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Abstract

Purpose The flavones tricin (40,5,7-trihydroxy-30,50-di-

methoxyflavone) and 30,40,50,5,7-pentamethoxyflavone

(PMF) are under development as potential colorectal can-

cer chemopreventive agents as they reduced adenoma

development in the ApcMin mouse model of intestinal car-

cinogenesis. Here, the pharmacokinetic properties and

metabolism of these flavones after oral administration were

compared in mice.

Methods C57BL/6 J mice received an oral bolus of PMF

or tricin (807 lmol/kg). Parent flavone and metabolites

were analyzed by HPLC/UV in plasma, liver and gastro-

intestinal tissues. Flavones were incubated with mouse or

human hepatic microsomes or 9000xg supernatant (S9),

both fortified with a NADPH-generating system and either

uridine 50-diphosphoglucuronic acid (UDPGA, micro-

somes) or 30-phosphoadenosine-50-phosphosulfate (PAPS,

S9). Disappearance of substrate was assessed by HPLC/

UV, metabolites were characterized by HPLC/MS/MS.

Results Plasma concentrations and area under the plasma

concentration versus time curve for PMF were higher than

those for tricin. A mono-O-desmethyl PMF and several

isomeric mono-O-desmethyl PMF glucuronides and sul-

fonates were major PMF metabolites in murine plasma,

liver and intestinal tissue. In murine and human liver

fractions, in vitro metabolic removal of tricin was faster

than that of PMF. On kinetic analysis of metabolite gen-

eration in these incubations, apparent maximal velocity

(Vmax) values for the generation of tricin O-glucuronide or

O-sulfonate were consistently several fold higher than

those characterizing the production of mono-O-desmethyl

PMF glucuronides or sulfonates via the intermediacy of

O-desmethyl PMF.

Conclusions The results suggest that inclusion of meth-

oxy moieties confers metabolic stability onto the flavone

scaffold.

Keywords Chemoprevention � Flavones � Metabolism �
Pharmacokinetics

Abbreviation

PMF 30,40,50,5,7-Pentamethoxyflavone

Introduction

Flavonoids are ubiquitous plant polyphenols, many occur-

ring in the diet, which are suspected to exert various ben-

eficial health effects in humans [1]. Their potential

application in the treatment or prevention of diseases is

confounded by poor systemic availability, a corollary of

rapid removal from the organism via metabolic conjugation

[2]. Recently published findings suggest that long-term

consumption with the diet of two flavones, tricin (40,5,7-

trihydroxy-30,50-dimethoxyflavone) [3] or 30,40,50,5,7-pen-

tamethoxyflavone (PMF, for structures see Fig. 1a) [4],

reduces adenoma development in the ApcMin mouse, a

model of human gastrointestinal malignancies associated

with mutations in the Apc gene [5]. Tricin is a constituent

of rice and other grass species, and PMF occurs in the

leaves of Murraya paniculata, a constituent of traditional
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Indonesian herbal medicines [6], and fruits of the Brazilian

Neoraputia magnifica [7], both plants being members of

the Rutaceae plant family. The intestinal adenoma-reduc-

ing activity in the ApcMin mouse model renders tricin and

PMF putative cancer chemopreventive agents worthy of

further preclinical evaluation. Investigation into the two

flavones was originally prompted by the suggestion that

inclusion of O-methyl moieties in the flavone molecular

scaffold in addition to, or in place of, hydroxy function-

alities improves cancer chemopreventive efficacy [8].

Consistent with this suggestion, apigenin (40,5,7-trihydr-

oxyflavone), a hydroxy cogener of tricin and PMF con-

tained in leafy vegetables, failed to affect ApcMin adenoma

number [4]. One of the mechanistic determinants that have

been proffered to explain the greater chemopreventive

efficacy of methoxy-containing flavones vis-à-vis their

hydroxy counterparts is differential rate of removal from

the biophase via metabolism, with methoxy groups pro-

moting metabolic stability [9].

The pharmacokinetics of tricin and PMF and the

metabolism of PMF are not known. As part of a pro-

gramme dedicated to the preclinical development of the

two flavones, we studied their pharmacokinetics after oral

dosing in mice in vivo and compared their metabolism in

murine and human liver preparations in vitro. The inves-

tigation had two specific aims, to characterize the nature of

PMF metabolites and to compare PMF and tricin in terms

of both metabolic stability and levels achievable in the

murine biophase.

Materials and methods

Chemicals

30,40,50,5,7-Pentamethoxyflavone was purchased from Apin

Chemicals Ltd. (Abingdon, UK) or synthesised by us as

described before [4]; tricin was provided by Dr. I

Kapetanovich (NCI Division of Cancer Prevention, Che-

moprevention Agent Development Research Group, Beth-

eda, MD). Both flavones were[99% pure as determined by

HPLC analysis. NADPH-generating system, uridine glu-

curonyl transferase (UGT) reaction mix, pooled human

liver microsomes and 9000xg supernatant fraction (S9)

were obtained from BD Biosciences (Woburn MA, USA).

30-Phosphoadenosine-50-phosphosulfate (PAPS) and reagents

for HPLC analysis (all of analytic reagent grade) were

obtained from Sigma Chemical Comp (Poole, UK). HPLC-

grade methanol was purchased from Fisher Chemi-

cals (Loughborough, UK). Water was purified in a

laboratory Nano-Pure water purification system (Barnstead,

UK).

Animals and treatments

C57BL/6 J mice (aged 9 weeks), the background strain of

the ApcMin mouse, were purchased from Charles River

(Margate, UK). Mice were housed under sterile conditions

in a room maintained at 22�C with a 12-h light/dark cycle.

Experiments were carried out under animal project license

PPL 80/2167, granted to the University of Leicester by the

UK Home Office. The experimental design was vetted by

the Leicester University Local Ethical Committee for

Animal Experimentation and met the standards required by

the United Kingdom Coordinating Committee on Cancer

Research [10]. Flavones were mixed with 0.5% aqueous

carboxymethylcellulose (CMC) sodium salt solution and

sonicated to furnish visually homogenous solutions (60 and

53.2 mg/ml, for PMF and tricin, respectively) for gavage.

Female mice (3 per group) received a single oral dose of

807 lmol/kg flavone (300 mg/kg PMF or 266 mg/kg tri-

cin) by gavage. The choice of dose was based on previous
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Fig. 1 a Structure of flavones used in this study: R1–R5 = CH3:

PMF; R1, R2, R4 = H, R3, R5 = CH3: tricin. b–i HPLC chromato-

grams of extracts of plasma (b, d, f, h) or intestinal mucosa (c, e, g, i)
obtained from mice 60 min post administration (b, c, f, g) by gavage

of 807 lmole/kg PMF (b, c) or tricin (f, g) and from mice that

received vehicle only (d, e, h, i). AU absorbance units, is internal

standard (tricin in b and c, quercetin in f and g). For experimental

conditions, see ‘‘Materials and methods’’
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experiments in which daily dietary doses of 0.2% flavones,

translating to approximately 300 mg/kg, prevented intes-

tinal adenoma formation in ApcMin mice [3, 4]. Mice were

killed 5, 15 or 30 min, or 1, 2, 6 or 24 h after flavone

administration by cardiac exsanguination under terminal

anesthesia (halothane), and blood was collected into hep-

arinized tubes. Plasma was obtained by centrifugation

(13,0009g, 20 min, 4�C). The intestinal tract was flushed

with phosphate-buffered saline (10 ml) and cut open lon-

gitudinally. Tissue epithelial scrapings were collected by

gently brushing the epithelial layer with a metal spatula.

Liver and intestinal tract tissues were snap-frozen in liquid

nitrogen. Biomatrices were kept, no longer than 4 weeks, at

-80�C until analysis. Under these conditions, flavones are

completely stable in plasma [11].

Tissue sample preparation

Plasma and tissues were thawed to room temperature. For

quantitation of PMF in the plasma, a solid-phase extraction

method reported previously [11] was used. Briefly, plasma

was spiked with internal standard (tricin) and acidified with

formic acid (0.5%), then the mixture was loaded onto a an

Oasis HLB solid-phase extraction column (1 cc, Waters

Corporation, Milford, Ma, USA) pre-conditioned with

methanol/water. The column was washed and eluted (formic

acid 0.2% in methanol/acetone, v/v, 1:1), then the eluate was

evaporated under nitrogen (40�C), and the residue was

reconstituted with HPLC mobile phase (100 ll). Quantita-

tion of tricin in the plasma was essentially as described

before [12]. Briefly, plasma was spiked with internal stan-

dard (quercetin) and mixed with two volumes of acetone

containing 0.1 M acetic acid. The mixture was centrifuged,

water was added to the supernatant (1:2), and the resultant

sample (40 ll) was injected onto the HPLC system for

analysis. Intestinal mucosa or liver tissue was mixed with

two volumes of isotonic potassium chloride solution

and homogenized on ice (Ystral 9 10/20 homogeniser,

Ballrechten-Dottingen, Germany). The homogenate was

spiked with the appropriate internal standard, and an aliquot

(100 ll) was added to two volumes of methanol/acetone

(v/v, 1:1) containing acetic acid (0.1 M). The mixture was

vortexed (10 min) and centrifuged (13,0009g, 20 min). The

supernatant was mixed with two volumes of mobile phase.

Tissue extracts were re-centrifuged (13,0009g, 5–10 min),

and an aliquot (20–40 ll) of the resultant supernatant was

injected onto the HPLC column.

Murine and human liver S9 and microsomes

Mouse livers were excised from six healthy C57BL/6J

mice (3 female, 3 male, 8–10 weeks of age). An aliquot

(3 g) of pooled tissue was suspended in buffered sucrose

(27 ml, sucrose 0.25 M, Tris 10 mM, EDTA 1 mM, pH

7.4) and homogenized on ice. Microsomes and 9,0009g

supernatant (S9) were prepared in the usual way by dif-

ferential centrifugation, and liver fraction protein content

was quantified [13]. Human liver fractions were purchased

from BD Biosciences Discovery Labware (Woburn, MA).

Human microsomes were pooled from 30 individuals (15

men, 15 women) aged 33–78, human S9 was pooled from

24 donors (16 men, 8 women) aged 21–63. Murine and

human liver preparations were stored at -80�C until

required.

Flavone metabolism in vitro

For the assessment of substrate disappearance, incubation

mixtures contained murine or human liver microsomal or S9

fractions (1 mg/ml protein) and PMF or tricin (10 lM) plus

cofactors in a final volume of 200 ll. An aliquot of flavone

stock solution in DMSO was added to the incubation mix-

ture, such that the DMSO concentration in the final incubate

did not exceed 0.5%. The NADPH-generating system con-

tained in the incubations consisted of nicotinamide adenine

dinucleotide phosphate (NADP?, 1.3 mM), glucose-6-

phosphate (3.3 mM), glucose-6-phosphate dehydrogenase

(0.4 U/ml), sodium citrate buffer (120 lM) and magnesium

chloride (33 mM). For the preparation of glucuronides,

incubations contained flavones, microsomes, uridine 50-
diphospho-glucuronic acid (UDPGA, 2 mM), Tris–HCl

(50 mM), MgCl2 (8 mM) and alamethicin (25 lg/ml) in

addition to the NADPH-generating system. For the prepa-

ration of sulfonates, incubation mixtures contained S9

fraction, 3-phosphoadenosine-50-phosphosulfate (PAPS,

200 lM) plus the NADPH-generating system. Each type of

incubation included three negative controls: (i) all reaction

components except substrate, (ii) substrate and cofactors

without microsomes or S9 and (iii) complete incubation

mixture with heat-inactivated instead of metabolically

competent liver fractions. Incubations were conducted in

triplicate at 37�C in a shaking water bath, and the reaction

mixtures were pre-incubated for 5 min before the reaction

was initiated by addition of cofactors. After 5, 15, 30, 60 or

120 min, the reaction was quenched as described below. In

orientation experiments, the conditions of optimal substrate

concentration and reaction time were optimized for analysis

of enzyme kinetics of metabolite formation. Incubation

conditions were essentially as described above, except that

substrate concentration was 2.5, 5, 10, 20, 40 and 80 lM for

PMF and 0.5, 2.5, 5, 10, 20, 40 and 80 lM for tricin, and

incubation times were 30 or 60 min for PMF in mouse or

human liver fractions, respectively, and 10 or 15 min for

tricin in incubations with microsomes or S9 fraction,

respectively. In both types of in vitro experiments, reactions

were quenched with an aliquot (160 ll) of ice-cold
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methanol/acetic acid (0.1 M) and centrifuged (13,0009g,

4�C, 10 min). An aliquot (40 ll) of the supernatant was

injected onto the HPLC column for analysis.

HPLC/UV analysis of flavones

For the quantitation of parent flavones in extracts of

plasma, tissues or incubation mixtures, previously descri-

bed reversed phase HPLC methods were used [11, 12].

Briefly, analysis was conducted using a Varian HPLC

system consisting of a ProStar 230 pump, a ProStar 410

autosampler and a ProStar 325 UV–visible detector (Varian

Inc, Oxford, UK) with UV detection at 324 or 352 nm, the

maximum absorbance wavelengths of PMF or tricin,

respectively. In some cases, a ProStar 320 photodiode array

detector was used to record the UV–visible spectra of fla-

vone species at 200–400 nm. Separation was achieved on a

Hypersil BDS C18 column (250 9 4.6 mm, particle size

5 lm, Thermo Fisher Scientific, Runcorn, UK). The iso-

cratic mobile phase system used consisted of ammonium

acetate buffer (0.1 M, pH 5.1) with EDTA (0.27 mM) and

methanol either at 65% for PMF or 55% for tricin. The flow

rate was 1 ml/min. For the detection and quantitation of

flavone metabolites, a binary mobile phase system was

used (A: aqueous ammonium acetate 5 mM; B: ammonium

acetate in methanol 5 mM), with gradient elution over

25 min either from 65% A: 35% B to 35% A: 65% B for

PMF metabolites or from 75% A: 25% B to 25% A: 75% B

for tricin metabolites.

HPLC/MS

Flavones and their metabolites were characterized by

HPLC–mass spectrometry using a TurboIon Spray (TIS)

source in positive and negative ionization mode for PMF

and tricin, respectively. Analyses were performed using an

API-2000 mass spectrometer (Applied Biosystems, War-

ringon, UK) attached to an Agilent 1100 series HPLC

system. Separation was achieved with the binary mobile

phase system described above on a Hypersil BDS C18

column (150 9 2.1 mm, particle size 3 lm, Thermo Fisher

Scientific) with gradient elution from 60% A: 40% B to

25% A: 75% B over 25 min, at a flow rate of 0.2 ml/min.

For identification of flavones and their metabolites mass

spectrometry, conditions were as follows: for PMF (posi-

tive ion mode) ion source voltage 4,500 V, declustering

potential 71 V, focusing potential 270 V, entrance poten-

tial 12 V, collision energy 55 V, collision exit potential

40 V and temperature at 450�C; for tricin (negative ion

mode) ion source voltage -4,500 V, declustering potential

-81 V, focusing potential -230 V, entrance potential -12 V,

collision energy -38 V, collision exit potential -46 V,

temperature 500�C, as described for tricin previously [14].

Mass to charge ratios (m/z) described under Results are either

[M ? H]? for PMF and its metabolites or [M - H]- ions for

tricin and its metabolites.

Pharmacokinetic and enzyme kinetic analyses

Pharmacokinetic analysis of flavones was performed by

non-compartmental analysis provided with WinNonlin

(version 5.2, Pharsight, USA) applying extravascular

administration (model 200). Analysis-generated values for

areas under the concentration versus time curve (AUC)

computed using the linear trapezoid method and terminal

phase half-lives (t1/2, b, where t1/2, b = 0.639/Kel). Maximal

plasma or tissue concentrations (Cmax) and corresponding

times (Tmax) were determined by visual inspection of the

plasma or tissue versus time concentration profiles.

Apparent enzyme kinetic parameters, Michaelis–Menten

constant (Km) and maximum velocity (Vmax), were esti-

mated from curve fitting using GraphPad Prism 5

(GraphPad Software Inc, San Diego, CA, USA) for non-

linear regression analysis. Apparent Vmax values were

normalized to incubation time and protein concentration

and expressed as peak area units. Apparent Km values were

determined from hyperbola plots. Statistical comparison of

flavone levels in biomatrices and incubation mixtures was

by Student’s t test, where P \ 0.05 was considered

significant.

Results

Pharmacokinetics of flavones in mice

C57BL/6 J mice received a single dose of 807 lmol/kg of

PMF or tricin by gavage. Flavones were measured by

HPLC/UV analysis in the plasma and gastrointestinal

mucosa (Fig. 1), and analyte concentration was plotted

against time post administration (Fig. 2). Pharmacokinetic

parameters derived from these plots are summarized in

Table 1. While there was no substantial difference between

the two flavones in terms of t1/2 and Tmax, the Cmax and

AUC values derived from plasma concentration versus

time curves of PMF were about twice those seen for tricin.

The Cmax and AUC values describing intestinal mucosa

concentrations of PMF exceeded those observed for tricin

by a factor of approximately 3.

Identification of flavone metabolites

in murine biomatrices

Plasma, liver and gastrointestinal mucosa of mice that had

received flavones were analyzed for presence of agent-

derived species. On HPLC/UV analysis, species that eluted
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before parent flavones reflecting their higher polarity were

suspected to be metabolites. When subjected to photodiode

array UV/VIS detection, peaks of putative PMF metabolites

displayed band I and band II absorbances at 320–340 and

262–266 nm, respectively, diagnostic of flavones [15]

(results not shown). Analysis of PMF metabolites in liver

and gastrointestinal tissues by HPLC/MS detected molecu-

lar ions with m/z values of 359, 535 or 439. LC/MS/MS

analysis using MRM transitions identified three types of

isomeric PMF metabolites, mono-O-desmethyl PMF (m/z

359 [ 343, corresponding to loss of oxygen), mono-O-

desmethyl PMF glucuronide (m/z 535 [ 359, loss of glu-

curonate) and mono-O-desmethyl PMF sulfonate (m/z

439 [ 359, loss of sulfate). PMF harbors five methoxy

groups, each potentially susceptible to metabolic O-

demethylation, giving rise to species prone to undergo

conjugation reactions, which in turn can yield several

positionally isomeric conjugate metabolites. A mono-O-

desmethyl PMF was the only PMF metabolite recovered

from the plasma (Table 2). Metabolites detected in the

Fig. 2 Concentration versus
time profiles for PMF (circles,

solid lines) or tricin (squares,

broken lines) in plasma (a) or

gastrointestinal mucosa (b) of

mice that received flavones

(807 lmole/kg = 300 mg/kg

PMF or 266 mg/kg tricin) by

gavage. Values are the

mean ± SD of 3 mice. Asterisks
indicate that PMF and tricin

levels are significantly different

from each other, *P \ 0.05,

**P \ 0.01

Table 1 Pharmacokinetic parameters of PMF or tricin in plasma or intestinal mucosa of mice that received PMF or tricin at 806 lmol/kg by

gavage

Cmax (nmol/ml or g) Tmax (min) AUC (nmol/ml or g min) T� (min, b)

Mice on PMF

Plasma 4.4 60 1,924 201

Mucosa 3,425 60 520 9 103 140

Mice on tricin

Plasma 2.5 60 969 195

Mucosa 676 120 196 9 103 252

Cmax, maximum concentration; Tmax, maximum time; AUC, area under concentration curve; T�, terminal phase half-life

Table 2 Identification of flavones and their metabolites by LC/MS/MS using MRM transitions in the plasma (p), liver (l) or gastrointestinal

mucosa (m) of mice that received PMF or tricin at 806 lmol/kg by gavage

MRM (m/z) Retention time (min)

Mice on PMF

PMF 373 [ 283 23.6 (p, l, m)

Monodesmethyl PMF 359 [ 343 18.3 (p, l, m), 20.1 (l, m)

Monodesmethyl PMF glucuronide 535 [ 359 8.8 (l, m), 11.5 (l, m), 16.0 (m)

Monodesmethyl PMF sulfonate 439 [ 359 10.1 (l, m), 10.2 (m)

Mice on tricin

Tricina 329 [ 279 20.7 (p, l, m)

Tricin monoglucuronide 505 [ 329 7.3, 12.4 (both p, m)

Tricin monosulfonate 409 [ 329 14.8, 15.6 (m)

a Chromatographic conditions for tricin and its metabolites were different from those used for PMF and its metabolites
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biomatrices of mice that had received tricin exhibited

molecular ions of m/z 505 and m/z 409 when analyzed by

HPLC/MS, while tandem LC/MS/MS analyses afforded

MRM transitions consistent with tricin O-monoglucuronide

(m/z 505[ 329) and tricin O-monosulfonate (m/z 409[ 329),

which occurred as multiple peaks indicative of the presence

of positional isomers. Two tricin O-monoglucuronides and

two tricin O-monosulfonates were recovered from the

gastrointestinal mucosa, also two O-monoglucuronides

from the plasma and one from the liver (Table 2).

Comparison of metabolism of PMF and tricin

in murine and human liver fractions

We reasoned that the differences in AUC and Cmax

between PMF and tricin may be related, at least in part, to

differences in the rate of metabolic removal in vivo. To test

this hypothesis, flavones (10 lM) were incubated with

murine or human liver fractions suitably fortified with

cofactors, and metabolic removal of substrate was mea-

sured. Metabolites generated by the liver fractions were

identified and quantitated, and their formation was sub-

jected to kinetic analyses. Flavones were incubated in the

presence of a NADPH-generating system with either

microsomes plus UDPGA or S9 fraction plus PAPS. The

rate of removal of PMF from the metabolic incubations

was markedly slower than that of tricin (Fig. 3 a, b), so that

60% or more of the initially available PMF was recovered

from the mixture at the end of the incubation period, while

only 20% or less of the initial amount of tricin remained

unchanged. This result is consistent with the notion that the

rates of metabolic oxidation plus glucuronidation or sul-

fonation of PMF were significantly slower than the rates of

glucuronidation or sulfonation of tricin.

Flavone metabolites generated by liver fractions were

identified by online HPLC/MS. Metabolism of PMF

(Fig. 4) afforded mono-O-desmethyl PMF species in

incubations containing a NADPH-generating system, while

mono-O-desmethyl PMF glucuronides and mono-O-desm-

ethyl PMF sulfonates were produced in the presence of

UDPGA and PAPS, respectively. The formation of these

metabolites is consistent with the species identified in tis-

sues of mice that had received PMF. As described previ-

ously (Cai et al. 2006), tricin failed to generate detectable

amounts of products of oxidative metabolism (i.e.,

O-desmethyl tricin) in microsomes with NADPH but was

metabolized by microsomes in the presence of UDPGA to

two isomeric O-monoglucuronides and by S9 fortified with

PAPS to an O-monosulfonate (Fig. 4). Conjugate forma-

tion was subjected to Michaelis–Menten kinetic analysis

evaluating metabolite peak area (Table 3). The apparent

Km values characterizing metabolic conjugate formation

for both flavones were approximately similar to each other.

In contrast, the apparent Vmax values for the metabolic

generation of the conjugates differed markedly between

flavones. The apparent Vmax values for tricin glucuronides

in microsomes were between 8- and 300-fold higher than

those characterizing the production of O-mono-desmethyl

PMF glucuronides via the intermediacy of O-desmethyl

PMF. Likewise, the apparent Vmax for generation of tricin
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O-sulfonate in S9 was between 3- and 28-fold faster than

the equivalent values for production of mono-O-desmethyl

PMF sulfonates.

Discussion

This study is the first to describe the pharmacokinetic

properties in mice of PMF and tricin after oral bolus

administration. We show here that after administration of

equimolar doses of these flavones, systemic exposure of

mice to PMF was higher than that to tricin, as reflected by

AUC and Cmax values. In analogy to these findings, con-

sumption by ApcMin mice of PMF or tricin at 0.2% with

the diet for 3 months has previously been shown to gen-

erate mean steady state plasma levels of 1.2 and 0.5 lM,

respectively, indicative of superior systemic availability of

PMF also after dietary ingestion [4]. Similar differences in

plasma levels between methoxy flavone and hydroxy co-

gener have previously been demonstrated in rodents for

5,7-dimethoxyflavone vis-à-vis chrysin (5,7-dihydroxyf-

lavone) and for 5,7,40-trimethoxyflavone vis-à-vis apigenin

(5,7,40-trihydroxyflavone) [8]. All of these results are

consistent with the notion that the presence of methoxy
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Fig. 4 HPLC–UV

chromatograms of extracts of

incubation mixtures of PMF

(a–d) or tricin (e–h) with

functionally competent (a, e)

or heat-inactivated (d, h)

hepatic S9 fraction or of hepatic

microsomes (b, c, f, g) from

mice (left) or humans (right)
and a NADPH-generating

system without (c, g) or with

either PAPS (a, d, e, h) or

UDPGA (b, f). Incubations with

heat-inactivated microsomes

afforded chromatograms

identical to those shown here for

heat-inactivated S9 (d, h) and

are therefore not shown.

Substrate concentration was

10 lM, incubation times were

10 and 30 min for murine and

human liver preparations,

respectively, and hepatic

fraction protein concentrations

were 1 and 0.2 mg/ml for PMF

and tricin, respectively.

Chromatograms are

representative of 3 separate

experiments, pooled liver

fractions were from 6 mice or

24 (microsomes) or 30 humans

(S9). AU absorbance units.

Brackets mark retention times

of putative O-desmethyl

sulfonate (a), O-desmethyl

glucuronide (b) and O-

desmethyl species (c) derived

from PMF; arrows denote peaks

of flavone metabolites, the

formation of which was

subjected to enzyme kinetic

analysis (see Table 3). Note that

chromatographic conditions

were different from those shown

in Fig. 1, therefore retention

times differ. For details of

incubation and chromatography,

see ‘‘Materials and methods’’

Cancer Chemother Pharmacol (2011) 67:255–263 261

123



moieties in the flavone scaffold imparts metabolic stability

on the molecules, and it is likely that the differences in

systemic exposure to the flavones described here reflect

discrepancies between them in systemic bioavailability. It

needs to be stressed though that in the absence of iv

pharmacokinetic data, such a conclusion cannot be drawn

unequivocally, as a difference between them in ability to

permeate membranes may have contributed to the differ-

ential levels observed in the biophase.

Mono-O-desmethyl PMF, mono-O-desmethyl PMF

glucuronide and mono-O-desmethyl PMF sulfonate have

been characterized here for the first time as metabolites of

PMF in mice in vivo. The results of the in vitro part of the

study described here support the hypothesis that differences

in metabolic stability between PMF and tricin may be

responsible for or contribute to their dissimilar systemic

levels. Under similar incubation conditions, liver fractions

were considerably less proficient in generating O-desm-

ethyl PMF glucuronide or O-desmethyl PMF sulfonate via

intermediate formation of O-desmethyl PMF than in

metabolizing tricin to two O-monoglucuronides or an

O-monosulfonate. These differences in metabolism were

observed in liver fractions not only from mice, but also

from humans, suggesting that the pharmacokinetic differ-

ences between PMF and tricin observed in mice may also

apply to humans.

There were marked differences between PMF and tricin

in terms of AUC and Cmax in gastrointestinal mucosa, a

tissue directly accessible to orally administered agents

avoiding the necessity of transport via the blood stream.

Intriguingly, the Cmax for both PMF and tricin was much

higher than the IC50 values for growth inhibition in ApcMin

mouse adenoma cells in vitro, which were 6 lM for PMF

and 12 lM for tricin [4]. This observation is consistent

with the finding that both flavones displayed chemopre-

ventive activity in the ApcMin mouse [3, 4]. The ApcMin

mouse model is considered a useful preclinical model in

the discovery of agents that can prevent adenoma recur-

rence in humans, as it predicted accurately the clinical

efficacy of sulindac [16, 17] and celecoxib [18, 19].

However, there are concerns about the safety of long-term

administration of non-steroidal anti-inflammatory drugs

[20] and celecoxib [21], which militate against their use as

cancer chemopreventive agents. Therefore, the search for

novel, safe and efficacious chemopreventive agents is

important. The abundance and reasonable safety record of

naturally occurring flavonoids, of which there are literally

thousands in the plant kingdom, render them a promising

potential source of novel chemopreventive agents. The

robust activity of PMF and tricin in the ApcMin mouse

model tentatively earmarks them for potential clinical

development. PMF was a somewhat more potent inhibitor

of intestinal adenoma development in ApcMin mice than

tricin [4], but discrimination between the two flavones with

respect to potential potency is premature, as the potency

difference was not significant. Little is known about the

mechanisms that may mediate the putative cancer chemo-

preventive activity of PMF and tricin. Both flavones have

been shown to interfere with the metabolic conversion of

arachidonate to tumor-promoting prostaglandin E-2 in

mice in vivo and to exert antiproliferative activity in

human-derived colorectal cancer cells and ApcMin mouse

adenoma cells in vitro with IC50 values in the 10-5 M

range [4]. Well-studied flavonoids, such as quercetin,

genistein or apigenin, are thought to exert their cancer

chemopreventive activity via the parent molecule. This is

probably also the case for PMF and tricin, so that their

metabolic conjugation described here constitutes probably

a pharmacological deactivation. In contrast, it is conceiv-

able that unconjugated O-desmethyl PMF contributes to

the pharmacological effect of PMF in vivo.

Structural features of flavonoids, which determine

pharmacological activity, are only poorly understood.

Results of the type described here may help rationalize the

Table 3 Kinetic analysis of metabolic formation of glucuronide and sulfonate metabolites from PMF and tricin in murine and human liver

fractions

Glucuronidationa Sulfonationb

KM (lM) Vmax (peak area/min/lg protein) KM (lM) Vmax (peak area/min/lg protein)

Mouse Human Mouse Human Mouse Human Mouse Human

PMF 15.0 ± 4.9c 16.7 ± 4.8 50.1 ± 5.8 15.2 ± 1.9 7.9 ± 1.4 11.1 ± 2.8 131 ± 7 46.2 ± 8.7

9.6 ± 5.6 13.1 ± 5.5 15.0 ± 1.2 103 ± 15 8.3 ± 1.9 14.7 ± 3.3 55.5 ± 3.8 5.0 ± 0.6

21.4 ± 4.4 9.9 ± 1.9 179 ± 5 17.8 ± 1.3 8.1 ± 1.8 13.5 ± 3.8 68.1 ± 4.4 6.9 ± 0.8

Tricin 7.8 ± 1.3 41.7 ± 4.1 1,488 ± 55 806 ± 31 2.2 ± 0.4 0.5 ± 0.1 1,555 ± 74 134.4 ± 2.3

18.1 ± 7.2 13.1 ± 2.3 4,668 ± 628 4,773 ± 282

a Microsomes with a NADPH-generating system and UDPGA
b S9 with a NADPH-generating system and PAPS
c Values are the mean ± SD of three independent experiments
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selection of flavonoids for development as agents poten-

tially useful in cancer management. Flavones such as PMF

that harbor methoxy moieties supporting metabolic stabil-

ity seem to be worthy of further investigation for ability to

prevent carcinogenesis at sites remote from the gastroin-

testinal tract and only accessible to orally administered

agents via the circulation, such as the prostate, breast, liver

or lungs.

Acknowledgments This work was supported by programme grant

C325-A6894 from Cancer Research UK. We thank Dr I Kapetanovich

(NCI Division of Cancer Prevention) for the provision of tricin.

References

1. Rice Evans CA, Packer L (2003) Flavonoids in health and dis-

ease, 2nd edn. Marcel Dekker Inc, New York

2. Manach C, Donovan JL (2004) Pharmacokinetics and metabolism

of dietary flavonoids in humans. Free Rad Res 38:771–785

3. Cai H, Tunstall RG, Al-Fayez M, Platton S, Steward WP,

Gescher AJ (2005) The rice bran constituent tricin potently

inhibits cyclooxygenase enzymes and interferes with intestinal

carcinogenesis in ApcMin mice. Mol Cancer Ther 4:1288–1292

4. Cai H, Sale S, Schmid R, Britton RG, Brown K, Steward WP,

Gescher AJ (2009) Flavones as colorectal cancer chemopreven-

tive agents—phenol-O-methylation enhances efficacy. Cancer

Prev Res 2:743–750

5. Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR,

Luongo C, Gould KA, Dove WF (1992) Multiple intestinal

neoplasia caused by a mutation in the murine homolog of the

APC gene. Science 256:668–670

6. Kinoshita T, Firman K (1997) Myrecetin, 5, 7, 30, 40, 50-penta-

methyl ether and other methylated flavonoids from Murraya
paniculata. Phytochem 45:179–181

7. Tomazela DM, Pupo MT, Passador AP, da Silva MFDF, Vieira

PC, Fernandes JB, Fo ER, Oliva G, Pirani JR (2000) Pyrano

chalcones and a flavone from Neuraputia magnifica and their

Trypanosoma cruzi glycosomal glyceraldehydes-3-phosphate

dehydrogenase-inhibitory activities. Phytochem 55:643–651

8. Walle T, Ta N, Kawamori T, Wen X, Tsuji PA, Walle UK (2007)

Cancer chemopreventive properties of orally bioavailable flavo-

noids—methylated versus unmethylated flavones. Biochem

Pharmacol 73:1288–1296

9. Wen X, Walle T (2006) Methylated flavonoids have greatly

improved intestinal absorption and metabolic stability. Drug

Metab Dispos 34:1786–1792

10. Workman P, Twentyman P, Balkwill F, Balmain A, Chaplin D,

Double J, Embleton J, Newell D, Raymond R, Stables J, Stephens

T, Wallace J (1998) United Kingdom Co-ordinating Committee

on Cancer Research (UKCCCR) guidelines for the welfare of

animals in experimental neoplasia (second edition). Brit J Cancer

77:1–10

11. Cai H, Brown K, Steward WP, Gescher AJ (2009) Determination

of 30, 40, 50, 5, 7-pentamethoxyflavone in the plasma and intestinal

mucosa of mice by HPLC with UV detection. Biomed Chromatog

23:335–339

12. Cai H, Steward WP, Gescher AJ (2005) Determination of the

putative cancer chemopreventive flavone tricin in plasma and

tissue of mice by HPLC with UV-visible detection. Biomed

Chromatogr 19:518–522

13. Bradford MM (1976) A rapid and sensitive for the quantitation of

microgram quantities of protein utilizing the principle of protein-

dye binding. Analyt Biochem 72:248–254

14. Cai H, Boocock DJ, Steward WP, Gescher AJ (2007) Tissue

distribution in mice and metabolism in murine and human liver of

apigenin and tricin, flavones with putative cancer chemopreven-

tive properties. Cancer Chemother Pharmacol 60:257–266

15. Mabry TJ, Markham KR, Thomas MB (1970) The systematic

identification of flavonoids. Springer, Heidelberg

16. Jacoby RF, Seibert K, Cole CE, Kelloff G, Lubet RA (2000) The

cyclooxygenase-2 inhibitor celecoxib is a potent preventive and

therapeutic agent in the min mouse model of adenomatous pol-

yposis. Cancer Res 60:5040–5044

17. Giardiello FM, Hamilton SR, Krush AJ, Piantadosi S, Hylind

LM, Celano P, Booker SV, Robinson CR, Offerhaus GJA (1993)

Treatment of colonic and rectal adenoma s with sulindac in

familial adenomatous polyposis. N Engl J Med 328:1313–1316

18. Boolbol SK, Dannenberg AJ, Chadburn A, Martucci C, Guo XJ,

Ramonetti JT, Abreu Goris M, Newmark HL, Lipkin ML, De

Cosse JJ, Bertagnolli MM (1996) Cyclooxygenase-2 overex-

pression and tumor formation are blocked by sulindac in a murine

model of familial adenomatous polyposis. Cancer Res 56:2556–

2560

19. Steinbach G, Lynch PM, Phillips RKS, Wallace MH, Hawk E,

Gordon GB, Wakabayashi N, Saunders B, Shen Y, Fujimura T,

Su LK, Levin B, Godio L, Patterson S, Rodriguez-Bigas MA,

Jester SL, King KL, Schumacher M, Abbruzzese J, DuBois RN,

Hittelman WN, Zimmerman S, Sherman JW, Kelloff G (2000)

The effect of celecoxib, a cyclooxygenase-2 inhibitor, in familial

adenomatous polyposis. N Engl J Med 342:1946–1952

20. Dube C, Rostom A, Lewin G, Tsertsvadze A, Barrowman N,

Code C, Sampson M, Moher D (2007) The use of aspirin for

primary prevention of colorectal cancer: A systematic review

prepared for the US Preventive Services Task Force. Ann Intern

Med 146:365–375

21. Solomon SD, McMurray JJV, Pfeffer MA, Wittes J, Fowler R,

Finn P, Anderson WF, Zauber A, Hawk E, Bertagnolli MM

(2005) Cardiovascular risk associated with celecoxib in a clinical

trial for colorectal adenoma prevention. N Engl J Med 352:1071–

1080

Cancer Chemother Pharmacol (2011) 67:255–263 263

123


	Pharmacokinetics in mice and metabolism in murine and human liver fractions of the putative cancer chemopreventive agents 3vprime,4vprime,5vprime,5,7-pentamethoxyflavone and tricin (4vprime,5,7-trihydroxy-3vprime, 5vprime-dimethoxyflavone)
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Chemicals
	Animals and treatments
	Tissue sample preparation
	Murine and human liver S9 and microsomes
	Flavone metabolism in vitro
	HPLC/UV analysis of flavones
	HPLC/MS
	Pharmacokinetic and enzyme kinetic analyses

	Results
	Pharmacokinetics of flavones in mice
	Identification of flavone metabolites in murine biomatrices
	Comparison of metabolism of PMF and tricin in murine and human liver fractions

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


