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Abstract
Structure-function relationships for inhibition of human cytochrome P450s (P450s) 1A1, 1A2,
1B1, 2C9, and 3A4 by 33 flavonoid derivatives were studied. Thirty-two of the 33 flavonoids
tested produced Reverse Type I binding spectra with P450 1B1, and the potencies of binding were
correlated with the abilities to inhibit 7-ethoxyresorufin O-deethylation activity. The presence of a
hydroxyl group in flavones, e.g. 3-, 5-, and 7-monohydroxy- and 5,7-dihydroxyflavone, decreased
the 50% inhibition concentration (IC50) of P450 1B1 from 0.6 µM to 0.09, 0.21, 0.25, and 0.27
µM, respectively, and 3,5,7-trihydroxyflavone (galangin) was the most potent, with an IC50 of
0.003 µM. The introduction of a 4’-methoxy- or 3’,4’-dimethoxy group into 5,7-dihydroxyflavone
yielded other active inhibitors of P450 1B1 with IC50 values of 0.014 and 0.019 µM, respectively.
The above hydroxyl- and/or methoxy-groups in flavone molecules also increased the inhibition
activity with P450 1A1 but not always towards P450 1A2, where 3-, 5-, or 7-hydroxyflavone, and
4’-methoxy-5,7-dihydroxyflavone were less inhibitory than flavone itself. P450 2C9 was more
inhibited by 7-hydroxy-,5,7-dihydroxy-, and 3,5,7-trihydroxyflavones than by flavone but was
weakly inhibited by 3-and 5-hydroxyflavone. Flavone and several other flavonoids produced Type
I binding spectra with P450 3A4, but such binding was not always related to the inhibitiory
activities towards P450 3A4. These results indicate that there are different mechanisms of
inhibition for P450s 1A1, 1A2, 1B1, 2C9, and 3A4 by various flavonoid derivatives and that the
number and position of hydroxyl and/or methoxy groups highly influence the inhibitory actions of
flavonoids towards these enzymes. Molecular docking studies suggest that there are different
mechanisms involved in the interaction of various flavonoids with the active site of P450s, thus
causing differences in inhibition of these P450 catalytic activities by flavonoids.
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Introduction
Many plant flavonoids are found in nature and it has been reported that these natural
products have various biological properties, e.g. anti-oxidative and anti-mutagenic activities,
thus preventing cancer, heart disease, bone loss, and a number of diseases (1–3). Recent
studies have shown that these biological activities vary with the number and substitution
positions of hydroxyl and/or methoxy groups in the flavonoid molecules (4–6). Inhibition of
P450 enzymes by structurally diverse flavonoids has been extensively studied in several
laboratories (4–10). Human P450s 1A1, 1A2, 1B1, 2C9, and 3A4 are reported to be
inhibited by various flavonoids (11–17), and these phenomena have been suggested to
influence human health, since these P450 enzymes play important roles in the activation and
detoxification of endogenous and xenobiotic chemicals (18–22).

We have previously shown that a variety of chemical inhibitors—e.g. structural derivatives
of pyrene, naphthalene, phenanthrene, biphenyl, and flavone—interact with human P450
1B1 (P450 1B1) to produce reverse type I binding spectra and that the spectral dissociation
constants (Ks) and the magnitudes of the binding (ΔA/Ks) of these compounds are well
correlated with potencies of these chemicals to inhibit P450 1B1, as determined by 7-
ethoxyresorufin O-deethylation (EROD) as a model reaction (23). A structure-function
relationship study has revealed that the substitution of pyrene with acetylenic groups
decreases the affinity to P450 1B1 while the substitution of naphthalene, phenanthrene, and
biphenyl with acetylenic groups or propargyl ethers causes increases in their affinities to
P450 1B1. In the cases of flavonoids, substitutions of 3’-monomethoxy-, 4’-monomethoxy-,
or 3’,4’-dimethoxy groups with 5,7-dihydroxyflavone cause strong interactions with P450
1B1 while 7,8-dihydroxylation markedly decreases the affinity towards P450 1B1 (23).

In this study, we further examined and compared the structure-function relationships of the
inhibition of human P450s 1A1, 1A2, 1B1, 2C9 and 3A4 with a total of 33 flavonoids by
measuring EROD for the former three enzymes and flurbiprofen 1’-hydroxylation and
midazolam 4-hydroxylation, respectively, for the latter two enzymes. The flavonoids used
were flavone, nine hydroxylated flavones, four methoxylated flavones, eight methoxylated
hydroxyflavones, flavanone, 4’,5,7-trihydroxylflavanone and its glycoside, 4’,5,7-
trihydroxyisoflavone, and 4’-methoxy-5,6-dihydroxyisoflavone. We also determined the
effects of addition of 2’- and 4’-propargyl ethers on the inhibition of P450s 1A1, 1A2, 1B1,
2C9 and 3A4 caused by ANF and BNF. Spectral interaction of these flavonoids with five
P450s were examined and compared with their inhibitory potencies towards P450s 1A1,
1A2, 1B1, 2C9, and 3A4. Molecular docking studies of the interaction of these flavonoids
with active sites of individual P450 enzymes are also reported and considered.

Experimental Procedures
Chemicals

A total of 33 flavonoid derivatives was used for the inhibition studies of P450s 1A1, 1A2,
1B1, 2C9, and 3A4 (Figure 1). 7-Ethoxyresorufin, resorufin, α-naphthoflavone (ANF), β–
naphthoflavone (BNF), flavone, flavanone, 3-hydroxyflavone (flavonol) (3HF), 5-
hydroxyflavone (5HF), 7-hydroxyflavone (7HF), 5,7-dihydroxyflavone (chrysin) (57DHF),
3,5,7-trihydroxyflavone (galangin) (357THF), 4’5,7-trihydroxyflavone (apigenin)
(4’57THF), 4’,5,7-trihydroxyisoflavone (genistein) (4’57THIsoF), 4’,5,7-
trihydroxyflavanone (naringenin) (4’57THFva), 4’,5,7-trihydroxyflavanone glycoside
(naringin) (4’57THFvaG), 5,6,7-trihydroxyflavone (baicalein) (567THF), 3,4’,5,7-
tetrahydroxyflavone (kaempferol) (34’57TetraHF), 3,3’,4’,5,7-pentahydroxyflavone
(quercetin) (33’4’57PHF), 4’-methoxy-5,7-dihydroxyflavone (acacetin) (4’M57DHF), and
4’-methoxy-5,7-dihydroxyisoflavone (biochain A) (4’M57DHIsoF) were obtained from
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Sigma Chemical Co. (St. Louis, MO) or Wako Pure Chemical (Osaka) or Kanto Kagaku Co.
(Tokyo). 2’-Methoxyflavone (2’MF), 3’-methoxyflavone (3’MF), 4’-methoxyflavone
(4’MF), 3’,4’-dimethoxyflavone (3’4’DMF), 2’-methoxy-5,7-dihydroxyflavone
(2’M57DHF), 3’-methoxy-5,7-dihydroxyflavone (3’M57DHF), 3’4’-dimethoxy-5,7-
dihydroxyflavone (3’4’DM57DHF), 2’-methoxy-7,8-dihydroxyflavone (2’M78DHF), 3’-
methoxy-7,8-dihydroxyflavone (3’M78DHF), 4’-methoxy-7,8-dihydroxyflavone
(4’M78DHF), and 3’,4’-dimethoxy-7,8-dihydroxyflavone (3’4’DM78DHF) were
synthesized as described previously (23,24). Methods for the synthesis of α-naphthoflavone
2’-propargyl ether (ANF2’PE), α-naphthoflavone 4’-propargyl ether (ANF4’PE), β–
naphthoflavone 2’-propargyl ether (BNF2’PE), and β–naphthoflavone 4’-propargyl ether
(BNF4’PE) were described elsewhere (25). All of the flavonoids and substrates for P450
assay were dissolved in (CH3)2SO and added directly to the incubation mixtures; the final
concentration of organic solvent in the assay was <0.4%. Other chemicals and reagents used
in this study were obtained from the sources described previously or were of the highest
quality commercially available (23,26–28).

Enzymes
Bacterial "bicistronic" P450 1B1, 1A1, 1A2, 1B1, 2C9, and 3A4 systems were prepared as
described (23,26–30). To facilitate expression and purification of P450s, six histidine
residues were introduced at the position before the termination codon (23,31,32). The
plasmids for the expression of P450s 1A1, 1A2, 1B1, 2C9, or 3A4 plus human NADPH-
P450 reductase were introduced into Escherichia coli DH5α cells, and the bacterial
membranes were prepared and suspended in 10 mM Tris-HCl buffer (pH 7.4) containing 1.0
mM EDTA and 20% glycerol (v/v) as described (23).

For purification of the P450 1B1, 1A1, and 1A2 enzymes, the bacterial membranes were
solubilized in 0.10 M potassium phosphate buffer (pH 7.4) containing 20% glycerol (v/v),
0.5 M NaCl, 10 mM β-mercaptoethanol, 0.5% sodium cholate (w/v), 1% Triton N-101 (w/
v), and 30 µM ANF. The solubilized membranes were centrifuged, the supernatant was
applied to a nickel-nitrilotriacetic acid column (Qiagen), and the P450 proteins were purified
by the methods described previously (23,31,32). Methods for purification of P450 2C9 and
3A4 from the bacterial membranes have been described elsewhere (29,30).

Enzyme Assays
The 50% inhibition concentration (IC50) of EROD activities of P450 1A1, 1A2, and 1B1
was determined in a standard incubation mixture (0.5 mL) consisting of P450 1A1 (0.03
µM), P450 1A2 (0.05 µM), or P450 1B1 (0.04 µM) in bacterial membranes co-expressing
human NADPH-P450 reductase, chemical inhibitors, 100 mM potassium phosphate buffer
(pH 7.4), and an NADPH-generating system consisting of 0.5 mM NADP+, 5 mM glucose
6-phosphate, and 0.5 unit of yeast glucose 6-phosphate dehydrogenase/mL (23). 7-
Ethoxyresorufin (2.5 µM) was added to start the reaction and formation of resorufin was
determined in a Hitachi F-4500 spectrofluorometer using an excitation wavelength of 571
nm and an emission wavelength of 585 nm. Control EROD activities (without flavonoids)
by P450 1A1, 1A2, and 1B1 were 44 ± 3.8, 3.2 ± 0.47, and 18 ± 1.9 nmol product formed/
min/nmol P450, respectively. The minimum rate of detection for EROD assay was <0.1
nmol resurufin fromed/min/nmol P450.

Flurbiprofen 4’-hydroxylation and midazolam 1’- and 4-hydroxylation were determined in a
standard incubation mixtures (0.2 mL or 0.25 mL, respectively) containing P450 2C9 (0.03
µM) or P450 3A4 0.04 µM) in bacterial membranes co-expressing human NADPH-P450
reductase, 100 mM potassium phosphate buffer (pH 7.4), and an NADPH-generating system
described above. Flurbiprofen (0.1 mM) or midazolam (0.1 mM) was added to start the
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reaction and product formation was determined in a spectrofluorimeter using an excitation
wavelength of 260 nm and an emission wavelength of 320 nm (33) in the former case and in
a UV detector at 220 nm (34) in the latter case. Control flurbiprofen 4’-hydroxylation
activity (without flavonoids) by P450 2C9 was 3.6 ± 0.44 nmol/min/nmol P450, and control
midazolam 1’- and 4-hydroxylation activities by P450 3A4 were 3.2 ± 0.33 and 6.3 ± 0.55
nmol product formed/min/nmol P450, respectively. The minimum rate of detection for
flurbiprofen 4’hydroxylation activity was <0.1 nmol product fromed/min/nmol P450 and
that for midazolam 1’- and 4-hydroxylation was <0.2 nmol/min/nmol P450.

Spectral Binding Titrations
Purified P450 enzymes were diluted to 1–3 µM in 0.10 M potassium phosphate buffer (pH
7.4) containing 20% glycerol (v/v) and the binding spectra were recorded with subsequent
additions of chemical inhibitors in a Jasco V-550 spectrophotometer as described previously
(23). The chemical inhibitors were added in a buffer solution and the spectra were recorded
between 350 and 700 nm. The P450 spectra with or without inhibitors were obtained by
subtracting the blank spectra (in the absence of P450) from the P450 spectra, and the
difference spectra of the interaction of chemicals with P450 1B1 were obtained. Spectral
dissociation constants (Ks) were estimated using GraphPad Prism software (GraphPad
Software, San Diego, CA).

Other Assays
P450 and protein concentrations were estimated by the methods described previously
(35,36).

Kinetic analysis
Kinetic parameters for inhibition of P450-dependent substrate oxidation activities by
flavonoids were estimated by nonlinear regression analysis using the program KaleidaGraph
(Synergy Softwaare, Reading, PA) or Graphpad Prism (Graphpad, San Diego, CA).
Statistical correlation coefficients were obtained by power equation analysis (New Cricket
III).

Docking Simulation of flavonoids into human P450 enzymes
The crystal structures of P450 1A2, 2C9, and 3A4 have recently been reported (37–39). The
human P450 1A1 and 1B1 primary sequences were aligned with human P450 1A2 (Protein
Data Bank code 2HI4) in the MOE software (ver. 2009.10, Chemical Computing Group,
Montreal, Canada) for modeling of a three-dimensional structure. Prior to docking, the
energy of the P450 structures was minimized using the CHARMM22 force field. Docking
simulation was carried out for flavonoid binding to P450 enzymes using the MMFF94x
force field distributed in the MOE Dock software. Twenty solutions were generated for each
docking experiment and ranked according to total interaction energy (U value).

Results
Inhibition of P450 1B1 by Flavonoid Derivatives

Inhibition of P450 1B1 by 33 flavonoid derivatives was determined in systems containing E.
coli membranes expressing both P450 1B1 and NADPH-P450 reductase by measuring
EROD activity as a model reaction (Figure 2). In that figure (and also in Figures 5, 6, 8, and
9), the flavonoids were divided into three groups: a) ANF and BNF and their 2’- and 4’-
propargyl ethers, b) flavonoids and their hydroxylated derivatives, and c) methoxylated
flavonoids (with or without hydroxyl groups). In each group, the chemicals are listed in
order from lower to higher IC50 values.
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Both ANF and BNF were very potent inhibitors with IC50 values of 0.013 and 0.017 µM,
respectively, and our results showed that four propargyl ether metabolites of ANF and BNF
were also potent inhibitors of P450 1B1 (upper panel of Figure 2).

The potencies (IC50 values) for inhibiting P450 1B1-dependent EROD activities by flavone
were compared with those of flavonoid derivatives that were substituted with either
hydroxyl and/or methoxy groups in the molecules (Figure 2, middle and lower panels,
respectively). Hydroxylation of flavone at positions 3-, 5-, 7-, and 5,7- decreased the IC50
values to 15, 35, 42, and 45%, respectively, of that of flavone itself (0.6 µM). 3,5,7THF
(galangin) was found to be the most active compound inhibiting P450 1B1, with an IC50
value of 0.003 µM (Figure 2, middle panel). 567THF, 4’57THF, and 34’57tetraHF had IC50
values 23, 33, and 38% of that of flavone. Flavanone, 4’57THF, and 4’57THIsoF were not
as potent in inhibiting P450 1B1 as flavone and 4’,5,7-trihydroxyflavone. 4’57THFvaG
(naringin) was a weak inhibitor of P450 1B1.

Substitution with 3’-, 4’-, and 2’-methoxy and 3’,4’-dimethoxyl groups on flavone caused
decreases in IC50 values from 0.60 µM to 0.15, 0.23, 0.32, and 0.26 µM, respectively
(Figure 2, lower part). Interestingly, the addition of 4’-methoxy (acacetin) and 3’,4’-
dimethoxy moieties to 57DHF (chrysin) significantly decreased the IC50 values from 0.27
µM to 0.014 and 0.019 µM, respectively. The IC50 values of 3’M57DHF and 2’M57DHF
were 0.11 and 0.24 µM, respectively, and 4’M57DHIsoF (biochain A) was not as potent in
inhibiting P450 1B1 (IC50 = 0.70 µM) as 4’M57DHF. Our results also showed that
2’M78DHF, 3’M78DHF, 4’M78DHF and 3’4’DM78DHF had decreased potencies towards
inhibition of P450 1B1 as compared with 2’MF, 3’MF, 4’MF, and 3’4’DMF.

Spectral Interaction of Flavonoids with P450 1B1
Previously we showed that a variety of chemical inhibitors, including 14 flavonoids and
ANF and BNF, induce reverse Type I binding spectra and that the spectral dissociation
constants (Ks) and the efficiencies of binding (ΔA/Ks) correlate with the abilities of
inhibition (IC50) of P450 1B1 by these chemicals (23). We further studied the spectral
interaction and inhibition of P450 1B1 using 33 flavonoids and six other molecules,
including ANF and BNF and their derivatives (Figure 3). Flavone produced Reverse Type I
binding spectra; the Soret band (peak wavelength) was shifted from 392 to 415 nm and α-
and β-bands appeared at 534 and 565 nm, respectively (Figure 3A and 3B). The difference
spectra indicated a typical Reverse Type I binding spectra (Figure 3C).

The Ks and ΔA/Ks for interaction of these flavonoids (except 2M78DHF, which did not
show spectra) with P450 1B1 were found to be well correlated with the inhibition of EROD
activities catalyzed by P450 1B1 (r = 0.92 and 0.83, respectively) (Figure 4). It was also
noted that ANF and BNF and their 2’- and 4’-propynyl ether derivatives had high affinities
to produce spectral interaction with and to inhibit P450 1B1 (Figure 4, open squares).

Interaction and Inhibition of P450 1A1 and 1A2 with Flavonoids
As reported previously (23), neither P450 1A1 nor 1A2 induced spectral changes in
interacting with several of the flavonoid derivatives examined at concentrations up to 100
µM (results not shown).

P450 1A1 EROD activity was strongly inhibited by ANF and BNF and their propargyl
ethers; there was little difference in the IC50 values among free and propargyl ether
derivatives of ANF and BNF (Figure 5, upper panel).

Among the free and hydroxylated flavone, flavanone, and isoflavone derivatives examined,
357THF (galangin) was the most active in inhibiting P450 1A1, followed by 5,7DHF, 7HF,
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34’57TetraF, 4’57THF, 3HF, 567THF, and 5HF; these chemicals were more active than
flavone (Figure 5, middle panel). However, 33’4’57PentaHF, flavanone, 4’57THFva, and
4’57THisoF were less potent than flavone. We also found that both 3’4’DM57DHF (IC50
0.072 µM) and 4’M57DHF (IC50 0.10 µM), but not 2’M57DHF (IC50 1.4 µM) or
3’M57DHF (IC50 5.8 µM), were slightly more active than 57DHF (IC50 0.17 µM) in
inhibiting P450 1A1 (Figure 5, lower panel). Other methoxylated flavones, e.g. 2’MF,
3’MF, 4’MF, and 3’4’DMF, showed similar abilities to flavone in inhibiting P450 1A1. All
of the methoxylated derivatives of 7,8-dihydroxyflavone were less potent than those of the
respective 5,7-dihydroxyflavone.

P450 1A2 EROD activity was inhibited by ANF (IC50 0.075 µM), ANF2’PE (IC50 0.24
µM), and ANF4’PE (IC50 0.10 µM) but only weakly by BNF, BNF2’PE, and BNF4’PE
(Figure 6, upper panel). As in the cases of P450 1B1 and 1A1, 357THF and 3’4’DM57DHF
were potent inhibitors of P450 1A2 with IC50 values of 0.011 µM (in both cases) (Figure 6).
Although 57DHF was more potent in inhibiting P450 1A2 than flavone, other hydroxylated
flavonoids were not as active as flavone itself. Methoxylated flavones (except for
3’4’DM57DHF) and other derivatives of flavanone and isoflavone were also weak inhibitors
as compared with flavone (Figure 6, lower panel).

Comparative Analysis of Inhibition of P450 1A1-, 1A2-, and 1B1-Dependent EROD Activity
by Several Flavonoids

Kinetic analysis of the inhibition of P450 1B1 by 357THF, 4’57THFva, and 4’M57DHisoF
at concentrations of 0.02, 8.0, and 8.0 µM, respectively, showed that these chemicals
inhibited the activities in a mixed-type pattern (results not shown). Similar inhibition
mechanisms were also noted for P450 1A1 with 0.08 µM 357THF, 4.0 µM 4’M57DHIsoF,
and 20 µM 4’57THFvaG and for P450 1A2 with 0.01 µM 357THF, 40 µM 4’M57DHIsoF,
and 40 µM 4’57THFva (results not shown).

Interaction and Inhibition of P450 2C9 with Flavonoids
We examined the spectral interaction of flavonoids with P450 2C9 and found that flavone,
5HF, 7HF, 57DHF, 357THF, 4’57THF, 34’57TetraHF, 4’M57DHF, 4’M57DHIsoF, ANF,
and BNF and their propargyl ether derivatives did not induce spectral changes with P450
2C9 at concentrations up to 100 µM (results not shown). On the other hand, P450 2C9 was
found to interact with a typical substrate flurbiprofen to produce Type I spectra with a
spectral dissociation constant (Ks) of 5.5 µM (results not shown).

Inhibition of P450 2C9 by flavonoids was determined by measuring flurbiprofen 4’-
hydroxylation activity (Figure 7). Interestingly, four propargyl ether derivatives of ANF and
BNF were found to be more potent in inhibiting P450 2C9 than the parent compounds
(Figure 7, upper panel). Several hydroxylated flavonoids, e.g. 357THF, 7HF, 57DHF,
4’57THF, 567THF, 33’4’57PHF, 4’57THIsoF, and 34’57TetraHF were more potent in
inhibiting P450 2C9 than flavone, but flavanone, 3HF, 5HF, and 4’57THFvaG were less
active (Figure 7, middle panel). The addition of 2’-, 3’, 4’, and 3’,4’-methoxy groups to
57DHF did not produce more active inhibitors of P450 2C9 (Figure 7, lower panel). 2’MF,
3’MF, 4’MF, and 3’4’DMF were slightly more active than flavone in inhibiting P450 2C9.

Interaction of P450 3A4 with Flavonoids
P450 3A4 oxidized midazolam to form 1’- and 4-hydroxylated metabolites; we found that
some of the flavonoids, such as flavone and flavanone, enhanced the formation of 1’-
hydroxymidazolam but inhibited the formation of 4-hydroxymidazolam (Figure 8). It was
also found that 4’57THF, 4’M57DHF, and 357THF significantly inhibited P450 3A4-
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catalyzed midazolam 4-hydroxylation but slightly activated the formation of 1’-
hydroxylation at lower concentration (Figure 8).

Because none of the 33 flavonoids used here activated—but mostly inhibited—the
midazolam 4-hydroxylation activity, the inhibitory potencies of these flavonoids towards
P450 3A4 were compared (Figure 9). ANF inhibited midazolam 4-hydroxylation with an
IC50 value of 18 µM, and ANF2’PE and ANF4’PE were found to be less active in inhibiting
P450 3A4 (IC50 values of 64 and 55 µM, respectively). BNF and its derivatives were not
active inhibitors of P450 3A4. Both flavone and flavanone were weak in inhibiting P450
3A4 with IC50 values >100 µM (Figure 9). As in the cases of other P450s, 357THF was the
most potent inhibitor of P450 3A4 with an IC50 of 2.3 µM. 4’57THF, 57DHF, 4’57THIsoF,
3,4’57TetraHF, and 3,3’4’57PHF inhibited P450 3A4 with IC50 values between 5.2 and 35
µM. 3HF, 5HF, 7HF, 4’57THF, and 567THF were rather inactive in inhibiting P450 3A4,
with IC50 values >100 µM. 57DHF inhibited midazolam 4-hydroxylation (IC50 7.4 µM) and
2’M57DHF, 3’M57DHF, and 3’4’DM57DHF were found to inhibit P450 3A4, with IC50
values of 2, 16, 6.5, and 38 µM, respectively. 2’MF, 3’MF, 4’MF, and 3’4’DMF were not
very effective inhibitors of P450 3A4.

Flavone produced a Type I spectral change with P450 3A4 showing a spectral shift of the
Soret peak from 417 to 391 nm and decreases in both the α and β peaks at 538 and 565 nm,
respectively (Figures 10A and 10B). The Ks (µM) and ΔAmax values obtained from
difference spectra (Soret band) were determined to be 380 ± 81 µM and 0.12 ± 0.02,
respectively (Figure 10C). Because most of other flavonoids had spectral bands near the
Soret peak and interfered with the spectral measurements at higher concentrations, we
monitored the decreases in the α and β bands for interaction of several of the flavonoid
derivatives with P450 3A4 (Figure 10B). Our results showed that 357THF, 2’MF, 3’MF,
4’MF, 3’57DHF, and 4’M57DHF induced spectral changes, but flavanone, 57DHF,
4’57THF, 3’4’DM57DHF, and 3’4’DM78DHF did not even at 100 µM concentrations.

ANF, ANF2’PE, ANF4’PE, and BNF also interacted with P450 3A4 and yielded Type I
binding spectra with Ks values of 6.5, 3.7, 6.8, and 6.3 µM respectively; the values much
lower compared with those of flavone and testosterone (260 µM). BNF2PE and BNF4PE
did not produce Type I binding spectra with P450 3A4 (results not shown).

Correlation of inhibition of P450s 1B1, 1A1, 1A2, 2C9, and 3A4 with 33 flavonoids
All of the above results suggested that these flavonoids inhibit substrate oxidations catalyzed
by the five P450s examined, depending on the flavonoid and the P450 used. We compared
IC50 values for inhibition of P450 1B1 with those for inhibition of P450s 1A1, 1A2, 2C9,
and 3A4 by 33 flavonoids, except for the compounds with IC50 values >100 µM (Figure 11).
The correlation between IC50 values of P450 1B1 and 1A1 with these flavonoids was very
high (r = 0.86), followed by P450 1A2 (r = 0.71), P450 2C9 (r = 0.45), and P450 3A4 (r =
0.37). The r value was 0.75 for comparison between P450 1A1 and 1A2.

Docking Simulation of the Interaction of Flavonoids with Human P450 Enzymes
Molecular docking studies were performed on six selected flavonoids with human P450
enzymes using the reported crystal structures of P450 1A2 (37), P450 2C9 (38), and P450
3A4 (39). The structures of P450s 1A1 and 1B1 were constructed by homology modeling
based on the crystal structure of P450 1A2 (37). The six flavonoids examined were five
active inhibitors—flavone, 57DHF, 357THF, 4’M57DHF, 3’4’DM57DHF—and one
inactive inhibitor 3’4’DM78DHF. In the figures, the amino acid residues in the substrate
recognition site (SRS) are indicated based on the results of interaction of ANF with P450
1A2 (37), flurbiprofen with P450 2C9 (38), and erythromycin with P450 3A4 (39) (Figures

Shimada et al. Page 7

Chem Res Toxicol. Author manuscript; available in PMC 2012 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12–14). The aligned amino acid residues of P450 1A1 and 1B1—based on the amino acid
sequence of P450 1A2 (37)—are also indicated in Figures 15 and 16, respectively.

Flavone, 57DHF, 357THF, 4’M57DHF, 3’4’DM57DHF, and 3’4’DM78DHF were docked
into P450 1A2 and the results showed that the former five flavonoids (except for
3’4’DM78DHF) gave similar orientations in interacting with the iron center of the heme in
P450 1A2 (Figures 12A–12E). In these former five cases, the B-ring of the flavonoid
molecules was placed near the active site of P450 1A2 and the flavonoid molecules were
surrounded by amino acid residues Thr-118, Ser-122, Thr-124, and Phe-125 in SRS1,
Thr-223 and Phe-226 in SRS2, Phe-256 and Asn-257 in SRS3, Asp-313, Phe-319, Asp-320,
and Thr-321 in SRS 4, and Leu-382 and Ile-386 in SRS5 which have been reported to be
key amino acids in the interaction of ANF with P450 1A2 (37). The ligand-P450 interaction
energies (U values) were −25.2, −27.7, −21.7, −19.4, and −9.5 for flavone, 57DHF,
357DHF, 4’M57DHF, and 3’4’DM57DHF, respectively (Table 1). These U values were not
significantly correlated with the IC50 values for the inhibition of P450 1A2 (Table 1).
3’4’DM78DHF, which did not inhibit P450 1A2 at a 100 µM concentration, was docked
into P450 1A2 with a different orientation (Figures 12F and 12H) than seen in the former
five flavonoids including 3’4’DM57DHF (Figures 12E and 12G); the 3’4’DM78DHF
molecule seemed to be blocked by various amino acids in SRS1~SRS4 from entering into
the active site cavity. Thus the U-value was very high (256) as compared with other
flavonoids (Table 1).

The A- and/or C-rings of flavone, 57DHF, and 357THF were docked into the active site of
P450 2C9 with U- values of −25.3, −31.9, and −32.6, respectively (Figures 13A–13C and
Table 1). Substitution of 4’-methoxy and 3’,4’-dimethoxy groups into 57DHF and 78DHF
caused an interaction of the B-ring of these flavonoids with the active site of P450 2C9
(Figures 13D–13F). All of six flavonoids were surrounded by Arg-108, Val-113, and
Phe-114 in SRS1, Asp-204, Ile-205, and Leu-208 in SRS2, Leu-233, Val-237, and Met-240
in SRS3, Val-292, Asp-293, Gly-296, Ala-297, and Thr-301 in SRS4, and Leu-366 in SRS5;
these amino acids have been identified in the interaction of flurbiprofen with P450 2C9 (38).

Our results also showed that the B-rings of flavone, 57DHF, 357THF, 4’M57DHF, and
3’4’DM57DHF were docked into the active site of P450 3A4 (Figure 14A–14E).
3’4’DM78DHF, which was not inhibitory for 3A4 at a 100 µM concentration, was also
docked into P450 3A4 in a similar fashion to the hydroxyl and/or methoxy flavones (Figure
14F). These six flavonoids were found to be surrounded by Arg-105, Arg-106, and Phe-108
in SRS1, Leu-210 and Arg-212 in SRS2, Ile-301, Phe-304, Ala-305, Glu-308, and Thr-309
in SRS4, and Ile-369, Ala-370, Met-371, and Arg-372 in SRS5; these amino acids have been
identified in interaction of erythromycin with P450 3A4 (39).

The results of molecular docking with P450 1A1 showed that the B-rings of flavone,
57DHF, 357THF, 4’M57DHF, 3’4’DM57DHF, and 3’4’DM78DHF were docked into the
active site of P450 (Figure 15). The U values obtained were between −20.4 and −33.5 in
these cases, and we did not find any correlation between these U values and IC50 values for
the inhibition of P450 1A1 by six flavonoids (Table 1). These flavonoid molecules were
surrounded by Ser-116, Ser-120, Ser-122, and Phe-123 in SRS1, Phe-224 in SRS2, Leu-254
and Asn 255 in SRS3, Asp 313, Leu-314, Gly-316, Ala-317, Asp-320, and Thr-321 in SRS4,
and Val 382 and Ile-386 in SRS5 (Figure 15).

Molecular docking was also examined in the interaction of six flavonoids with P450 1B1
and we found that the A- and/or C-rings of flavone, 57DHF, 357THF, 4’M57DHF,
3’4’DM57DHF, and 3’4’DM78DHF were placed near at the active site of P450 1B1 and
that the interaction energy (U value) was very high compared with those seen in other P450
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enzymes (Figure 16 and Table 1). The flavonoid molecules were surrounded by several
amino acids in SRS4 and SRS5 but were placed relatively far from the amino acids in SRS1,
SRS2, and SRS3 (Figure 16). Our results also showed that P450 1B1 may have a relatively
widen pocket for flavonoids, which were associated with several intermolecular hydrogen
bonds to amino acid residues around the heme, even with high interaction energy.

Discussion
We first characterized structure-function relationships of inhibition of P450 1B1-dependent
EROD activities by flavonoid derivatives, because 32 of 33 flavonoid derivatives interacted
with this enzyme to produce reverse Type I binding spectra and the spectral dissociation
constant (Ks) and the efficiency of binding (ΔAmax/Ks) correlated well with their inhibitory
potencies toward P450 1B1. Comparisons between structures of flavonoids, efficiencies of
the spectral binding with P450 1B1, and inhibition potencies of P450 1B1 EROD activities
indicated that i) the introduction of 5,7-dihydroxyl groups into flavone increased the potency
of inhibition towards P450 1B1, ii) further addition of a 3-hydroxyl group into 57DHF
(chrysin) yielded a highly inhibitory flavonoid, 357THF (galangin) (the inhibition potency
with 357THF was compatible to those of potent inhibitors, such as ANF, BNF, and their 2-
and 4-propargyl ethers), and iii) the addition of 4’-methoxy-and 3’,4-dimethoxy groups to
57DHF produced potent inhibitors of P450 1B1 (i.e., 4’M57DHF and 3’4’DM57DHF). The
higher inhibition potencies produced by these 4’-mono- and 3’,4’-dimethoxyl groups in the
B-ring of 57DHF suggest the possible roles of substituted hydroxyl and/or methoxy groups
in interacting with the active site of P450 1B1. The decreased affinities of 2’M78DHF,
3’M78DHF, 4’M78DHF, and 3’4’DM78DHF (as compared with the respective 57DHF
analogues) with P450 1B1 further support the importance of hydroxylation position on the
A-ring of flavone.

Our current studies also showed that very potent P450 1B1 inhibitors (e.g., 57DHF,
357THF, and 3’4’DM57DHF) are active inhibitors of P450s 1A1 and 1A2 and that several
weak P450 1B1 inhibitors (e.g., 2’M78DHF, 3’M78DHF, 4’M78DHF, and 3’4’DM78DHF)
inhibited P450 1A1 and 1A2 at slower rates than the respective analogues (e.g., 2’M57DHF,
3’M57DHF, 4’M57DHF, and 3’4’DM57DHF), indicating that the chemical structures of
flavonoids affect their inhibitory actions towards these P450 enzymes. The inhibition
patterns of P450 1B1 with 33 flavonoid derivatives (except for flavonoids whose IC50
values >100 µM) were compared with those of P450s 1A1 and 1A2 and the correlation
coefficients (r) for inhibition potencies with these P450 enzymes were 0.88 and 0.71,
respectively; the values were higher than those seen with P450 2C9 (r = 0.45) and P450 3A4
(r = 0.37) (Figure 11), indicating that similar mechanisms may exist by which these
flavonoids inhibit P450s 1A1, 1A2, and 1B1 (18–20). These lines of evidence support the
view that the presence of a 5,7-dihydroxyl group in the A-ring of the flavone molecule
increases the potency to inhibit P450 1-dependent EROD activity and that the further
introduction of a 3-hydroxyl group into the C-ring of 57DHF produces a highly inhibitory
flavonoid, 357THF. Our results also showed that introduction of a 3’,4’-dimethoxy group
into the B-ring of 57DHF (but not 78DHF) produced another highly inhibitory flavonoid,
3’4’DM57DHF (active towards P450 1A1, 1A2, and 1B1) but 3’4’DM78DHF was not very
inhibitory of P450 1 catalytic activities.

In order to understand the basis of structural requirements for flavonoid derivatives to inhibit
P450 1 enzymes, we examined the molecular docking of selected six flavonoids (flavone,
57DHF, 357DHF, 4’M57DHF, and 3’4’DM57DHF) as relatively strong inhibitors and
3’4’DM78DHF (as a weak inhibitor) with the active sites of P450 1 enzymes using the
reported crystal structure of P450 1A2 and structures of P450 1A1 and 1B1 constructed by
homology modeling based on the P450 1A2 structure (37). Our molecular docking studies
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indicate that there are different mechanisms in the interaction of inhibitory flavonoid
derivatives with P450 1A1, 1A2, and 1B1. In the case of P450 1A2, the B-rings of flavone,
57DHF, 357THF, 4’M57DHF, and 3’4’DM57DHF could be docked into the iron center of
the P450 heme and were surrounded by amino acids in SRS1–SRS4, but the weak inhibitor
3’4’DM78DHF was docked into P450 1A2 with a different orientation than seen in the
former five flavonoids; the 3’4’DM78DHF molecule seemed to be blocked by various
amino acids in SRS1–SRS4 from entering into the active site cavity and thus the U-value
was found to be very high (256), compared with the other five flavonoids. It can be
speculated that the phenyl ring of Phe-226 on helix F in P450 1A2 produces a parallel
substrate binding surface as it is in contact with the substrate binding cavity at the active site
(37). A possible reasons is that the apparent increased affinity of 57DHF toward P450 1A2
may be due to the presence of phenyl ring in Phe-226 for the observed π-π stacking with the
meta-hydroxyl substitution of the 57DHF derivatives (Fig. 12B). This good interaction could
not be achieved by ortho-substitutions of 78DHF derivatives.

In the case of P450 1A1, although B-rings of flavone, 57DHF, 357DHF, 4’M57DHF, and
3’4’DM57DHF were docked into the active heme moiety (as in a case of P450 1A2), the
weak inhibitor 3’4’DM78DHF was also oriented in a similar fashion as in cases of the other
five flavonoids and the U value was not very different with those of other flavonoids. Our
molecular docking studies also showed that there are different mechanisms in the interaction
of six flavonoids with P450 1B1 in comparison with those of P450 1A1 and 1A2, based on
the following lines of evidence. First, the A-rings of all of the six flavonoids docked into the
active site of P450 1B1 with essentially similar orientations, despite the fact that there were
large differences in IC50 values in inhibiting P450 1B1 catalytic activity. Second, the
interaction energy (U value) was very high as compared with those in other P450 enzymes,
indicating that interaction between these flavonoids and the active site of P450 1B1 is not so
tight as to inhibit the catalytic activity. In addition, the U values were not correlated with the
IC50 values for inhibition of P450 1B1 in these six flavonoids. Finally, molecular docking
results showed that these six flavonoids were located near the SRS4 and SRS5 regions but
were far from the amino acids of SRS1, SRS2, and SRS3, indicating that they do not enter
the active site of P450 1B1 with a favorable orientation and that inhibition may occur at
different sites rather than the active site of P450 1B1. The presence of two or more binding
sites in P450 1B1 for these flavonoids may be considered to explain how these flavonoids
inhibit P450 1B1 catalytic activities. The molecular docking studies also indicated that P450
1B1 may have a relatively widen pocket for flavonoids which are associated with several
intermolecular hydrogen bonds to amino acid residues around the heme, even with high
interaction energy. The above results collectively indicate that there are different
mechanisms in the interaction of flavonoids with P450 1A1, 1A2, and 1B1 despite the fact
that relatively similar inhibition patterns for flavonoids exist with these P450 enzymes. One
of the mechanisms of inhibition of P450 1A2 is suggested to be due to the direct interaction
of flavonoids with the active site of P450 1A2, although such mechanisms must be ruled out
for P450 1A1 and 1B1 because of the observation of possible interaction of 3’4’DM78DHF,
a weak inhibitor, with these P450s.

357THF, 7HF, 57DHF, 4’M57DHF, 3’4’DM57DHF, 3’M57DHF, and 2’M57DHF were
also found to be strong inhibitors of P450 2C9; however 3HF and 5HF were very weak in
inhibiting P450 2C9 even at 100 µM concentration. Molecular docking studies using the
reported crystal structure of P450 2C9 (38) revealed that the A- and/or C-rings of flavone,
57DHF, and 357THF could be dockedinto active site of P450 2C9, while the substitution of
4’-dimethoxy- and 3’,4’-dimethoxy groups into 57DHF and 78DHF caused an interaction at
the B-rings with P450 2C9. Si et al. (13) recently reported that 4’57THF, 567THF, and
33’4’57PenHF could interact with P450 2C9 with a similar binding site as that of the typical
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substrate flurbiprofen, but the non-competitive inhibitor 6-hydroxyflavone has different
inhibition characteristics with P450 2C9.

Of the five P450s examined thus far, P450 3A4 was found to be the most resistant to
inhibition by these flavonoids, e.g. the IC50 values of P450 3A4 with 357THF,
3’4’DM57DHF, 4’M57DHF, and 57DHF were 11-, 43-, 10-, and 9-fold higher, respectively,
than those of P450 2C9 and were 760-, 2000-, 4600-, and 27-fold higher, respectively, than
those for P450 1B1. Interestingly, several of these flavonoids enhanced P450 3A4-catalyzed
midazolam 1’-hydroxylation at low concentrations. P450 3A4 has been shown to be
activated in vitro by various endogenous and xenobiotic chemicals through homo- and
heterotropic cooperativity (40,41). Mechanisms underlying the enhancement of P450 3A4-
supported catalytic activities have been extensively studied and several studies support the
view that two or more of these chemicals fit into the binding site of P450 3A4, thus causing
activation as well as inhibition of enzyme activity (42,43). Molecular docking studies with
the reported P450 3A4 structure (39) revealed that the B-rings of all of the six flavonoids
could be docked into the active site of P450 3A4 with U-values between −30.7 and −38.5. A
very weak inhibitor, 3’4’DM78DHF, was also docked into the active site of P450 3A4 in a
similar fashion with five other flavonoids, indicating that inhibition of P450 3A4 by
flavonoids occurs at different sites of interaction rather than the active site of P450 3A4. The
presence of two or more binding sites in P450 3A4 for substrates and inhibitors has been
reported (44–46).

ANF has long been known to be a potent inhibitor of family 1 P450 enzymes (18,19,47), and
it was found in this study that ANF and BNF and their 2’- and 4’-propargyl ether
metabolites strongly inhibit P450s 1B1, 1A1, and 1A2. Among these three enzymes, P450
1B1 was more susceptible to these compounds and the inhibitory potential was not changed
by substitution of propargyl ether groups on the ANF and BNF molecules. This was also the
case for P450 1A1, but ANF was found to be slightly more active than BNF in inhibiting
P450 1A2. An interesting finding is the observation that the 2’- and 4’-propargyl ether
derivatives of ANF and BNF were more potent in inhibiting P450 2C9 than the parent
structures and that BNF and its derivatives—but not ANF and its derivatives—were very
weak inhibitors of P450 3A4. The latter finding was somewhat unexpected because BNF
produced Type I binding spectra with P450 3A4 with a Ks of 6.3 µM, a value comparable to
ANF and its derivatives. These results suggest that the mechanisms of inhibition of the P450
1 family of enzymes differ from those of P450 2C9 and 3A4 with regard to ANF and BNF
and their derivatives; P450 1B1 interacts with these naphthoflavones (as analyzed by
spectral binding) and its catalytic activity was strongly inhibited; P450 1A1 and 1A2 were
also strongly inhibited by all six naphthoflavone derivatives. The 2’- and 4’-propargyl ether
derivatives inhibited more strongly than the parent compounds, and these findings support
different mechanisms of inhibition compared with the P450 Family 1 enzymes. In addition,
inhibition of P450 3A4 by ANF and BNF and the derivatives was not so potent; ANF
inhibited P450 3A4 with an IC50 of 18 µM, although these chemicals (except for BNF2’PE
and BNF4’PE) interacted spectrally with P450 3A4 with Ks values <7 µM.

In conclusion, our present studies show that structurally diverse flavonoid derivatives inhibit
human P450 1A1, 1A2, 1B1, 2C9, and 3A4 to different degrees, depending on the enzymes
and inhibitors, and that there are different mechanisms of inhibition of these P450s by
flavonoids. The presence of a 5,7-dihydroxyl group in the A-ring of flavone was found to
increase the inhibition potency towards these P450 enzymes and the presence of a 3-
hydroxyl group in the C-ring of 57DHF produced a highly potent inhibitor of these P450
enzymes, 357THF (galangin). Our results also show that the presence of a 3’4’-dimethoxy
group in the B-ring of 57DHF resulted in another potent inhibitor of P450 enzymes.
Molecular docking studies suggest that there are different orientations in the interaction of
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the six flavonoids with the five P450 enzymes examined and that two or more mechanisms
are possible to explain how various flavonoids inhibit individual P450 enzymes differently.

Abbreviations

EROD 7-ethoxyresorufin O-deethylation

ANF α-naphthoflavone

ANF2’PE α-naphthoflavone 2’-propargyl ether

ANF4’PE α-naphthoflavone 4’-propargyl ether

BNF β–naphthoflavone

BNF2’PE β–naphthoflavone 2’-propargyl ether

BNF4’PE β–naphthoflavone 4’-propargyl ether

3HF 3-hydroxyflavone (flavonol)

5HF 5-hydroxyflavone

7HF 7-hydroxyflavone

57DHF 5,7-dihydroxyflavone (chrysin)

357THF 3,5,7-trihydroxyflavone (galangin)

4’57THF 4’5,7-trihydroxyflavone (apigenin)

4’57THIF 4’,5,7-trihydroxyisoflavone (genistein)

4’57THFva 4’,5,7-trihydroxyflavanone (naringenin)

4’57THFvaG 4’,5,7-trihydroxyflavanone glycoside (naringin)

567THF 5,6,7-trihydroxyflavone (baicalein)

34’57TetraHF 3,4’,5,7-tetrahydroxyflavone (kaempferol)

33’4’57PHF 3,3’,4’,5,7-pentahydroxyflavone (quercetin)

4’M57DHF 4’-methoxy-5,7-dihydroxyflavone (acacetin)

4’M57DHIsoF 4’-methoxy-5,7-dihydroxyisoflavone (biochain A)

2’MF 2’-methoxyflavone

3’MF 3’-methoxyflavone

4’MF 4’-methoxyflavone

3’4’DMF 3’,4’-dimethoxyflavone

2’M57DHF 2’-methoxy-5,7-dihydroxyflavone

3’M57DHF 3’-methoxy-5,7-dihydroxyflavone

3’4’DM57DHF 3’4’-dimethoxy-5,7-dihydroxyflavone

2’M78DHF 2’-methoxy-7,8-dihydroxyflavone

3’M78DHF 3’-methoxy-7,8-dihydroxyflavone

4’M78DHF 4’-methoxy-7,8-dihydroxyflavone

3’4’DM78DHF 3’,4’-dimethoxy-7,8-dihydroxyflavone
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Figure 1.
Structures of various flavonoid derivatives used in this study.
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Figure 2.
Inhibition of P450 1B1-dependent EROD activities by flavonoids. Flavonoids are grouped
into three sets, i.e. i) ANF and BNF and their propagyl ethers, ii) flavonoids and
hydroxylated derivatives, and iii) flavonoids and methoxylated derivatives. The substituted
positions of propargyl ether, hydroxyl-, and methoxy- groups are indicated. The IC50 values
were obtained from experiments using different concentrations of flavonoids (n = 8–15).
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Figure 3.
Flavone-induced Reverse Type I binding spectra of P450 1B1. Purified P450 1B1 was
diluted to a final concentration of 3 µM in 0.10 M potassium phosphate buffer (pH 7.4)
containing 20% glycerol (v/v) and 10 mM EDTA and the spectra were recorded after
addition of various concentrations of flavone. A) Absolute spectra, B) changes in the α- and
β-bands, and C) difference spectra of P450 1B1 after addition of flavone.
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Figure 4.
Relationship between efficiency of reverse Type I binding spectra and inhibition of EROD
activity of P450 1B1 by various flavonoid derivatives. Since there were no binding spectra
with 2’M78DHF, the points indicated were with 32 chemicals. Closed squares (■) are the
results from ANF, BNF, and their propargyl ethers and open squares (ρ) are the remaining
26 flavonoids.
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Figure 5.
Inhibition of P450 1A1-dependent EROD activities by various flavonoid derivatives. The
IC50 values were obtained from the experiments using different concentrations of flavonoids
(n=8~15). Other details are as in Figure 2.
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Figure 6.
Inhibition of P450 1A2-dependent EROD activities by various flavonoid derivatives. The
IC50 values were obtained from the experiments using different concentrations of flavonoids
(n=8~15). Other details are as in Figure 2.
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Figure 7.
Inhibition of P450 2C9-dependent flurbiprofen 4’-hydroxylation activities by flavonoid
derivatives. The IC50 values were obtained from the experiments using different
concentrations of flavonoids (n=6~8). Other details are as in Figure 2.
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Figure 8.
Effects of several flavonoids on midazolam 1’- (A) and 4-hydroxylation (B) activities
catalyzed by P450 3A4.
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Figure 9.
Inhibition of P450 3A4-dependent midazolam 4-hydroxylation activities by flavonoid
derivatives. The IC50 values were obtained from the experiments using different
concentrations of flavonoids (n=6~8). Other details are as in Figure 2.
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Figure 10.
Flavone-induced Type I binding spectra with P450 3A4. Purified P450 3A4 was diluted to a
final concentration of 3 µM in 0.10 M potassium phosphate buffer (pH 7.4) containing 20%
glycerol (v/v) and 10 mM EDTA, and spectra were recorded after addition of various
concentrations of flavone. A) Absolute spectra, B) changes in α- and β-bands, and C)
difference spectra of P450 3A4 with flavone.
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Figure 11.
Correlation of inhibition of P450 1B1 with inhibition of P450 1A1 (A), 1A2 (B), 2C9 (C),
and 3A4 (D) by various flavonoids. Some of the 33 flavonoids inhibited very weakly (IC50
values >100 µM) and were deleted from the analysis.
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Figure 12.
Docking simulation of flavone (A), 57DHF (B), 357THF (C), 4’M57DHF (D),
3’4’DM57DHF (E), and 3’4’DM78DHF (F) into P450 1A2. Different views of interaction
of 3’4’DM57DHF (G) and 3’4’DM78DHF (H) with the active site of P450 1A2 are also
shown in the figure. The heme group of the P450 is shown at the lower part of each of the
figure and the amino acid residues that may interact with these flavonoids are presented. In
the figure, oxygen, nitrogen, sulfur, and iron atoms are colored with red, blue, yellow, and
light blue, respectively.
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Figure 13.
Docking simulation of flavone (A) and 57DHF (B), 357THF (C), 4’M57DHF (D),
3’4’DM57DHF (E), and 3’4’DM78DHF (F) into P450 2C9. Other details are the same as in
the legend to Figure 12.
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Figure 14.
Docking simulation of flavone (A) and 57DHF (B), 357THF (C), 4’M57DHF (D),
3’4’DM57DHF (E), and 3’4’DM78DHF (F) into P450 3A4. Other details are the same as in
the legend to Figure 12.
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Figure 15.
Docking simulation of flavone (A) and 57DHF (B), 357THF (C), 4’M57DHF (D),
3’4’DM57DHF (E), and 3’4’DM78DHF (F) into P450 1A1. Other details are the same as in
the legend to Figure 12.
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Figure 16.
Docking simulation of flavone (A) and 57DHF (B), 357THF (C), 4’M57DHF (D),
3’4’DM57DHF (E), and 3’4’DM78DHF (F) into P450 1B1. Other details are the same as in
the legend to Figure 12.

Shimada et al. Page 31

Chem Res Toxicol. Author manuscript; available in PMC 2012 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Shimada et al. Page 32

Table 1

Relationship between inhibition of substrate oxidation by P450s (IC50) and flavonoid-P450 interaction energy
(U)

P450 flavonoid inhibition of substrate oxidation by P450s (IC50, µM) flavonoid-P450 interaction energy (U, kcal
mol−1)

P450 1A1 flavone 0.98 ± 0.21 −26.4

57DHF 0.17 ± 0.03c) −32.6

357DHF 0.073 ± 0.02c) −32.6

4’M57DHF 0.10 ± 0.02c) −33.5

3’4’DM57DHF 0.072 ± 0.011c) −22.2

3’4’DM78DHF 41 ± 10c) −20.4

P450 1A2 flavone 0.13 ± 0.03 −25.2

57DHF 0.060 ± 0.021 −27.7

357DHF 0.011 ± 0.003c) −21.7

4’M57DHF 0.36 ± 0.04 −19.4

3’4’DM57DHF 0.011 ± 0.003c) −9.5

3’4’DM78DHF >100* 255

P450 1B1 flavone 0.60 ± 0.021 2.9

57DHF 0.27 ± 0.041a) 6.5

357DHF 0.003 ± 0.001c) 24.4

4’M57DHF 0.014 ± 0.003c) 40.3

3’4’DM57DHF 0.019 ± 0.003c) 39.2

3’4’DM78DHF >100* 40.7

P450 2C9 flavone 14 ± 1.2 −25.3

57DHF 0.80 ± 0.14c) −31.9

357DHF 0.20 ± 0.03c) −32.6

4’M57DHF 0.65 ± 0.13c) −20.8

3’4’DM57DHF 0.88 ± 0.21b) −25.8

3’4’DM78DHF 25 ± 4.2a) −30.0

P450 3A4 flavone >100* −30.7

57DHF 7.4 ± 1.1 −31.9

357DHF 2.3 ± 0.3 −32.4

4’M57DHF 6.5 ± 1.1 −36.9

3’4’DM57DHF 38 ± 5.9 −38.5

3’4’DM78DHF >100* −33.7

IC50 values were obtained by measuring 7-ethoxyresorufin O-deethylation activities for P450s 1A1, 1A2, and 1B1, flurbiprofen 4’-hydroxylation
for P450 2C9, and midazolam 4-hydroxylation for P450 3A4. Data for IC50 values represent means ± SD.
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*
indicates that IC50 > 100 µM.

a)
P<0.05,

b)
P<0.01, and

c)
P<0.001, significantly different as compared with the IC50 values of flavone.
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