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Abstract

1. Nine forms of recombinant cytochrome P450 (P450 or CYP) enzymes were used to 

study roles of individual P450 enzymes in the oxidation of flavone and some other 

flavonoids, 4´-hydroxyflavone and 4´-, 3´-, and 2´-methoxyflavones, by human liver 

microsomes using LC-MS/MS analysis.

2. As has been reported previously (Nagayoshi et al., Xenobiotica 50, 1158-1169, 

2020), 4´-, 3´-, and 2´-methoxyflavones were preferentially O-demethylated by human 

liver P450 enzymes to form 4´-, 3´-, and 2´-hydroxylated flavones and also 3´,4´-
dihydroxyflavone from the former two substrates.

3. In comparisons of product formation by oxidation of these methoxylated flavones, 

CYP2A6 was found to be a major enzyme catalyzing flavone 4´- and 3´-hydroxylations 

by human liver microsomes but did not play significant roles in 2´-hydroxylation 

of flavone, O-demethylations of three methoxylated flavones, and the oxidation of 

4´-hydroxyflavone to 3´,4´-dihydroxyflavone.
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4. The effects of anti-CYP2A6 IgG and chemical P450 inhibitors suggested that different 

P450 enzymes, as well as CYP2A6, catalyzed oxidation of these flavonoids at different 

positions by liver microsomes.

5. These studies suggest that CYP2A6 catalyzes flavone 4´- and 3´-hydroxylations in 

human liver microsomes and that other P450 enzymes have different roles in oxidizing 

these flavonoids.
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Introduction

A variety of plant flavonoids are found in nature and many of these natural products 

have been reported to have various biological activities in in vitro experiments and animal 

studies, e.g. anti-allergic, anti-inflammatory, anti-oxidative stress, anti-microbial, and anti-

tumor activities (Arct and Pytowska, 2008; Kale et al., 2008; Martens and Mithöfer, 2005; 

Tanaka et al., 2010; Tanaka and Brugliera, 2013; Zhang et al., 2005). These biological 

activities depend on the chemical structures, including the substitution positions on the 

parent chemicals and their hydroxyl and/or methoxy groups in the flavonoid molecules 

(Breinholt et al., 2002; Hodek et al., 2002; Walle and Walle, 2007; Zhang et al., 2005). 

Studies have been done to examine biotransformation of these flavonoids to biologically 

active and/or inert compounds by cellular enzymes, particularly by P450s, in plants and 

mammals (Akashi et al., 1998; 1999; Du et al., 2010; Fliegmann et al., 2010; Hodek et al., 

2002; Kagawa et al., 2004; Kakimoto et al., 2019; Nikolic and van Breemen, 2004; Tanaka 

et al., 2010; Tanaka and Brugliera, 2013; Uno et al., 2013; 2015; Zhang et al., 2005).

Our previous studies have suggested that human cytochrome P450 (P450 or CYP) enzymes 

play important roles in the oxidation of various flavonoids, including flavone, flavanone, 

5-hydroxyflavone (5OHF), 5,7-dihydroxyflavone (chrysin, 57diOHF), 2´-, 3´-, and 4´-MeF, 

and 2´-, 3´-, 4´-, and 6-hydroxylated flavanones (Kakimoto et al., 2019; Nagayoshi et al., 

2019a; 2019b; Nagayoshi et al., 2020; Shimada et al., 2021). During course of these studies, 

we found that CYP2A6 catalyzes flavanone 2´-hydroxylation and flavone to two chemically 

uncharacterized products, OHFM6 and OHFM9, in human liver microsomes. Formation of 

these products was low in microsomes of a human sample HH2, which was defective in 

CYP2A6-dependent coumarin 7-hydroxylation activity. The activity was strongly inhibited 

by coumarin and anti-CYP2A6 IgG in human liver samples that had significant coumarin 

7-hydroxylation activity (Nagayoshi et al., 2019a).

In this study, LC-MS/MS analysis was performed to study roles of human P450 enzymes in 

the oxidation of flavone, 4´-hydroxyflavone (4´OHF), and 4´-, 3´-, and 2´-methoxyflavones 

(4´MeF, 3´MeF, and 2´MeF, respectively) in human liver microsomes. Nine forms of 

recombinant human P450 enzymes, including CYP1A1, 1A2, 1B1.1, 1B1.3, 2A6, 2A13, 

2B6, 2C9, and 3A4, and three human liver samples (HH2, HH47, and HH54) were used 
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in this study (Nagayoshi et al., 2019a). The effects of anti-CYP2A6 and chemical P450 

inhibitors and molecular docking analysis were also examined.

Materials and methods

Chemicals

Flavone, 4´OHF, 3´4´diOHF, and 57diOHF (Figure 1) were purchased from Tokyo Kasei 

Co. (Tokyo), Sigma-Aldrich (St. Louis, MO, USA) and Wako Pure Chemicals (Osaka, 

Japan). 2´MeF, 3´MeF, and 4´MeF (Figure 1) were kindly donated by Dr. Maryam K. 

Foroozesh (Xavier University of Louisiana, New Orleans, LA, USA). Other chemicals and 

reagents were obtained from sources described previously or were of the highest quality 

commercially available (Kakimoto et al, 2019; Nagayoshi et al., 2019a; 2019b; 2020).

Enzymes and anti-CYP2A6 IgG

Purified preparations of human CYP1A1, CYP1A2, CYP1B1.1, CYP1B1.3, CYP2A6, 

CYP2A13, CYP2C9, and CYP3A4 enzymes expressed in Escherichia coli were obtained by 

the methods described previously (Han et al., 2012; Kim et al., 2018; Parikh 1997; Sandhu 

et al., 1993; 1994; Shimada et al., 2018). Recombinant E. coli membranes expressing both 

CYP2B6 and NADPH-P450 reductase were prepared as described previously (Han et al., 

2012; Kim et al., 2018). NADPH-P450 reductase and cytochrome b5 (b5) were purified from 

membranes of recombinant E. coli by methods described elsewhere (Guengerich 2014; Shen 

et al., 1989).

Liver microsomes prepared from human samples HH2 (Cat No., 452002), HH47 (Cat No., 

452047), and HH54 (Cat No., 452054) were obtained from GENTEST-Corning (Woburn, 

MA). The data sheets provided by the manufacturer indicated that these microsomes 

contained 0.19, 0.26, and 0.35 nmol P450/mg protein, respectively. HH2 reportedly had 

no detectable coumarin 7-hydroxylation activity and thus this individual is considered to 

be a poor metabolizer for CYP2A6 activity, while the other two samples had considerable 

coumarin 7-hydroxylation activity.

Anti-CYP2A6 IgG was prepared as described previously (Yun et al., 1991).

Oxidation of flavonoids by recombinant human P450 enzymes and liver microsomes

The oxidation of flavone, 4´OHF, 2´MeF, 3´MeF, and 4´MeF by P450 enzymes and liver 

microsomes was determined by methods described previously (Kakimoto et al, 2019; 

Nagayoshi et al., 2019a; 2019b). Reconstituted monooxygenase systems consisting of 

each purified P450 (50 pmol), NADPH-P450 reductase (100 pmol), b5 (100 pmol, in 

the cases of CYP2A6, 2A13, 2C9, and 3A4 enzymes), and L-α-1,2 dilauoryl-sn-glycero-3-

phosphocholine (DLPC) (50 μg) were incubated (0.25 mL of total volume) with 60 μM 

flavonoids at 37 °C for 20 min, following a pre-incubation of 1 min before adding an 

NADPH-generating system (0.5 mM NADP+, 5 mM glucose 6-phosphate, and 0.5 unit of 

yeast glucose 6-phosphate dehydrogenase/ml). CYP2B6 membranes (50 pmol of P450) in 

E. coli that express both CYP2B6 and NADPH-P450 reductase were also incubated with 

these flavonoids. Human liver microsomes (50 pmol of P450) were also used for the assays. 
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Each reaction was terminated by the addition of 0.5 ml of ice-cold CH3CN. The mixture was 

mixed vigorously (with a vortex device) and centrifuged at 10,000 × g for 5 min, and an 

aliquot of the upper CH3CN layer was injected and analyzed with LC-MS/MS as described 

(Kakimoto et al, 2019; Nagayoshi et al., 2019a; 2019b; Shimada et al., 2021).

LC-MS/MS analyses were performed using an HPLC system (ACQUITY UPLC I-Class 

PLUS system; Waters, Milford, MA) coupled to a tandem quadruple mass spectrometer 

(XevoTQ-XS; Waters) by the methods as described previously (Kakimoto et al, 2019; 

Nagayoshi et al., 2019a; 2019b). Chromatographic separation was performed on CORTECS 

C18, 100 mm × 2.1 mm i.d., 1.6 μm column (Waters, Milford, MA) at 45 °C. The gradient 

elution was done using a mixture of solvents A (10 mM ammonium acetate containing 0.1% 

formic acid) and B (5% methanol in acetonitrile containing 0.1% formic acid) with gradient 

in B from 20% (v/v) to 80% (v/v) over 16 min, at a flow rate of 0.2 ml/min. MS/MS analysis 

was performed and the positive electrospray ionization mode was employed with a capillary 

voltage of 3000 V and cone voltage of 30 V as described previously (Kakimoto et al, 2019; 

Nagayoshi et al., 2019a; 2019b).

Other assays

P450 contents were determined by the method of Omura and Sato (1964). Protein contents 

were determined by the method of Brown et al. (1989).

Docking simulations of flavone with CYP2A6

The one available crystal structure of CYP2A6 bound to 4,4´-dipyridyl disulfide (Protein 

Data Bank 2FDY) was used in this study (Yano et al., 2006; DeVore et al., 2012a; 2012b). 

The chemical structure of flavone was from PubChem (an open chemistry database at the 

National Institutes of Health) and optimized in MOE software (ver. 2020.0900, Computing 

Group, Montreal, Canada). Simulations were carried out in MOE by the methods described 

previously (Nagayoshi et al., 2019a; Shimada et al., 2021). Ligand-interaction energies (U 
values) were obtained by use of the program ASEdock in MOE.

Results

Oxidation of 4´MeF, 3´MeF, and 2´MeF to hydroxylated products by P450s and comparison 
of these products with those of oxidation of flavone by human liver microsomes

4´MeF, 3´MeF, and 2´MeF were first incubated with CYP1B1.1, 1A2, and 1B1.1, 

respectively, and the resultant O-demethylated products, 4´OHF, 3´OHF, and 2´OHF, 

respectively, were analyzed using LC-MS/MS (Figure 2). Although only standard 4´OHF 

was available (but not 3´OHF and 2´OHF), our previous studies indicated that the 

major products of 3´- and 2´-MeF are the O-demethylated products, 3´OHF and 2´OHF, 

respectively, by analysis with LC-MS/MS (Nagayoshi et al., 2020). In this study, we 

assigned these peaks (M2, M3, and M4 in Figure 2A, 2B, and 2C) to be 4´OHF (retention 

time, 5.6 min), 3´OHF (5.9 min), and 2´OHF (6.7 min), respectively; we analyzed the 

formation of 4´OHF (and also 3´4´diOHF) by determination with comparison to authentic 

standards on LC-MS/MS. The formation of 3´4´diOHF (M1 in Figure 2A and 2B; retention 

time 4.4 min) as detected by m/z 255>121 on LC/MS/MS was confirmed by analyzing 
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an authentic standard. In addition, we analyzed fragment (product) ion spectra from LC-

MS/MS and the results suggested that M1, M2, M3, and M4 corresponded to 3´4´diOHF, 

4´OHF, 3´OHF, and 2´OHF, respectively (Figures 2G–2J).

Subsequently, we analyzed oxidation of flavone by liver microsomes of human samples 

HH54 and HH2 (extensive and poor metabolizers, respectively, for CYP2A6 activities) 

(Figure 2D and 2E) (Nagayoshi et al., 2019a). The effects of anti-CYP2A6 IgG on 

the oxidation of flavone catalyzed by HH54 microsomes were also studied (Figure 

2E). The chromatograms of products obtained on incubation of flavone with these liver 

microsomes were compared with those of M1 (3´4´diOHF), M2 (4´OHF), M3 (3´OHF), 

and M4 (2´OHF), as mentioned above (Figure 2A–2C and 2D–2F). As reported previously 

(Nagayoshi et al., 2019a), HH54 microsomes produced mono-hydroxylated products, 

OHFM6, OHF9, OHFM10, and OHFM11 (2D-2F), with the former three products showing 

similar chromatographic patterns of M2, M3, and M4, respectively, when determined at 

m/z 239>121 (2A-2B). The fragment ion spectra (2K-2L) of these three products were 

very similar to the spectra of M2, M3, and M4 (Figure 2H–2J). OHFM11 (retention time 

7.05 min), on the other hand, was not detected on incubation of three MeFs with P450 

enzymes and the fragment ion spectrum of this product (Figure 2N) was different from 

those of M2, M3, and M4. Small amounts of formation of diOHFM4, suggested to be M1 

(3´4´diOHF) by analyzing m/z 255>121, were detected on incubation of flavone with human 

liver microsomes. Sample HH2 liver microsomes were found to produce very little OHFM6, 

OHFM9, and diOHFM4, and this was also in the case for sample HH54 liver microsomes in 

the presence of anti-CYP2A6 IgG (2E).

Formation of mono-hydroxylated products of flavone by nine human P450s

Nine forms of human P450 (eight P450s, two variants of CYP1B1) were examined to 

catalyze flavone to mono-oxygenated products on analysis at m/z 239>121 (A-I) and 

m/z 239>129 (J-R) (Figure 3). Detection at m/z 239>121 was sensitive for products 

hydroxylated on the B-ring, while the m/z 239>129 showed preference for products oxidized 

on the A-ring (vide infra).

The results showed that CYP2A6 was highly active in oxidizing flavone to produce 

OHFM6 (4´OHF) and OHFM9 (3´OHF) but not in forming OHFM10 (2´OHF) (Figure 3E). 

Formation of OHFM11 was catalyzed by P450s, including CYP1A1, 1A2 1B1.1, 1B1.3, 

2A6, and 2A13 (Figure 3A, C, D, and E). CYP2B6, 2C9, and 3A4 were not very active in 

oxidizing flavone. By analyzing the m/z 239>129 traces, we found that OHFM7 formation 

(suggested to result from oxidation of the A-ring) was catalyzed by CYP1A1, 1B1.1, 1B1.3, 

and 2A6 (Figure 3J, 3L, 3M, and 3N). Relatively minor products (OHFM5, 6OHF, and 

OHFM12) were also detected in these P450 enzymes studied.

Eight mono-hydroxylated products were obtained in P450 enzyme and liver microsomal 

incubations, as judged by analysis with m/z 239>121 and 239>129 (Figure 3). We 

characterized fragment ion spectra of these products (Figure 4). OHFM5, M7, and M12 

(as well as 6OHF)—suggested to be products oxidized on the A-ring—typically had m/z 
129 and m/z 137 fragments in their spectra (the proposed structures of these fragments 

were described in Figure 4A). On the other hand, other products of OHFM6 (4´OHF), M9 
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(3´OHF), M10 (2´OHF), and M11 contained m/z 119 and m/z 121 fragments, suggestive 

of products oxidized on the B-ring (proposed structures of these fragments are described in 

Figure 4B).

Formation of di-hydroxylated products of flavone by human P450s and liver microsomes

Three different di-hydroxylated products (diOHFM3, diOHFM4, and diOHFM5) were 

determined by analyzing the m/z 255>129 and m/z 255>153 fragments by LC-MS/MS 

(Figure 5). (The results with CYP2A13, 2B6, 2C9, and 3A4 are not presented because of 

low activities with these enzymes.) Fragment ion spectra of 3´4´diOHF (Figure 5I) and 

57diOHF (5M) standards are shown for comparison. The major product diOHFM5 was 

found in these P450s and liver microsomes, and fragment ion spectra (Figure 5L) were 

similar to that of 57diOHF (Figure 5M). The product diOHFM4 (which was found in 

CYP1A2, CYP2A6, and HH54 microsomal incubations at significant levels and in CYP1A1, 

HH54 (in the presence of anti-2A6 IgG), and HH2 at lower levels) had a retention time of 

4.4 min on LC-MS/MS. The fragment ion spectra were similar to 3´4´diOHF (Figure 5), as 

in the cases of oxidation of 4´MeF, 3´MeF, and flavone described above (Figure 2). Other 

product, diOHFM3, was found to be high in CYP1A2 incubations, and its fragment ion 

spectra differed from diOHFM4 and diOHFM5 (Figure 5J).

Comparison of catalytic activities of oxidation of flavone by P450s and liver microsomes.

We have three standard hydroxylated flavones, 4´OHF, 6OHF, and 3´4´diOHF, available in 

this study and were able to compare turnover numbers (nmol products formed/min/nmol 

P450) with human P450s and liver microsomes (Table 1). Among the nine forms of 

P450 enzymes examined, CYP2A6 had the highest activity in catalyzing flavone to form 

4´OHF. In addition, liver microsomes from sample HH2 showed 14-fold lower activity 

for formation of 4´OHF than did HH54 microsomes (Table 1). Formation of 6OHF was 

catalyzed by CYP2A6, 1A1, CYP1B1.1, 1B1.3, 1A2, and 2A13 and liver microsomes, but 

the activities were <0.07 nmol/min/nmol P450 with these enzymes. CYP1A2 and 2A6 

catalyzed formation of 3´4´diOHF at rates of 0.033 and 0.020 nmole/min/nmol P450, 

respectively, which were higher than those catalyzed by HH54 and HH2.

Effects of anti-CYP2A6 IgG and ANF and coumarin on oxidation of flavone by human liver 
microsomes.

The above results collectively suggested that CYP2A6 is the major enzyme catalyzing 

oxidation of flavone to form OHFM6 (4´OHF), OHFM9 (3´OHF), and diOHFM4 (3´4
´diOHF) in human liver microsomes. The effects of anti-CYP2A6 IgG on oxidation of 

flavone by human liver microsomes were examined (Figure 6). The formation of OHFM6 

and OHFM9 was markedly inhibited by anti-CYP2A6 in HH54 liver microsomes, but 

formation of OHFM10 and M11 was not inhibited as much (Figure 6A). The formation of 

other mono-hydroxylated products (e.g., OHFM5, M7, M12, and 6OHF) was only weakly 

inhibited by anti-CYP2A6 (Figure 6B).

Anti-CYP2A6 also inhibited the formation of diOHFM4 (3´4´diOHF), but not diOHFM3 

and diOHFM5 (Figure 6C); however, inhibition of diOHFM4 formation was not as 
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much compared with that seen with OHFM6 and OHFM9, particularly at lower antibody 

concentrations (Figure 6A).

The above results suggested that CYP1A2, as well as CYP2A6, plays an important role in 

oxidation of flavone by human liver microsomes (Figures 3 and 4). In order to characterize 

these enzymes in the reactions, ANF and coumarin, known to be specific inhibitors for 

CYP1 and CYP2A6 enzymes, respectively (Shimada, 2006; 2017; Guengerich, 2015), were 

used to examine roles of these enzymes in the oxidation of flavone by sample HH47 

liver microsomes (Figure 7). Formation of OHFM6 and OHFM9 was strongly inhibited 

by coumarin but not by ANF. In contrast, the formation of OHFM5, OHFM7, 6OHF, and 

OHFM12 was inhibited only by ANF (Figure 7). Coumarin and ANF inhibited formation 

of diOHFM4 (3´4´diOHF) by 75% and 65%, respectively, in human sample HH54 liver 

microsomes of (results not shown).

Oxidation of 4´OHF to 3´4´diOHF by P450 enzymes and human liver microsomes

Although these results suggested that CYP2A6 is a major enzyme in catalyzing the 

formation of OHFM6 (4´OHF) and OHFM9 (3´OHF) forom flavone, it was not clear 

which P450 enzymes are involved in the oxidation of 4’OHF to 3´4´diOHF in human liver 

microsomes. We examined the oxidation of 4´OHF by P450s and human liver microsomes, 

analyzing formation of 3´4´diOHF (Figure 8). The catalytic activity of CYP2A6 (0.06 

nmol/min/nmol P450) in forming 3´4´diOHF was much lower than that observed with 

CYP1A2 (0.46 min−1) and 2A13 (0.21 min−1) and also by liver microsomes of both the 

HH54 (0.16 min−1) and HH2 (0.16 min−1) samples (Figure 8).

A minor role for CYP2A6 in the oxidation of 4´OHF was also supported by the experiments 

of oxidation of 4´MeF and 3´MeF by CYP2A6 and liver microsomes (Figure 9) (Nagayoshi 

et al., 2019). CYP2A6 catalyzed O-demethylation of 4´MeF to form M2 (4´OHF) and then 

M1 (3´4´diOHF) at rates of 0.029 min−1 and 0.0004 min1, respectively, but these activities 

were much lower than those catalyzed by HH54 (0.76 and 0.06 min−1, respectively) and 

HH2 (0.63 and 0.06 min−1, respectively) liver microsomes (Figure 9A–9C). CYP2A6 was 

also found to have only very low activity in oxidizing 3´MeF to form 3´4´diOHF, at a rate 

of 0.0007 min−1, as compared with by the HH54 (0.084 min−1) and HH2 (0.12 min−1) 

microsomal samples (Figure 9D–9F).

Molecular docking analysis of interaction of flavone with CYP2A6

The interaction of flavone with the active site of CYP2A6 was examined using molecular 

docking analysis. We simulated the interactions between flavone and the active site of 

CYP2A6 by determining ligand-interaction energies (U values) with the program ASEdock 

in MOE and obtained 143 cases with different U values (in the figure, only five cases are 

shown). (Figure 10). The results showed that the C4´- and C3´-moieties of flavone were 

interfaced to the active site of CYP2A6 with the lowest stabilizing energy (U = −26.0) and 

most significant interaction was obtained (Figure 10A). The distances between iron center of 

CYP2A6 and C4´ and C3´ were calculated to be 6.44 and 6.77 Å, respectively.
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Discussion

Plant P450 enzymes, e.g. CYP73, CYP84, and CYP98, catalyze reactions in 

phenylpropanoid pathways, leading to the formation of phenolic compounds, including 

UV protectants, antioxidants, and antimicrobials (Wei and Chen, 2018). Members of the 

CYP75A and CYP75B P450 Sub-families play roles in flavonoid biosynthetic pathways 

leading to flower colors in plants (Tanaka et al., 2010; Tanaka and Brugliera, 2013). 

Mammalian P450 enzymes are also reported to convert various flavonoids to biologically 

active compounds as well as chemically inert products (Breinholt et al., 2002; Hodek 

et al., 2002; Nagayoshi et al., 2019; Nikolic et al., 2004; Schlupper et al., 2006; 

Walle and Walle, 2007). Recent studies have established that sequential oxidation of 

flavonoids by P450s produces more biologically active products, such as 3´4´diOHF, 

57diOHF (chrysin), 4´,5,7-trihydroxyflavone (apigenin), 5,6,7-trihydroxyflavone (baicalein), 

3´,4´,5,7-tetrahydroxyflavone (luteolin), 3,3´,4´,5,7-pentahydroxyflavone (quercetin), and 

3´,4´,5,6,7,8-hexahydroxyflavone (noblletin) (Schlupper et al., 2006; Kim et al., 2018; 

Samarghandian et al., 2017; Farkhondeh et al., 2019; Patel et al., , 2007; Nabavi et al., 

2015; Madunić et al., 2018; Li et al., 2012; Liu et al., 2016; Surichan et al., 2018). It is of 

interest to know why such sequential oxidation of flavonoids by P450 enzymes produces 

more biologically active compounds in mammals as well as in plants.

By comparing products formed through oxidation (O-demethylation) of 4´-, 3´-, and 2´-MeF 

by P450 enzymes, we found that human liver microsomes catalyzed oxidation of flavone 

to form several mono- and di-hydroxylated products, including 4´-, 3´-, and 2´-OHF, and 

3´4´diOHF on LC-MS/MS analysis (Figures 2–5). Among nine forms of human P450s 

examined, CYP2A6 was found to be a major enzyme in producing OHFM6 (4´OHF) and 

OHFM9 (3´OHF) in human liver microsomes. Formation of these products was very low 

in microsomes from human liver sample HH2, which was defective in CYP2A6-dependent 

coumarin 7-hydroxylation activity. The activity was strongly inhibited by the CYP2A6-

inhibitor coumarin and by anti-CYP2A6 IgG in human samples HH47 and HH54, which had 

normal coumarin 7-hydroxylation activities. Formation of OHFM10 (2´OHF) was catalyzed 

by different P450s, including CYP1A1, 1B1.1, 1B1.3, 2A6, 2A13, and 2C9, but was 

suggested to be low when compared with other mono-hydroxylated products in their peak 

intensities (Figure 3). CYP2A6 also oxidized flavone to produce OHFM7, 6OHF, OHFM11, 

and OHFM12 but did not play significant roles, based on the effects of anti-2A6 IgG and 

coumarin (Figures 6 and 7).

Although the Family 1 CYP enzymes (CYP1A1, 1A2, 1B1.1, and 1B1.3) were found to 

catalyze the oxidation of flavone to several mono-hydroxylated products, the rates were 

lower than by CYP2A6, except that CYP1A2 was more active in forming OHFM5 than 

CYP2A6 (Figure 3). ANF, a known CYP1 enzyme inhibitor, suppressed the formation of 

OHFM5, OHFM7, 6OHF, and OHFM12 in human liver microsomes, indicating that CYP1 

enzymes, as well as CYP2A6, play catalytic roles in these flavone oxidation reactions. Only 

traces of CYP 1A1 and 1B1 are present in liver (Guengerich 2015), and the Family 1 activity 

in liver microsomes is largely due to CYP1A2.
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Anti-CYP2A6 IgG and coumarin inhibited formation of diOHFM4 (3´4´diOHF) in human 

liver microsomes and these results indicate that CYP2A6 is also the major enzyme involved 

in this reaction. However, CYP2A6 did not have high activity in catalyzing the oxidation 

of 4´OHF to 3´4´diOHF, indicating that suppression of formation of diOHFM4 (3´4´diOHF) 

by anti-2A6 IgG and coumarin was due to inhibition of the first step, i.e. oxidation of 

flavone to form OHFM6 and OHFM9 (4´OHF and 3´OHF). The formation of diOHFM4 

(3´4´diOHF) was catalyzed by CYP1A2 and CYP2A13 at much higher rates than CYP2A6 

in reconstituted monooxygenase systems, and ANF inhibited the formation of diOHFM4 

(3´4´diOHF) in human liver microsomes. These results indicate that flavone is first oxidized 

to 4´OHF and 3´OHF by CYP2A6 and that these products are oxidized to 3´4´diOHF by 

other P450 enzymes, particularly CYP1A2 and 2A13.

The ionization of flavonoid molecules in mass spectrometry produces various fragment 

ions through dehydration, losses of carbon monoxide, and fission at C-ring bonds, namely 

retro Diels-Alder cleavage, and these fragments can be used for the analysis of chemical 

structures of flavonoids and their metabolites (Heiden and Phillips, 1992; Nikolic and 

Breeman, 2004; Tsimogiannis et al., 2007; Sasaki et al., 1966). Our studies showed that 

eight mono-hydroxylated products of flavone determined thus far can be classified into (at 

least) two types, oxidation on the A- and B-rings. OHFM5, OHFM7, and OHFM12 (as well 

as 6OHF) had typical m/z 129 and m/z 137 fragments in their spectra and are suggested 

to be the products oxidized on the-ring. However, OHFM6 (4´OHF), M9 (3´OHF), M10 

(2´OHF), and M11 (containing m/z 119 and m/z 121 fragments) were classified as products 

oxidized on the B-ring. In addition, fragment ion spectra showed that diOHFM4 can be 

characterized as 3´4´diOHF, by comparison of spectra with a standard material, and that 

diOHFM5 was similar in its spectra to standard 57diOHF (Figure 5).

Molecular docking analysis supports the preference of interaction of the C4´ and C3´ 
moieties of flavone with active site of CYP2A6, resulting in the initial formation of 4´OHF 

and 3´OHF, respectively. By analyzing 143 cases with different ligand-interaction energies 

(U values), we determined the possible interaction of flavone with the enzyme in the lowest 

stabilizing energy (U = −26.0) and found that the distance between C4´ and C3´ moieties 

of flavone with iron center of CYP2A6 were 6.44 and 6.77 Å, respectively (Figure 9A). It 

should be mentioned that we used the crystal structure of CYP2A6 (bound to 4,4´-dipyridyl 

disulfide) for molecular docking analysis, and our results might be affected when other 

crystal structures of CYP2A6 are used (Sheng et al., 2014).

Pathways for the formation of 3´4´diOHF formed in incubations of flavone, 4´MeF, and 

3´MeF with human liver microsomes can be proposed (Figure 11). Flavone is first oxidized 

to 4´- and 3´-OHF mainly by CYP2A6 and these hydroxylated products are further oxidized 

to 3´4´diOHF by P450 enzymes, e.g. CYP1A2 and 2A13, in liver microsomes, although 

the level of CYP 2A13 in liver is rather low in comparison to CYP1A2 (Su et al. 

2000;Guengerich 2015). After 4´MeF and 3´MeF are oxidized to demethylated products 

(4´OHF and 3´OHF, respectively), CYP1A2 and possibly 2A13 may also play significant 

roles to produce 3´4´diOHF in liver microsomes (Nagayoshi et al., 2019). As has been 

reported previously, CYP2A6 has low catalytic activity in the oxidation (O-demethylation) 

of 4´MeF and 3´MeF to 4´OHF and 3´OHF (Nagayoshi et al., 2020). Although 2´MeF 
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was also oxidized (demethylated) by human P450s to form 2´OHF (Figure 2C and 2J), the 

formation of di-hydroxylated products was found to be low (Figure 2) (Nagayoshi et al., 

2020).

Finally, it is of interest to note the results of Das and Griffiths (1966) who showed that oral 

administration of 30 mg of flavone to guinea pigs resulted in urinary excretion of 622, 309, 

15, and 0 μg of 4´OHF on the first, second, third, and fourth days, respectively, following 

administration of flavone. They also showed that small amounts of 3´4´diOHF were found in 

urine after oral or intraperitoneal administration of flavone to rats. Excretion of hydroxylated 

flavones was not suppressed by high doses of antibiotics, indicating that microflora do not 

support the excretion of flavone (Das and Griffiths (1966). The biological significance of 3´4

´diOHF in experimental animal models has been reported in several laboratories (Schlupper 

et al., 2006; Kim et al., 2018).

In conclusion, we studied the roles of CYP2A6 and other human P450s in the oxidation of 

flavone and other flavonoids in human liver microsomes by analyzing product formation 

with LC-MS/MS. By comparing the products formed through metabolism of these 

methoxylated flavones by P450 enzymes, CYP2A6 was found to be a major enzyme in 

catalyzing flavone 4´- and 3´-hydroxylations but it does not play a significant role in 

2´-hydroxylation of flavone, the O-demethylations of three methoxylated flavones, and the 

oxidation of 4´OHF to 3´4´diOHF. The effects of anti-CYP2A6 IgG and chemical P450 

inhibitors suggest that different P450 enzymes, as well as CYP2A6, play significant roles in 

the oxidation of flavone.
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3´OHF
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2´-hydroxyflavone
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6OHF
6-hydroxyflavone

3´4´diOHF
3´,4´-dihydroxyflavone

57diOHF
5,7-dihydroxyflavone

4´MeF
4´-methoxyflavone

3´MeF
3´-methoxyflavone

2´MeF
2´-methoxyflavone

ANF
α-naphthoflavone

DLPC
L-α-1,2-dilauoryl-sn-glycero-3-phosphocholine

References

Akashi T, Aoki T, Ayabe S. (1998). Identification of a cytochrome P450 cDNA encoding (2S)-
flavanone 2-hydroxylase of licorice (Glycyrrhiza echinata L.; Fabaceae) which represents licodione 
synthase and flavone synthase II. FEBS Lett 431:287–90. [PubMed: 9708921] 

Akashi T, Fukuchi-Mizutani M Aoki T, Ueyama Y, Yonekura-Sakakibara K, Tanaka Y, Kusumi T, 
Ayabe S. (1999). Molecular cloning and biochemical characterization of a novel cytochrome P450, 
flavone synthase II, that catalyzes direct conversion of flavanones to flavones. Plant Cell Physiol 
40:1182–6. [PubMed: 10635120] 

Arct J, Pytkowska K. (2008). Flavonoids as components of biologically active cosmeceuticals. Clin 
Dermatol 26:347–57. [PubMed: 18691514] 

Breinholt VM, Offord EA, Brouwer C, Nielsen SE, Brøsen K, Friedberg T. (2002). In vitro 
investigation of cytochrome P450-mediated metabolism of dietary flavonoids. Food Chem Toxicol 
40:609–16. [PubMed: 11955666] 

Brown RE, Jarvis KL, Hyland KJ. (1989). Protein measurement using bicinchoninic acid: elimination 
of interfering substances. Anal Biochem 180: 136–9. [PubMed: 2817336] 

Das NP, Griffiths LA. (1966). Studies on flavonoid metabolism. Metabolism of flavone in the guinea 
pig. Biochem J. 98:488–92. [PubMed: 5941341] 

Du Y, Chu H, Chu IK, Lo C. (2010). CYP93G2 is a flavanone 2-hydroxylase required for C-
glycosylflavone biosynthesis in rice. Plant Physiol 154:324–33. [PubMed: 20647377] 

Fliegmann J, Furtwängler K, Malterer G, Cantarello C, Schüler G, Ebel J, Mithöfer A. (2010). Flavone 
synthase II (CYP93B16) from soybean (Glycine max L.). Phytochemistry 71: 508–14. [PubMed: 
20132953] 

Guengerich FP. (2014). Analysis and characterization of enzymes and nucleic acids relevant to 
toxicology. In Principles and Methods of Toxicology, 6th ed (Hayes AW, Kruger CL, Eds) pp 
1905–64. Taylor and Francis, Boca Raton, FL.

Nagayoshi et al. Page 11

Xenobiotica. Author manuscript; available in PMC 2021 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Guengerich FP. (2015). Human cytochrome P450 enzymes. In Cytochrome P450: Structure, 
Mechanism, and Biochemistry, 4th ed (Ortiz de Montellano PR, Ed), Springer, New York, pp 
563–785.

Han S, Choi S, Chun Y-J, Yun C-H, Lee CH, Shin HJ, Na HS, Chung MW, Kim D. (2012). Functional 
characterization of allelic variants of polymorphic human cytochrome P450 2A6 (CYP2A6*5, *7, 
*8, *18, *19, and *35). Biol Pharm Bull 35: 394–9. [PubMed: 22382327] 

Hedin PA, Phillips VA. (1992). Electron impact mass spectral analysis of flavonoids. J Agr Food Chem 
40: 607–11.

Hodek P, Trefil P, Stiborová M (2002). Flavonoids-potent and versatile biologically active compounds 
interacting with cytochromes P450. Chem-Biol Interact 139: 1–21. [PubMed: 11803026] 

Kagawa H, Takahashi T, Ohta S, Harigaya Y; (2004). Oxidation and rearrangements of flavanones by 
mammalian cytochrome P450. Xenobiotica 34:797–810. [PubMed: 15742975] 

Kakimoto K, Murayama N, Takenaka S, Nagayoshi H, Lim Y, Kim D, Yamazaki H, Komori M, 
Guengerich FP, Shimada T. (2018). Cytochrome P450 2A6 and other human P450 enzymes in the 
oxidation of flavone and flavanone. Xenobiotica 49:131–42. [PubMed: 29310511] 

Kale A Gawande S and Kotwal S. (2008). Cancer phytotherapeutics: role for flavonoids at the cellular 
level. Phytother Res 22: 567–77. [PubMed: 18398903] 

Kim V, Yeom S, Lee Y, Park H-G, Cho M-A, Kim H, Kim D. (2018). In vitro functional analysis of 
human cytochrome P450 2A13 genetic variants: P450 2A13*2, *3, *4, and *10. J Toxicol Environ 
Health A 81:493–501. [PubMed: 29652224] 

Kim N, Yoo HS, Ju YJ, Oh MS, Lee KT, Inn KS, Kim NJ, Lee JK (2018). synthetic 3’,4’-
dihydroxyflavone exerts anti-neuroinflammatory effects in BV2 microglia and a mouse model. 
Biomol Ther (Seoul). 26:210–7. [PubMed: 29462849] 

Martens S, Mithöfer A. (2005). Flavones and flavone synthases. Phytochemistry 66: 2399–407. 
[PubMed: 16137727] 

Nagayoshi H, Murayama N, Kakimoto K, Takenaka S, Katahira J, Lim YR, Kim V, Kim D, Yamazaki 
H, Komori M, Guengerich FP, Shimada T. (2019a). Site-specific oxidation of flavanone and 
flavone by cytochrome P450 2A6 in human liver microsomes. Xenobiotica 49:791–802. [PubMed: 
30048196] 

Nagayoshi H, Murayama N, Kakimoto K, Tsujino M, Takenaka S, Katahira J, Lim Y-R, Kim 
D, Yamazaki H, Komori M, Guengerich FP, Shimada T. (2019b). Oxidation of flavone, 5-
hydroxyflavone, and 5,7-dihydroxyflavone to mono-, di-, and tri-hydroxyflavones by human 
cytochrome P450 enzymes. Chem Res Toxicol 32:1268–80. [PubMed: 30964977] 

Nagayoshi H, Murayama N, Tsujino M, Takenaka S, Katahira J, Kim V, Kim D, Komori M, Yamazaki 
H, Guengerich FP, Shimada T. (2020). Preference for O-demethylation reactions in the oxidation 
of 2´-, 3´-, and 4´-methoxyflavones by human cytochrome P450 enzymes. Xenobiotica 50: 1158–
69. [PubMed: 32312164] 

Nikolic D, van Breemen RB. (2004) New metabolic pathways for flavanones catalyzed by rat liver 
microsomes. Drug Metab Dispos 32: 387–97. [PubMed: 15039291] 

Omura T, Sato R. (1964). The carbon monoxide-binding pigment of liver microsomes. I. Evidence for 
its hemoprotein nature. J Biol Chem 239: 2370–8. [PubMed: 14209971] 

Parikh A, Gillam EMJ, Guengerich FP (1997). Drug metabolism by Escherichia coli expressing human 
cytochromes P450. Nat Biotechnol 15: 784–8. [PubMed: 9255795] 

Sandhu P, Baba T, Guengerich FP. (1993). Expression of modified cytochrome P450 2C10 (2C9) 
in Escherichia coli, purification, and reconstitution of catalytic activity. Arch Biochem Biophys 
306:443–50. [PubMed: 8215449] 

Sandhu P, Guo Z, Baba T, Martin MV, Tukey RH, Guengerich FP. (1994). Expression of 
modified human cytochrome P450 1A2 in Escherichia coli: Stabilization, purification, spectral 
characterization, and catalytic activities of the enzyme. Arch Biochem Biophys 309:168–77. 
[PubMed: 8117105] 

Sasaki S, Itagaki Y, Kurokawa T, Watanabe E, Aoyama T. (1966). The mass spectra of flavonoids. J 
Mass Spectrom Soc Japan 14: 82–92 (in Japanese).

Schlupper D, Giesa S, Gebhardt R. (2006). Influence of biotransformation of luteolin, luteolin 7-
O-glucoside, 3’,4’-dihydroxyflavone and apigenin by cultured rat hepatocytes on antioxidative 

Nagayoshi et al. Page 12

Xenobiotica. Author manuscript; available in PMC 2021 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



capacity and inhibition of EGF receptor tyrosine kinase activity. Planta Med. 72:596–603. 
[PubMed: 16732514] 

Shen AL, Porter TD, Wilson TE, Kasper CB. (1989). Structural analysis of the FMN binding 
domain of NADPH-cytochrome P-450 oxidoreductase by site-directed mutagenesis. J Biol Chem 
264:7584–9. [PubMed: 2708380] 

Sheng Y, Chen Y, Wang L, Liu G, Li W, Tang Y. (2014). Effects of protein flexibility on the site of 
metabolism prediction for CYP2A6 substrates. J Mol Graph Model 54:90–9. [PubMed: 25459760] 

Shimada T, Murayama N, Kakimoto K, Takenaka S, Lim YR, Yeom S, Kim D, Yamazaki H, 
Guengerich FP, Komori M (2018). Oxidation of 1-chloropyrene by human CYP1 family and 
CYP2A subfamily cytochrome P450 enzymes: catalytic roles of two CYP1B1 and five CYP2A13 
allelic variants. Xenobiotica 48:565–75. [PubMed: 28648140] 

Shimada T, Watanabe J, Inoue K, Guengerich FP, Gillam EMJ (2001). Specificity of 17β-oestradiol 
and benzo[a]pyrene oxidation by polymorphic human cytochrome P4501B1 variants substituted at 
residues 48, 119 and 432. Xenobiotica 31:163–76. [PubMed: 11465393] 

Shimada T, Nagayoshi H, Murayama N, Takenaka S, Katahira J, Kim V, Kim D, Komori M, 
Yamazaki H, and Guengerich FP (2021). Liquid chromatography-tandem mass spectrometry 
analysis of oxidation of 2´-, 3´-, 4´- and 6-hydroxyflavanones by human cytochrome P450 
enzymes. Xenobiotica 51: 139–54. [PubMed: 33047997] 

Su T, Bao ZP, Zhang QY, Smith TJ, Hong JY, Ding X (2000). Human cytochrome P450 CYP2A13. 
Predominant expression in the respiratory tract and its high efficiency metabolic activation 
of a tobacco-specific carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. Cancer Res 
60:5074–9. [PubMed: 11016631] 

Tanaka Y Brugliera F Kalc G Senior M Dyson B Nakamura N Katsumoto Y and Chandler S 
(2010). Flower color modification by engineering of the flavonoid biosynthetic pathway: practical 
perspectives. Biosci Biotechnol Biochem 74:1760–9. [PubMed: 20834175] 

Tanaka Y, Brugliera F. (2013). Flower colour and cytochromes P450. Philos Trans R Soc Lond B Biol 
Sci 368: 1–14.

Tsimogiannis D, Samiotaki M, Panayotou G, Oreopoulou V. (2007). Characterization of flavonoid 
subgroups and hydroxy substitution by HPLC-MS/MS. Molecules 12: 593–606. [PubMed: 
17851414] 

Uno T Obe Y Ogura C Goto T Yamamoto K Nakamura M Kanamaru K Yamagata H Imaishi H. 
(2013). Metabolism of 7-ethoxycoumarin, safrole, flavanone and hydroxyflavanone by cytochrome 
P450 2A6 variants. Biopharm Drug Dispos 34:87–97. [PubMed: 23112005] 

Uno T, Ogura C, Izumi C, Nakamura M, Yanase T, Yamazaki H, Ashida H, Kanamaru K, 
Yamagata H, Imaishi H (2015). Point mutation of cytochrome P450 2A6 (a polymorphic 
variant CYP2A6.25) confers new substrate specificity towards flavonoids. Biopharm Drug Dispos 
36:552–63. [PubMed: 26222491] 

Wei K, Chen H. (2018). Global identification, structural analysis and expression characterization of 
cytochrome P450 monooxygenase superfamily in rice. BMC Genomics 19:35, 1–18, [PubMed: 
29291715] 

Walle UK, Walle T (2007). Bioavailable flavonoids: cytochrome P450-mediated metabolism of 
methoxyflavones. Drug Metab. Dispos 35, 1985–9. [PubMed: 17709371] 

Yun C-H, Shimada T, Guengerich FP (1991). Purification and characterization of human liver 
microsomal cytochrome P-450 2A6. Mol Pharmacol 40: 679–85. [PubMed: 1944238] 

Zhang S, Yang X, Coburn RA, Morris ME. (2005). Structure activity relationships and quantitative 
structure activity relationships for the flavonoid-mediated inhibition of breast cancer resistance 
protein. Biochem Pharmacol 70: 627–39. [PubMed: 15979586] 

Nagayoshi et al. Page 13

Xenobiotica. Author manuscript; available in PMC 2021 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Chemical structures of flavonoids studied in this study.

Nagayoshi et al. Page 14

Xenobiotica. Author manuscript; available in PMC 2021 December 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
LC-MS/MS analyses of oxidation of 4´MeF by CYP1B1.1 (A), 3´MeF by CYP1A2 (B), 

and 2´MeF (C) by CYP1B1.1 in reconstituted monooxygenase systems. The fragment 

(product) ion spectra of these products are shown in Figures 2G–2J. LC-MS/MS analysis 

of flavone metabolites was also examined with liver microsomes of human sample HH54 

in the absence (D) and presence (E) of anti-CYP2A6 IgG and human sample HH2 liver 

microsomes (F). The fragment (product) ion spectra of OHFM6 (K), OHFM9 (L), OHFM10 

(M), and OHFM11 (N) are shown in the figure.
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Figure 3. 
Oxidation of flavone to form mono-hydroxylated products by CYP1A1 (A and J), CYP1A2 

(B and K), CYP1B1.1 (C and L), CYP1B1.3 (D and M), CYP2A6 (E and N), CYP2A13 (F 

and O), CYP2B6 (G and P), CYP2C9 (H and Q), and CYP3A4 (I and R).
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Figure 4. 
Fragment ion spectra of mono-hydroxylated products of flavone formed by CYP2A6 and 

human sample HH54 liver microsomes.
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Figure 5. 
Oxidation of flavone to form di-hydroxylated products by CYP1A1 (A), 1A2 (B), 1B1.1 

(C), 1B1.3 (D), and 2A6 (E) and by liver microsomes from sample HH54 (F), HH54 with 

anti-CYP2A6 IgG (G), and HH2 (H). The products diOHFM3, M4, and M5 formed were 

analyzed with the m/z 255>129 and m/z 255>153 transitions. The fragment ion spectra of 

these products (J, K, and L) and the standards 3´4´diOHF (I) and 57diOHF (M) are shown in 

the figure.
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Figure 6. 
Effect of anti-CYP2A6 IgG on oxidation of flavone to mono-hydroxylated products (A and 

B) and di-hydroxylated products (C) by liver microsomes of HH54. The mono-hydroxylated 

products were measured using the m/z 239>121 (A) or m/z 239>129 transition (B) and 

the di-hydroxylated products with m/z 255>129 (for diOHFM3 and M5) and m/z 239>153 

transitions (for diOHFM4, 3´4´diOHF) (C).
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Figure 7. 
Effects of ANF (B and E) and coumarin (C and F) on oxidation of flavone to form 

mono-hydroxylated products catalyzed by sample HH47 liver microsomes (control reaction 

without inhibitors, Figure 7A and 7D). The concentrations of inhibitors and the substrate 

flavone used were 10 μM and 60 μM, respectively, and product formation was determined at 

m/z 239>121 (A-C) and at m/z 239>129 (D-F). N, non-identified peak.
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Figure 8. 
LC-MS/MS analysis of oxidation of 4´OHF to form 3´4´diOHF by CYP2A6 (A) and by 

liver microsomes of human samples HH54 (C) and HH2 (D). The standard spectrum of 

3´4´diOHF is shown in Figure 8A. The fragment ion spectra of a standard 3´4´diOHF and 

M1 (from HH54) are shown in Figures 8E and 8F, respectively. The turnover numbers (nmol 

3´4´diOHF formed/min/nmol P450) by CYP1A2, 2A6, 2A13, 2B6, HH54, and HH2 are 

shown in Figure 8G. Results are means of duplicate determinations.
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Figure 9. 
Oxidation of 4´MeF (A-C, G-I) and 3´MeF (D-F, J-L) by CYP2A6 (A and D), HH54 liver 

microsomes (B and E), and HH2 liver microsomes (C and F). The products formed were M1 

(3´4´diOHF) and M2 (4´OHF) in the case of 4´MeF and M1 (3´4´diOHF) and M3 (3´OHF) 

in the case of 3´MeF. Fragment ion spectra of 4´MeF (Figure 9G) and 3´MeF (9J) and their 

products (9H, 9I, 9K, and 9L) are shown in the figure. N, not characterized.
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Figure 10. 
Molecular docking analysis of interaction of flavone with active sites of CYP2A6. Five 

cases with different ligand-interaction energies (U values) are shown in the figure and most 

significant interaction was obtained in Figure 8A.
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Figure 11. 
Proposed pathway for oxidative metabolism of flavone, 4´MeF, and 3´MeF to form 3´4

´diOHF by human P450 enzymes.
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Table 1.

Oxidation of flavone to form 6OHF, 4´OHF, and 3´4´diOHF by nine forms of human P450 enzymes and liver 

microsomes

Enzymes
Product formation (nmol products/min/nmol P450)

6OHF 4´OHF 3´4´diOHF

P450 enzymes

CYP1A1 0.023 <0.0001 <0.0001

CYP1A2 0.006 0.020 0.033

CYP1B1.1 0.034 0.048 <0.0001

CYP1B1.3 0.026 0.026 <0.0001

CYP2A6 0.070 1.84 0.020

CYP2A13 0.003 0.053 <0.0001

CYP2B6 <0.0001 0.007 <0.0001

CYP2C9 <0.0001 0.005 <0.0001

CYP3A4 0.001 <0.0001 <0.0001

Liver microsomes

HH54 0.031 0.136 0.009

HH2 0.022 0.010 0.004

Results presented are means and duplicate determinations and the standard errors in these values were found to be < 15% of the means.
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