations of substrate (0.3125-80 uM for
luteolin and diosmetin; 0.0781-20 uM for chrysoeriol). The reaction was started
by adding 3.5 mM UDPGA, followed by incubation at 37°C for 30 minutes.
Finally, the mixture was terminated by adding of the IS solution (2.5 uM tilianin
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Fig. 4. Kinetics of luteolin (A), chrysoeriol (B), and diosmetin (C) glucuronidation by RLS9 at different concentrations (0.3125-80 uM for luteolin and diosmetin;
0.0781-20 uM for chrysoeriol). Each inset shows the Eadie-Hofstee plot. For luteolin glucuronidation, the formations of Lut-7-G (Aa) and Lut-4'-G (Ac) were
fitted using the substrate inhibition model; Lut-3'-G (Bb) formation followed the Michaelis—Menten equation. For chrysoeriol glucuronidation, the formations of
Chr-7-G (Bd) and Chr-4'-G (Be) were fitted using the Michaelis—Menten equation. For diosmetin glucuronidation, Dio-7-G (Cf) and Dio-3'-G (Cg) formation
followed the autoactivation and the substrate inhibition model, respectively. The RLS9 concentrations were 0.005-0.01 mg/mL, and the incubation time was
30 minutes. All incubations were performed in triplicate. Each point represents the mean of three determinations. The error bar represents the S.D. of the mean

(n =3, mean = S.D.).

in acetonitrile) and centrifuged at 19,357¢ for 30 minutes before the UHPLC
assay. All samples were performed in triplicate.

Methylation Kinetics of Luteolin and Lut-7-G in RLS9. The hepatic
methylation of luteolin and Lut-7-G in this study was evaluated, as described in
literature with minor modification (Bonifécio et al., 2009). Briefly, the reaction
mixture contained RLS9 (final concentration at 0.25 mg/mL), EGTA (0.88 mM),
and different concentrations of substrate (0.125-80 uM for luteolin; 1.25-60 uM
for Lut-7-G) in 50 mM phosphate buffer (pH 7.4). SAM (0.5 mM) was later added
to the reaction mixture. Samples were performed in triplicate and incubated at
37°C. The incubation times were 20 and 30 minutes for luteolin and Lut-7-G,
respectively. Reactions were terminated by adding the IS solution (2.5 uM tilianin
in acetonitrile) and centrifuged at 19,357g for 30 minutes before the UHPLC
analysis.

Glucuronidation Kinetics and Methylation Kinetics of Luteolin in
Combined UGT-COMT Coreactions. The combined UGT-COMT coreaction
mixture contained RLS9 (final concentration at 0.25 mg/mL), MgCl, (0.44 mM),
saccharolactone (2.2 mM), alamethicin (0.011 mg/mL), EGTA (0.44 mM), and
different concentrations of luteolin (0.125-600 ©M) in 50 mM phosphate buffer
(pH 7.4). SAM (0.25 mM) and UDPGA (1.75 mM) were subsequently added to
the reaction. Samples were performed in triplicate and incubated at 37°C for
30 minutes. Reactions were terminated by adding the IS solution (200 nM tilianin
in acetonitrile), and then centrifuged at 19,357g for 30 minutes before the LC-MS/
MS analysis.

Interplay of UGTs and COMTs in Disposition of Luteolin in Combined
UGT-COMT Coreactions. The interplay of UGTs and COMTs in luteolin
disposition was observed in the absence of UDPGA (1.75 mM) or SAM
(0.25 mM) in combined UGT-COMT coreactions. Three different concentrations
(1,5, and 10 uM) of luteolin were incubated in coreaction mixture for 30 minutes.
Control incubations contained all vehicles and corresponding substrate (both

UDPGA and SAM were added). All samples were performed in triplicate and
analyzed by LC-MS/MS.

Data Analysis. Kinetic parameters were obtained based on the profile of
Eadie-Hofstee plots and fitted with the Michaelis-Menten equation or other
previously described equations (Zhu et al., 2015). If Eadie-Hofstee plot was
linear, formation rates (V) of metabolites at various respective substrate
concentrations (C) were fit to the Michaelis—-Menten equation:

V= Vimax X C (1)
Km +C
where K, is the Michaelis—Menten constant and V,,,,, is the maximum rate of
formation of the metabolites.
When Eadie-Hofstee plots showed substrate inhibition kinetics, the reaction
rate (V) was fit to eq. 2:

= Vm—a" (2)
1+ (K,./C) + (C/K;)
where C is the substrate concentration, V is the initial reaction rate, V. is the
maximum enzyme velocity, K,, is the substrate concentration required to achieve
50% of V., and K; is the substrate inhibition constant.
If Eadie-Hofstee plots revealed characteristic profiles of autoactivation and
biphasic kinetics, the data were fit to eq. 3 and eq. 4, respectively.

_ [Vmax—() + Vmax—d X (I‘ECR) ] x C

Vv
K,+C

3)

where V,,,...0 and V,,,... 4 1s the intrinsic enzyme activity and the maximal induction
of enzyme activity, respectively. R is the rate of enzyme activity induction, C is

TABLE 1

Apparent kinetic parameters of luteolin, chrysoeriol, and diosmetin glucuronidation obtained from RLS9

Calculations were based on curve fitting using the Michaelis—Menten equation, substrate inhibition, or autoactivation model, as described in Materials and Methods. Data are expressed as the mean

+ S.D.,n=3.
Metabolites K, (umol/L) Vinax (nmol/mg/min) CL;,, (mL/min/mg) K; (umol/L)
Lut-7-G* 55 1.1 53 =05 1.0 £ 03 226 = 100
Luteolin Lut-4'-G* 22 *£05 09 = 0.1 0.4 = 0.1 221 = 98
Lut-3"-G” 8.6 = 1.2 6.0 =03 0.7 % 0.1
Chrysoeriol Chr-7-G” 3503 39 £ 0.1 1.1 £0.1
y Chr-4'-G? 0.3 £0.1 23 = 0.1 82 £25
Diosmetin Dio-7-G¢ 62+ 16 38 £05 0.6 = 0.1
Dio-3'-G* 25 *04 6.1 £04 25 +02 425 *+ 246

“Substrate inhibition equation.
"Michaelis-Menten equation.
“Autoactivation equation.
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where V,,,..; and V,,..> is the maximum enzyme velocity of the high-affinity phase
and the low-affinity phase, respectively. K,,; is concentration of substrate to
achieve half of V,,,,; for high-affinity phase, and K,,,, is concentration of substrate
to achieve half of V.. for low-affinity phase.

Statistical Analysis. One-way analysis of variance with or without Tukey—
Kramer multiple comparison (post hoc) tests was used by the software SPSS 19.0
to evaluate statistical differences. Differences were considered significant when
P < 0.05.

Results

Metabolic Profiles of Luteolin in Rat Plasma and Bile Samples.
The metabolites in plasma and bile samples would provide useful
information for investigating the metabolic disposition of luteolin
in vivo. In this study, luteolin, three glucuronides (Lut-7-G, Lut-4'-G,
and Lut-3'-G), two methylated metabolites (chrysoeriol and diosmetin),
and four methylated glucuronides (Chr-7-G, Dio-7-G, Chr-4'-G, and
Dio-3’-G) of luteolin were detected in plasma samples after oral
administration of luteolin (5 mg/kg) to rats. For bile samples, luteolin,
Lut-7-G, Lut-4'-G, Lut-3’-G, chrysoeriol, diosmetin, Chr-7-G, and Dio-
7-G were detected. Thus, glucuronides and methylated glucuronides
catalyzed by UGTs and COMTs appeared to be the predominant
metabolites of luteolin in vivo.

The multiple reaction monitoring chromatograms of luteolin and its
metabolites in rat plasma and bile samples after oral administration of

luteolin, as analyzed by LC-MS/MS, are shown in Fig. 1. The
established LC-MS/MS method exhibited a run time of 22.5 minutes;
isomeric compounds were well separated under the chromatographic
condition and identified by their retention times with those purchased
and synthesized standards. The retention times of isomeric glucuronides
followed the order: Lut-7-G (5.0 minutes) < Lut-4'-G (7.4 minutes)
< Lut-3’-G (8.6 minutes). The retention times of isomeric methylated
glucuronides followed the order: Chr-7-G (7.4 minutes) < Dio-7-G
(7.8 minutes) < Chr-4’-G (8.1 minutes) < Dio-3'-G (9.1 minutes). For
methylated metabolites, the retention times of chrysoeriol and diosmetin
were 18.8 and 19.3 minutes, respectively.

Quantitative Assesment of the Metabolites of Luteolin Catalyzed
by UGTs and COMTs in Rat Plasma and Bile Samples. The
amounts of luteolin, chrysoeriol, and diosmetin in both plasma and bile
samples were too low for quantification, only their conjugates were
quantified by LC-MS/MS. The plasma concentrations of these metab-
olites at 20, 60, and 360 minutes, as well as their cumulative excretions
in bile samples within 24 hours after oral administration of luteolin in
rats, are shown in Fig. 2. The results showed that the amounts of Lut-
3'-G were 88-, 32-, and 28-fold higher than that of Lut-4'-G, and 112-,
38-, and 22-fold higher than Lut-7-G in rat plasma at 20, 60, and
360 minutes (Fig. 2A; P < 0.05). Consistent with the results observed in
plasma, the cumulative biliary excretion of Lut-3'-G was also signifi-
cantly higher than those of Lut-4'-G (2.2-fold) and Lut-7-G (2.6-fold)
(Fig. 2C; P < 0.05).

Among the methylated glucuronides of luteolin, Dio-3'-G and Chr-
4'-G, especially Dio-3'-G, exhibited a markedly higher exposure than
Chr-7-G and Dio-7-G in plasma samples (Fig. 2B; P < 0.05). For
diosmetin glucuronides, the plasma concentrations of Dio-3'-G were

Fig. 6. Kinetics of luteolin (A) and Lut-7-G (B) methylation by RLS9
at different concentrations (0.125-80 uM for luteolin; 1.25-60 uM for
Lut-7-G). Each inset shows the Eadie-Hofstee plot. For luteolin
methylation, the formation of chrysoeriol (Aa) and diosmetin (Ab) was

fitted using the biphasic model. For Lut-7-G methylation, the formation
of Chr-7-G (Bc) and Dio-7-G (Bd) was fitted using the Michaelis—
Menten equation. The RLS9 concentration was 0.25 mg/mL, and the
incubation times for luteolin and Lut-7-G were 20 minutes and
30 minutes, respectively. All incubations were performed in triplicate.

Each point represents the mean of three determinations. The error bar

A Luteolin methylation by RLS9 B Lut-7-G methylation by RLS9
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80 represents the S.D. of the mean (n = 3, mean = S.D.).
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TABLE 2

Apparent kinetic parameters of luteolin and Lut-7-G methylation obtained
from RLS9

Calculations were based on curve fitting using the Michaelis-Menten equation or biphasic
model, as described in Materials and Methods. Data are expressed as the mean = S.D., n = 3.

Metabolites K, (umol/L)  V,,, (nmol/mg/min)  CL;,, (mL/min/mg)
Luteolin Chrysoeriol”  33.8 * 4.1 1.06 = 0.05 0.03 = 0.01

Diosmetin® 179 = 1.7 092 *0.14 0.05 = 0.01
Lutg.g Che7-GY 8906 038 =001 0.04 + 0.01

Dio-7-G" 151 = 1.1 0.67 £ 0.02 0.04 = 0.01

“Biphasic equation.
"Michaelis-Menten equation.

4.0-, 10.8-, and 9.4-fold higher than that of Dio-7-G at 20, 60, and
360 minutes. For chrysoeriol glucuronides, Chr-4'-G showed 2.2-, 3.5-,
and 2.7-fold higher plasma exposure than that of Chr-7-G at 20, 60, and
360 minutes, respectively. However, unlike the findings in plasma, Dio-
3'-G and Chr-4'-G were absent in rat bile samples; only Dio-7-G and Chr-
7-G were detected and showed a similar cumulative excretion (53 nmol/g
for Chr-7-G; 57 nmol/g for Dio-7-G) in rat bile for 24 hours (Fig. 2D).
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Glucuronidation of Luteolin, Chrysoeriol, and Diosmetin in
RLS9. To investigate the glucuronidation pathways of luteolin,
chrysoeriol, and diosmetin by UGTs in rat liver, the glucuronidation
kinetics of luteolin, chrysoeriol, and diosmetin were evaluated in the
UDPGA-supplemented RLS9. The UHPLC chromatograms of luteolin,
chrysoeriol, diosmetin, and their respective glucuronides following RLS9
incubation are shown in Fig. 3. Three metabolites of luteolin, namely Lut-
7-G, Lut-4'-G, and Lut-3'-G, were generated in RLS9 (Fig. 3A). Two
metabolites were detected in RLS9 both for chrysoeriol and diosmetin.
Chrysoeriol was converted to Chr-7-G and Chr-4’-G (Fig. 3B), and
diosmetin was converted to Dio-7-G and Dio-3'-G (Fig. 3C).

Figure 4 shows the glucuronidation kinetic curves of luteolin,
chrysoeriol, and diosmetin. For luteolin glucuronidation, the formations
of Lut-7-G and Lut-4'-G were fitted using the substrate inhibition model,
as evidenced by the Eadie-Hofstee plot (Fig. 4, Aa and Ac), whereas Lut-3'-G
formation followed the Michaelis—-Menten equation (Fig. 4Ab). For chrys-
oeriol glucuronidation, the formations of Chr-7-G and Chr-4'-G were fitted
using the Michaelis-Menten equation (Fig. 4, Bd and Be). For diosmetin
glucuronidation, Dio-7-G and Dio-3'-G formation followed the autoactivation
and the substrate inhibition model, respectively (Fig. 4, Cf and Cg).
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Fig. 7. Kinetics of luteolin glucuronidation and methylation by RLS9 in UGT-COMT coreactions at different concentrations (0.125-600 uM). (A-I) Kinetic curves for the
formation of Lut-7-G, Lut-4'-G, Lut-3'-G, Chr-7-G, Dio-7-G, Chr-4'-G, Dio-3'-G, chrysoeriol, and diosmetin in reaction mixture. Each inset shows the Eadie-Hofstee plot.

Lut-7-G, Lut-4'-G, and Lut-3'-G formation were fitted using the Michaelis—Menten

equation; Chr-7-G and Chr-4’-G formation were fitted using the substrate inhibition

model. Other metabolites were fitted using the autoactivation equation. The RLS9 concentration was 0.25 mg/mL, and the incubation time was 30 minutes. All incubations
were performed in triplicate. Each point represents the mean of three determinations. The error bar represents the S.D. of the mean (n = 3, mean = S.D.).
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TABLE 3

Apparent kinetic parameters of luteolin glucuronidation and methylation obtained
from RLS9 in UGT-COMT coreactions

Calculations were based on curve fitting using the Michaelis-Menten equation, substrate
inhibition, or autoactivation model, as described in Materials and Methods. Data are expressed as
the mean = S.D., n = 3.

Metabolites K,, (umol/L) V,,,, (nmol/mg/min) CL;,, (mL/min/mg) K; (umol/L)
Lut-7-G* 99 £ 1.6 2.58 = 0.11 0.26 = 0.03

Lut-4'-G“ 29 03 0.69 = 0.01 0.24 = 0.02

Lut-3'-G“ 11.5 £ 0.6 3.08 = 0.05 0.27 = 0.02

Chr-7-G* 73 £ 1.8 0.17 = 0.02 0.02 = 0.01 59 = 17
Dio-7-G¢ 94 * 6.0 0.90 = 0.40 0.11 = 0.03

Chr-4'-G” 124 £ 45 0.24 = 0.06 0.02 = 0.01 18 =7
Dio-3'-G 444 + 6.8 0.24 = 0.02 0.01 = 0.01

Chrysoeriol® 1.3 £09 1.04 = 0.18 1.16 = 0.86

Diosmetin® 6.6 04 2.59 *0.15 0.39 + 0.01

“Michaelis—-Menten equation.
“Substrate inhibition equation.
“Autoactivation equation.

Table 1 displays the apparent kinetic parameters of luteolin,
chrysoeriol, and diosmetin glucuronidation by RLS9. The intrinsic
clearances (CL;y;, V,ad/K,y) of Lut-7-G, Lut-4'-G, and Lut-3'-G were
1.0 = 0.3, 0.4 £ 0.1, and 0.7 £ 0.1 mL/min/mg, respectively. The K;
values of Lut-7-G and Lut-4'-G were 226 * 100 and 221 = 98 uM. For
chrysoeriol glucuronidation, the CL;,, values of Chr-7-G and Chr-4'-G
were 1.1 £ 0.1 and 8.2 = 2.5 mL/min/mg. For diosmetin glucuroni-
dation, the CL,,, values of Dio-7-G and Dio-3'-G were 0.6 = 0.1 and
2.5 = 0.2 mL/min/mg, respectively. The K; value of Dio-3'-G was
425 * 246 uM.

Methylation of Luteolin and Lut-7-G in RLS9. Luteolin was
rapidly metabolized into two methylated metabolites (chrysoeriol and
diosmetin) in the SAM-supplemented RLS9 (Fig. 5A), and the retention
times of chrysoeriol and diosmetin were later than that of luteolin.
Figure 6A shows the methylation kinetic curves of luteolin. According
to the Eadie-Hofstee plot (Fig. 6, Aa and Ab), the formation of
chrysoeriol and diosmetin was fitted using the biphasic model. With
3',4'-dihydroxyl groups, Lut-7-G could be methylated by COMTs
theoretically. There have been no reports on methylation metabolism of
Lut-7-G. In our study, methylation of Lut-7-G was also observed in
RLS9, with Chr-7-G and Dio-7-G as the two methylated metabolites
(Fig. 5B). The formation of Chr-7-G and Dio-7-G was fitted using the
Michaelis—Menten equation (Fig. 6, Bc and Bd).

The apparent kinetic parameters of luteolin and Lut-7-G methylation
are listed in Table 2. The results showed that luteolin was methylated,
with a preference for diosmetin (4'-O-methylation) over chrysoeriol (3'-
O-methylation). The CL;,, values of chrysoeriol and diosmetin were 0.03
* 0.01 and 0.05 * 0.01 mL/min/mg, respectively. These data suggested
that 4’'-O-methylation was the prior reaction for luteolin in vitro.
Compared with luteolin, the methylated metabolites of Lut-7-G, namely
Chr-7-G and Dio-7-G, showed the same CL;,, value (0.04 = 0.01 mL/
min/mg) in RLS9.

Glucuronidation and Methylation of Luteolin in RLS9. The
glucuronidation and methylation kinetics of luteolin were investigated in
the UGT-COMT coreaction system generated by RLS9. As shown in
Fig. 7, luteolin was rapidly converted to Lut-7-G, Lut-4'-G, Lut-3'-G,
Chr-7-G, Dio-7-G, Chr-4'-G, Dio-3'-G, chrysoeriol, and diosmetin in
the UGT-COMT coreaction system. Lut-7-G, Lut-4'-G, and Lut-3'-G
were fitted using the Michaelis—Menten equation (Fig. 7, A—C); Chr-
7-G and Chr-4’-G were fitted using the substrate inhibition model
(Fig. 7, D and F). Other metabolites were fitted using the autoacti-
vation equation. Apparent kinetic parameters of these metabolites are
listed in Table 3.

Wang et al.

Among these metabolites, the CL;,; values of glucuronides (0.24—
0.27 mL/min/mg) were higher than those of methylated glucuronides of
luteolin (0.01-0.11 mL/min/mg). Moreover, chrysoeriol and diosmetin
showed the lowest CL;,, values (1.16 = 0.86 and 0.39 = 0.01 mL/min/
mg, respectively). These results elucidated that glucuronidation contrib-
uted the most to clearance of luteolin, and the methylated metabolites
(chrysoeriol and diosmetin) were further glucuronidated rapidly by
UGTs in UGT-COMT coreaction system. The apparent CL;,, values of
Lut-7-G, Lut-4'-G, and Lut-3'-G were 0.26 = 0.03, 0.24 * 0.02, and
0.27 = 0.02 mL/min/mg in the coreaction system. For methylated
glucuronides of luteolin, the K; values of Chr-7-G and Chr-4'-G were
59 = 17 and 18 = 7 uM. The CL;,; values of Chr-7-G, Dio-7-G,
Chr-4'-G, and Dio-3'-G in the coreaction system were 0.02 = 0.01,
0.11 = 0.03, 0.02 = 0.01, and 0.01 = 0.01 mL/min/mg, respectively.

Interplay of UGTs and COMTs in Luteolin Disposition in RLS9.
UGTs combined with COMT reactions were also conducted to de-
termine whether glucuronidation and methylation reactions influence
each other in luteolin disposition in rat liver. The absence of UDPGA
(1.75 mM) or SAM (0.25 mM) during the methylation and glucur-
onidation of luteolin was observed in the UGT-COMT coreaction
systems (Fig. 8). Figure 8A shows the effects of the absence of SAM
during luteolin glucuronidation in mixed reactions. When 1 uM luteolin
was incubated in the absence of SAM, chrysoeriol, diosmetin, Chr-7-G,
Dio-7-G, Chr-4’-G, and Dio-3'-G were undetected, whereas the
formations of Lut-7-G, Lut-4'-G, Lut-3'-G, and luteolin were signifi-
cantly increased by 3.7-, 1.7-, 1.4-, and 1.9-fold compared with the
corresponding control (P < 0.05; Fig. 8A1). The same trend was found
for luteolin at 5 and 10 uM in RLS9 (P < 0.05; Fig. 8, A2 and A3). The
formation of Lut-7-G, Lut-4'-G, Lut-3'-G, and luteolin was increased by
2.1-, 1.6-, 1.4-, and 2.9-fold when 5 uM luteolin was incubated in the
absence of SAM. For 10 uM luteolin, the formation of Lut-7-G, Lut-4'-
G, Lut-3'-G, and luteolin was increased by 1.7-, 1.6-, 1.3-, and 2.4-fold,
respectively. These results illustrated that the glucuronidation rate of
luteolin was inhibited by competing methylation. Similarly, glucuroni-
dation blocking had shifted luteolin metabolism toward methylation, as
indicated by the increased formation of chrysoeriol, diosmetin, and
luteolin.

In contrast, the absence of UDPGA significantly increased the
chrysoeriol, diosmetin, and luteolin formation by 307-, 24-, and 193-
fold compared with controls in RLS9 with 1 uM luteolin (P < 0.05; Fig.
8B1). This trend was also observed for 5 and 10 uM luteolin. The
formation of chrysoeriol, diosmetin, and luteolin was significantly
increased by 61-, 26-, and 166-fold with 5 uM luteolin (P < 0.05; Fig.
8B2). For 10 uM luteolin, the formation of chrysoeriol, diosmetin, and
luteolin was significantly increased by 21-, 16-, and 100-fold (P < 0.05;
Fig. 8B3). Given these results, glucuronidation markedly inhibited
luteolin methylation, whereas methylation inhibited luteolin glucuroni-
dation to a lesser extent.

Discussion

Due to the extensive metabolism by UGTs and COMTs, luteolin is
hardly detected and is mainly present in the form of glucuronides and
methylated glucuronides in vivo. The structure of luteolin-methylated
glucuronides is too similar to separate using a conventional C18 column.
In our study, a Cosmosil cholester-packed column (2.5 pum, 2.0 x
100 mm; Cosmosil), which has a higher molecular recognition ability,
was used to separate these isomeric methylated glucuronides. The
identification of the metabolites was performed by comparing of
retention times using the biosynthesized standards. These standards
were enzymatically synthesized and identified by analyzing mass-
spectrometric fragmentation and shift in UV absorption spectra, as
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Fig. 8. The influence of absence of SAM or UDPGA on the glucuronidation and methylation of luteolin by RLS9 in UGT-COMT coreactions. Three different
concentrations (1, 5, and 10 uM) of luteolin were used in the experiment. (A1-A3) 1, 5, and 10 uM luteolin was incubated in the absence and presence of SAM, respectively;
(B1-B3) 1, 5, and 10 uM luteolin was incubated in the absence and presence of UDPGA, respectively. The RLS9 concentration was 0.25 mg/mL, and the incubation time
was 30 minutes. All incubations were performed in triplicate. Each column represents the mean of three determinations. The error bar represents the S.D. of the mean (n = 3,
mean * S.D.). Significant differences (P < 0.05, marked by *) compared with the corresponding control group were described.

described in our previous publication (Tang et al., 2009; Li et al., 2015).
A total of nine luteolin metabolites was detected in rat plasma and bile,
including three glucuronides (Lut-7-G, Lut-4'-G, and Lut-3'-G), two
methylated metabolites (chrysoeriol and diosmetin), and four methyl-
ated glucuronides (Chr-7-G, Dio-7-G, Chr-4'-G, and Dio-3'-G). The
glucuronides, especially Lut-3'-G, exhibited the highest systemic
exposure among these metabolites. This study is the first to show that
the systemic exposure of luteolin is mediated by the interplay of UGTs
and COMTs in vivo.

Given these metabolites of luteolin identified in our study, the
proposed pathways of luteolin as proved by subsequent in vitro studies
are shown in Fig. 9. We proposed two major pathways of disposition, as
follows: 1) Luteolin was primarily methylated to chrysoeriol and
diosmetin by COMTs, then chrysoeriol, diosmetin, and the remaining
luteolin were glucuronidated to their corresponding glucuronides by
UGTs; and 2) Luteolin was preferentially glucuronidated to Lut-7-G,
Lut-4'-G, and Lut-3'-G, whereas some Lut-7-G was further methylated
to Chr-7-G and Dio-7-G by COMTs. Luteolin glucuronides are the

major metabolites in vivo; thus, we considered the second pathway to be
predominant in luteolin disposition.

For the first pathway, the present study demonstrated that luteolin was
converted to chrysoeriol and diosmetin by COMTs in RLS9; this
observation is consistent with previous reports (Chen et al., 2011, 2013).
Nevertheless, chrysoeriol and diosmetin were also rapidly glucuroni-
dated to their respective glucuronides (Chr-7-G and Chr-4'-G for
chrysoeriol; Dio-7-G and Dio-3'-G for diosmetin) in RLS9, and UGTs
showed greater preference for the 4'- or 3'-hydroxyl group, which had
higher affinities than the 7-hydroxyl group. Consequently, when luteolin
was methylated to chrysoeriol and diosmetin in rats, glucuronidation
rapidly occurred, and the main products were Chr-7-G, Dio-7-G,
Chr-4'-G, and Dio-3'-G. Dio-3'-G and Chr-4'-G exhibited higher
systemic exposure than Chr-7-G and Dio-7-G (P < 0.05).

The second pathway is considered to be the predominant pathway of
luteolin. Consistent with a previous study (Boersma et al., 2002),
luteolin was converted to Lut-7-G, Lut-4'-G, and Lut-3'-G by UGTs in
RLS9. However, the CL;,, values for Lut-3’-G were less than that of
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Lut-7-G in vitro. This finding was not consistent with the in vivo results,
in which Lut-3’-G exhibited markedly higher systemic exposure than
Lut-7-G. We hypothesized that the notable difference may be caused by
the subsequent methylation of Lut-7-G by COMTs in vivo, whereas Lut-
3’-G could not be methylated because of the lack of 3’, 4'-dihydroxyl
groups in its chemical structure.

The two pathways that mediated by the interplay of UGTs and
COMTs are involved in the disposition of luteolin in vivo. Glucuronides
of luteolin (Lut-7-G) could be further methylated by COMTSs, and
methylated metabolites of luteolin (chrysoeriol and diosmetin) un-
derwent subsequent glucuronidation. Therefore, the glucuronidation and
methylation kinetics of luteolin, as well as the relationship beween
glucuronidation and methylation in disposition of luteolin, were in-
vestigated in the UGT-COMT -coreaction systems. Glucuronidated
metabolites of luteolin showed the highest CL;,, values among the
metabolites in UGT-COMT coreaction system. In addition, methylation
rate of luteolin was significantly increased by the absence of glucur-
onidation, whereas the glucuronidation rate of luteolin was significantly
increased by the absence of methylation, but to a lesser extent.
Methylation probably occurred and compensated for glucuronidation,
but this process is relatively minor in luteolin disposition.

Luteolin possesses four hydroxyl groups at the 3', 4', 5, and
7 positions which are available for glucuronidation. Lut-3'-G and Lut-
7-G are the major luteolin metabolites, whereas Lut-4’-G has the lowest
formation rate in vivo and in vitro, as shown in the present study. This
phenomenon may be attributed to the lower metabolic rate of Lut-4'-G
catalyzed by UGT1A1 and UGT1A9, which are not the major UGTs
responsible for the formation of Lut-4’-G, but are highly expressed in the
liver (Wu et al., 2015). Additionally, luteolin-5-glucuronide and the diG
of luteolin were not detected both in vivo and in vitro. Given the
intramolecular hydrogen bond with the carbonyl group at the C-4
position, the conjugation of 5-hydroxyl group was unlikely (Wu et al.,
2015). The absence of luteolin diG was probably attributed to the
nonsaturated monoglucuronides (Tang et al., 2014).

Methylation mediated by COMTs is suggested to be an efficient
detoxification pathway and a major reason for the lack of carcinogenicity
of these catechol-type flavonoids in hamsters, such as quercetin and

fisetin (Zhu et al., 1994). COMTs were classified into two distinct forms:
the soluble COMT and the membrane-bound COMT; both forms are
expressed in the greatest abundance and showed the highest activities in
rat liver and human liver (Ménnisto and Kaakkola, 1999). Because
soluble COMT is predominant and located in the cytosol, RLS9 was
used as enzyme source for methylation, which is also suitable for
glucuronidation metabolism by UGTs (Wang et al., 2005). A preference
for the 4’-O-methylation over 3’-O-methylation of luteolin was
observed with RLS9, which is consistent with the findings that the
diosmetin/chrysoeriol ratio methylated by luteolin was 1.2-2.6 in rat
tissue homogenates (Chen et al., 2011). This regioselectivity of luteolin
has been explained by the more stable binding mode for 4'-O-methylation
of luteolin than that for 3'-O-methylation based on theoretical investi-
gations, including molecular dynamics simulations, binding free energy
calculations, and quantum mechanics/molecular mechanics methods
(Cao et al., 2014). For Lut-7-G methylation, no regioselectivity was
observed in our study.

Dio-3'-G, the major form of diosmetin that circulates in human
plasma, has been reported previously (Silvestro et al., 2013), but little is
known of chrysoeriol metabolism. In our study, Chr-4'-G and Dio-3'-G
exhibited higher plasma exposure than Chr-7-G and Dio-7-G (P < 0.05)
after oral administration of luteolin in rats. However, Chr-4’-G and Dio-
3'-G were not detected in rat bile; only Chr-7-G and Dio-7-G were
present. The extensive biliary excretion of Dio-7-G and Chr-7-G might
be a key factor that limits their systemic exposure. Conjugated
flavonoids are the substrates of ABC efflux transporters (Zamek-
Gliszczynski et al., 2011). These conjugates could be excreted to the
bile and lumen by efflux transporters on the apical side of hepatocyte
membranes, that is, multidrug resistance-associated protein 2 and breast
cancer resistance protein. In contrast, these conjugates are transported to
the bloodstream by the efflux transporters on the basolateral side, such as
multidrug resistance-associated protein 1 (Lagas et al., 2010). We
hypothesized that the difference of these methylated glucuronides of
luteolin between plasma exposure and biliary excretion was related to
efflux transporters. Further studies should focus on the efflux trans-
porters that affect the excretion of chrysoeriol and diosmetin
glucuronides.



Interplay of UGTs and COMTs in Disposition of Luteolin

In conclusion, this study reported for the first time that three
glucuronides and four methylated glucuronides catalyzed by UGTs
and COMTs were the predominant metabolites of luteolin in rats. Two
metabolic pathways, which are mediated by the interplay of UGTs and
COMTs, were proposed in the disposition of luteolin in RLS9.
Furthermore, luteolin glucuronidation and methylation were compen-
sated for each other, but glucuronidation was the predominant pathway.
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