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Abstract

The inhibitory effects of various flavonoids on human 3�-hydroxysteroid dehydrogenase/�5-�4-isomerase type II (3�-HSD type II), over-
expressed in baculovirus, were investigated, and the structure–inhibition relationship was examined. The isoflavone derivatives daidzein,
genistein, formononetin and biochanin A inhibited 3�-HSD type II activity at a concentration of 10�M and of these, genistein was the most
potent inhibitor. 6-Hydroxyflavone (6-HF), a synthetic flavone, also strongly inhibited 3�-HSD activity but 5-HF, 7-HF and other natural
flavones were less potent. Energy minimization structures of the flavonoids, as produced using MOE software, showed that isoflavones
and flavones have an almost flat A–C ring structure, and that flavonoids that acted as inhibitors had similar steric structures to DHEA.
Genistein, 6-HF and cyanoketone, which is known as a typical 3�-HSD inhibitor, were found to act as competitive inhibitors withKi

values of 0.12�M, 0.19�M and 0.67 nM, respectively. Furthermore, the LUMO (lowest unoccupied molecular orbital (LUMO)) values,
as calculated using WinMOPAC (Fujitsu, Japan), of the inhibitors were correlated with the IC50 values (r2 = 0.84). From these results, it
appears that inhibitory effects of flavonoids are due to the combination of steric structure and electron affinity between the active center of
3�-HSD type II and the flavonoid molecule.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The isoflavones daidzein and genistein, as well as their
glycosides, are particularly abundant in soybeans and soy
products, which are a major component of traditional Asian
diets. These isoflavones are structurally analogous to es-
trogen and are known to exhibit estrogenic activity[1].
Epideminological studies have demonstrated marked ge-
ographic differences in the incidence of hormone-related
cancers, such as breast and prostate cancer[2,3]. Specifi-
cally, the incidence of these cancers is significantly lower
in Asia when compared with Northern Europe and in the
US [4,5]. There are numerous reports suggesting that en-
vironmental factors, such as dietary compounds, have a
major impact on cancer development and progression, and
phytoestrogens, which include soy isoflavones, are thought
to be responsible for the protective affects against cancers,
such as those of the breast and prostate[6–9]. On the
other hand, we reported that several flavonoids, including
daidzein and genistein, inhibited steroidogenesis by human
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adrenocortical H295R cells via the inhibition of cortisol
production. We also reported that these isoflavones inhibited
3�-hydroxysteroid dehydrogenase [EC 1.1.1.145] coupled
with �5-�4 isomerase [EC 5.3.3.1] (3�-HSD) and cy-
tochrome P450c21 (CYP 21B gene product)[10]. 3�-HSD
is a bifunctional, single protein enzyme that catalyzes the
oxidation and isomerization of 5-ene-3�-hydroxysteroids
(e.g. pregnenolone or dehydroepiandrosterone (DHEA)) to
the corresponding 4-ene-3-ketosteroids (e.g. progesterone
or androstenedione (AD)). In humans, there are two types
of 3�-HSD (types I and II), the genes of which encode
deduced proteins of 371 and 372 amino acids, respectively,
and have been characterized[11,12]. 3�-HSD type I is ex-
clusively expressed in the placenta and skin, while type II is
predominantly expressed in the adrenals, testes and ovaries
[12,13]. Consequently, 3�-HSD type II is the key enzyme in
the biosynthesis of not only corticoids, but also other steroid
hormones, such as androgens, estrogens and progestin. In
the present study, we investigate the inhibitory effects of
25 flavonoids (listed inFig. 1), including 10 plant-derived
isoflavones, 11 native and synthetic flavones, 2 flavanones
and 2 flavonoid derivatives, on recombinant human 3�-HSD
type II expressed in a baculovirus expression system, and
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Fig. 1. Flavonoids used in the present study.

compare their effects to those of 2�-cyano-17�-hydroxy-4,
4, 17�-trimethylandrost-5-en-3-one (cyanoketone), which
are known to be specific 3�-HSD inhibitors.

2. Materials and methods

2.1. Chemicals

5-Hydroxyflavone (5-HF), 6-hydroxyflavone (6-HF),
7-hydroxyflavone (7-HF), 6-methoxyflavone (6-MF), api-
genin, quercetin, formonetin, chrysin, myricetin, ononin,
equol, 4′-hydroxyflavanone (4′-HFN), glycitin, puer-
arin were purchased from Funakoshi Co. Ltd. (Tokyo,
Japan). Daidzin, genistein, daidzein, genistin, flavone,
3-hydroxyflavone (3-HF), flavanone, fisetin were purchased
from Wako Pure Chemical Industries Ltd. (Tokyo, Japan).
Biochanin A, glycitein, (±)-catechin, dehydroepiandros-
terone (DHEA), androstenedione were obtained from
Sigma–Aldrich, K.K., Japan (Tokyo, Japan). cDNA library,
human adrenal gland from Takara Bio Inc. (Shiga, Japan),
and Cyanoketone from Sterling-Winthrop (Rensselaer, NY)
were used. Radio-labeled [4-14C] dehydroepiandrosterone
(0.74 MBq/(ml/(ethanol)), produced by NEN Life Science
Products Inc., was obtained from Daiichi Pure Chemicals
(Tokyo, Japan).

All other reagents were of the best commercially available
grade.

2.2. Sf9 cell culture

Sf9 insect cells were cultured in Sf900 II SFM (Invitro-
gen Corporation, Carisbad, CA) containing the antibiotics
penicillin (50 IU/ml) and streptomycin (50�g/ml) using ad-
herent monolayer cell culture or suspension cell culture at
28± 0.5◦C. For suspension cell culture, we used a 250 ml
spinner vessel and a 150 ml working volume of suspension
at a constant stirring rate of 120 rpm and maintaining cell
density between 3× 105 and 2× 106 cells/ml.

2.3. Expression of human 3β-HSD type II

Human recombinant 3�-HSD type II was prepared by
overexpression in Sf9 insect cells following baculovirus
infection using Bac-to-Bac baculovirus expression systems
(Invitrogen, Carlsbad, CA). Briefly, in order to prepare
the bacmid construct for expression in insect cells, human
3�-HSD type II cDNA was amplified by PCR using a for-
ward primer (5′-AGAATTCAAATGGGCTGGAGCTGCC-
TT-3′) and a reverse primer (5′-GGACTGCAGATCACTG-
AGTCTTGGACTTCA-3′). PCR product was digested with
EcoRI andPstI restriction enzymes and subcloned into an
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EcoRI–PstI-digested pFastBac1 donor plasmid to give the
donor construct. Max efficiency DH10Bac competent cells
having the bacmid and helper plasmid were transformed
with the donor construct.Escherichia colicolonies in which
the transposition of 3�-HSD cDNA into the bacmid oc-
curred were verified by color selection and the recombinant
bacmids were isolated after overnight culture. Recombinant
bacmids ware transfected into Sf9 cells using CellFECTIN
reagent. After culturing for 3 days at 27◦C, culture media
were kept as baculovirus stock. Virus stocks were used for
further infection of Sf9 cells in order to increase the titer.
After infection of Sf9 cells, 3�-HSD assays were performed
using Sf9 cell lysate in order to confirm overexpression.

2.4. Preparation of membrane fraction and subcellular
fraction of Sf9 cells

Baculovirus-infected Sf9 cells were washed twice with
phosphate buffered saline (PBS) and frozen at−80◦C.
Cells were homogenized with Physcotron® (Microtec
Co., Chiba, Japan) in 20 mM KPB (pH 7.4)–0.25 M
sucrose–0.5 mM EDTA (pH 7.4) for 15 s six times in the
presence of proteinase inhibitors (complete mini; Roche).
The total membrane fraction was prepared by centrifuga-
tion of the homogenate at 105,000× g for 1 h, and the
pellet was re-suspended in the same buffer, while the su-
pernatant was used as the cytosol fraction. To determine
the 3�-HSD type II distribution, part of the total mem-
brane fraction was re-centrifuged. Unbroken cells and the
nuclear fraction were separated at 600× g for 10 min,
mitochondria were pelleted from the supernatant by cen-
trifugation at 9000× g for 15 min, and microsomes were
pelleted according to the method of Kamath and Rubin
[14]. Microsomes were resuspended in the same buffer
containing 20% glycerol. The total membrane and subcel-
lular fractions were stored at−80◦C until use in enzyme
assay.

2.5. 3β-HSD (type II) assay

3�-HSD II activity was measured by incubation with
Sf9 cell extract in 0.2 ml of 100 mM potassium phosphate
buffer (KPB, pH 7.4) containing 0.5 mM NAD+, sample
solution and [4-14C] DHEA (500 Bq/1 nmol/2�l ethanol) at
37◦C. After incubation, steroids were extracted with 0.6 ml
of ethyl acetate/2,2,4-trimethylpentane (1/1 (v/v)). After
concentration by evaporation, metabolite steroids were sep-
arated by TLC (Kieselgel 60F254, Merck, Darmstadt, Ger-
many) using benzene/acetone (8/1 (v/v)), and were detected
by autoradiography (Scientific Imaging Film, Biomax MR,
Eastman Kodak, Rochester, NY). The amount of androstene-
dione metabolite from DHEA were quantitated indirectly as
the integrated optical density (IOD) of the autoradiography
film or directly as the radioactivity of relevant TLC bands
in ACS II liquid scintillation fluid (Amersham Pharmacia
Biotech, Tokyo, Japan) using a Tri-Carb 1600 TR liquid

scintillation analyzer (Packard Japan Co., Tokyo, Japan).
3�-HSD activity was expressed as pmol product/min/mg
protein.

2.6. Statistical analysis

Statistical analysis of data was performed using Student’s
t-test. Statistical significance was set at theP < 0.05 level.

3. Results

3.1. Expression of 3β-HSD (type II) in insect Sf9 cells and
subcellular distribution

3�-HSD activity, which was demonstrated by conver-
sion of DHEA to AD, was investigated using the ho-
mogenate prepared from recombinant human 3�-HSD type
II baculovirus-transfected Sf9 cells. 3�-HSD activity was
confirmed in the homogenate of baculovirus-transfected
Sf9 cells when compared with control Sf9 cells (Fig. 2).
Specific activity of 3�-HSD type II in Sf9 cell homogenate
was found to be 3.6 pmol/min/mg protein. In addition, spe-
cific activity of the pellet after centrifugation at 105,000×g

for 1 h (resulting in removal of cytosol from homogenate)
was found to be 18.3 pmol/min/mg protein. Subcellular dis-
tribution of 3�-HSD activity in Sf9 cells was as follows:
nuclear fraction, 42.4% of total activity; mitochondria,
39.6%; microsomes, 15.7%; and cytosol, 2.3%. Specific ac-
tivities observed in these subcellular fractions were almost
uniform, except in the cytosol where it was extremely low
(data not shown), and thus the pellet at 105,000× g (total
membrane fraction) was used as the enzyme source for all
other experiments.

Fig. 2. Detection of 3�-HSD activity in Sf9 cell. [4-14C] DHEA
was incubated in the presence of NAD+ without (Sub) or with ho-
mogenate (0.58 mg protein) prepared from control Sf9 (Sf9 Cont) or
vaculovirus-transfected Sf9 cells (Sf9 3�) at 37◦C for 120 min. Conver-
sion of DHEA to AD was assayed by thin layer chromatography.
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3.2. Effect of various flavonoids on human 3β-HSD type II
activity

Using the total membrane fraction of transfected Sf9
cells, the activity of 3�-HSD type II in the presence of
various flavonoids (10�M) was investigated with a total
25 flavonoids. Strong inhibitory effects were detected with
the isoflavone derivatives of daidzein and genistein, and
these were comparable to the effects obtained with 5 nM
cyanoketone, which is a known 3�-HSD inhibitor. The
isoflavones formononetin and biochanin A, also exhibited
weak inhibitory effects, but no inhibitory effects were ob-
served with isoflavone glycoside molecules. Interestingly,
inhibitory effects were seen with 6-HF, a synthetic flavone,
and this effect was almost the same as that of genistein,
but no inhibitory effects were seen with either 5- or 7-HF.
3-HF, 6-methoxyflavone, chrysin, apigenin, quercetin and
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Fig. 3. Effect of various flavonoids on human 3�-HSD type II activity. Total membrane fraction prepared from Sf9 cells transfected with the recombinant
vaculovirus carrying human 3�-HSD type II was incubated with [4-14C] DHEA and NAD+ in the presence of 10 �M of the flavonoids listed or 5 nM
cyanoketone for 90 min. 3�-HSD type II activity was expressed as % of control ±S.E.M obtained from 3 to 10 independent experiments. Control used
the above conditions but substituted ethanol for the inhibitors and the specific activity was 18.3 pmol/min/mg. * and ** indicate statistical differences
when compared to the control (P < 0.05 and P < 0.01, respectively).

Table 1
Inhibition of 3-HSD type II activity by flavonoids

Compound IC50 (M) Relative potency LUMO (au)

Genistein 2.58 × 10−7 100 −0.44
6-Hydroxyflavone 5.58 × 10−7 46 −0.15
Biochanin A 9.44 × 10−7 27 −0.43
Form ononetin 3.18 × 10−6 8.1 −0.45
Daidzein 3.28 × 10−6 7.9 −0.46
Myricetin 1.08 × 10−5 2.4 −0.094
Q uercetin 8.35 × 10−5 0.3 −0.039
Apigenin 1.26 × 10−4 0.2 −0.006
Cyanoketone 7.60 × 10−9 3400 −9.99

myricetin, which are all flavone derivatives, showed com-
paratively weak but significant inhibitory effects, whereas
the effect was undetectable with flavanone derivatives
(Fig. 3). Among these flavonoids, eight effective compounds
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Fig. 4. Molecular conformations of DHEA (a), 6-HF (b) and genistein (c and d). Structural similarities estimated are indicating as thick line and energy
minimization structure of genistein were constructed by MOE.

were selected and their IC50 values compared with that of
cyanoketone (Table 1). The inhibitory potency relative to
that of genistein, which was arbitrarily assigned a value of
100, are also shown in Table 1. Cyanoketone substantially
inhibited 3�-HSD activity, with a potency over 30 times
higher than that of genistein. Genistein and biochanin A had
relatively strong inhibition among isoflavone derivatives.
Although daidzein was recognized as a strong inhibitor in
Fig. 3, its relative potency calculated from the IC50 value
was only 8% of genistein and thus daidzein is though to act
as inhibitor only when present at high concentrations. 6-HF
also strongly inhibited 3�-HSD activity (50% of genistein)
but was twice as potent as biochanin A, and these three
flavonoids (genistein, 6-HF and biochanin A) exhibited IC50
values in the order of 10−7 M, whereas those of myricetin,
quercetin and apigenin, and flavone derivatives were in
the order of 10−5 to 10−4 M. Next, the eight substances
along with cyanoketone were subjected to analysis of en-
ergy minimization structure using MOE computer software
(Chemical Computing Group Inc.; info@chemcomp.com),
and the structural specificity of 3�-HSD type II inhibition
was determined. This analysis revealed that isoflavones and
flavones have an almost flat structure in the A–C ring, and
that flavonoids have hydroxy groups at the six and/or seven
positions of the A-ring and a B-ring positioned diagonally
from the hydroxy group. The structural similarities between
these compounds and DHEA appear to be responsible for
the inhibitory effects on 3�-HSD activity (Fig. 4).

Based on energy-minimized structures, the lowest un-
occupied molecular orbital (LUMO), the highest occupied
molecular orbital (HOMO) and the logP of flavonoid sam-
ples and cyanoketone were calculated using the computer
software WinMOPAC (Fujitsu, Japan) (HOMO and logP

data not shown). LUMO values of these substances were
distributed between the minimum range at −9.985 (au) for
cyanoketone and the maximum range at −0.0063 (au) for
apigenin (Table 1). LUMO values of these inhibitors were
comparatively well correlated to their IC50 values (r2 =
0.84) (Fig. 5), whereas HOMO and logP values did not show
any correlation to IC50 (data not shown).

3.3. Kinetic analysis

Lineweaver–Burk plots were used to investigate type of
inhibition and these were compared between three sub-
stances shown to be comparatively strong inhibitors of
human 3�-HSD type II activity; genistein (isoflavone),
6-HF (flavone) and cyanoketone (steroid). For 3�-HSD type
II, the Km value of DHEA was estimated to be 1.75 �M.

R2 = 0. 8389
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of transfected Sf9 cells in the presence of various concentrations of
flavonoid or cyanoketone. Results shown are from at least two independent
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Genistein, 6-HF and cyanoketone all behaved as typical
competitive inhibitors (Fig. 6), and had inhibition constants
(Ki), as estimated by Dixon plot, of 0.12 �M, 0.19 �M and
0.67 nM, respectively.

4. Discussion

Isoflavones are known to be phytoestrogens [1], and the
traditional Asian diet of soy-derived foods is rich in the
isoflavones daidzein and genistein as well as their gly-
cosides (daidzin and genistein) [15–17]. Several recent
epidemiological studies have reported that, when compared
to Northern European or American individuals, Japanese
and other individuals of Asian ethnicity, who tend to have
higher daily intakes of soy products, showed a significantly
lower risk of hormone dependent cancers, such as prostate
cancer in men and/or breast cancer in women [4,5]. In ad-
dition, several reports have found that soybean isoflavones
have a major protective impact on breast or prostate can-
cers in humans [6–9], while rodent studies also support the
hypothesis that soy-isoflavone diets exert a protective ef-
fect against prostate cancer-cell growth [18–22]. Although
genistein is a well-known tyrosine kinase inhibitor [23],
the mechanisms of suppression of cancer cell growth re-
main uncertain. Based on these studies, it appears that the
continuous intake of soy isoflavones exerts some beneficial
effects, such as cancer risk reduction. However, there are
also reports that excess administration of phytoestrogens

in rodents lead to irregularities in steroidogenesis in vivo
[24,25], and maternal vegetarian diets during pregnancy are
associated with hypospadias in humans [26].

Our previous report suggested that daidzein and genistein
could significantly reduce cortisol production without es-
trogen receptor mediation in human adrenocortical H295R
cells, and that daidzein acts as a potent inhibitor of 3�-HSD
and a comparatively weak inhibitor of P450c21 [10].
Daidzein, genistein, biochanin A and formononetin potently
inhibit the gamma-isozymes of mammalian alcohol dehy-
drogenase that catalyze the oxidation of 3�-hydroxysteroids
[27] and Wong et al. [28] found that these isoflavones in-
hibit the 3�-HSD activity of bovine adrenal short-chain
alcohol dehydrogenase. Furthermore, in a study using hu-
man placental microsomes, it was shown that isoflavonoids,
as well as other compounds that possess a phenolic B ring
in the 3 position of the pyran ring, preferentially inhibit
3�-HSD and/or 17�-HSD activity [29]. Therefore, inves-
tigation of the inhibitory mechanisms of isoflavones on
human 3�-HSD is considered to be very important.

3�-HSD catalyzes the conversion of pregnenolone to
progesterone and of DHEA to androstenedione, and is thus
a very important membrane-associated enzyme involved in
steroid hormone biosynthesis [30]. In humans, there are two
isozymes, types I and II. Type II is predominantly expressed
in the adrenals and gonads [12], while type I is expressed
in the placenta, skin and other peripheral tissues [13]. Both
types I [31,32] and II human isozymes [33] have success-
fully been expressed in a baculovirus system. Although the
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structure of native enzyme has not yet been elucidated,
the type I isozyme has been crystallized [34] using
soluble enzyme, which is modified by removal of the
membrane-associated regions [35]. In the present study,
3�-HSD type II was overexpressed using a baculovirus ex-
pression system and was not distributed in the soluble frac-
tion, but was broadly detected in all membrane-associate
fractions of Sf9 cells. Therefore, we used the total mem-
brane fraction as the enzyme source to investigate the
relationship between structure and inhibition using various
flavonoids and human 3�-HSD type II.

Human 3�-HSD type II activity was strongly inhibited by
isoflavone derivatives, and the common structural feature of
these inhibitors was the hydroxy group at the C7 position.
However, although glycitein has a hydroxy group at C7,
no inhibitory effect was seen, and this is probably due to
steric interference of the methoxy group at C6. In addition,
the glycoside forms of the isoflavones showed no inhibitory
effects, and this may also be due to steric interference by
the sugar(s). It is believed that daidzin and genistin are not
able to be directly absorbed by the intestinal wall and must
first undergo catabolism in enteric bacteria. Soy isoflavones
mainly exist in the glycoside form and all of these substances
are absorbable when they are in the aglycone form [36].
Consequently, daidzin and genistin would exist as daidzein
and genistein, respectively, in human body and thus it is
possible that they inhibit 3�-HSD type II activity.

The inhibitory effects on 3�-HSD were not limited to
isoflavones but were also seen with flavone derivatives.
The most effective chemical among the flavone derivatives
was the synthetic flavone 6-HF, which exhibited a com-
parable degree of inhibition as genistein and biochanin
A, whereas 5-HF and 7-HF had no inhibitory effect. This
clearly suggests that the position of the hydroxy group is
a critical factor for inhibition of human 3�-HSD type II
activity. From the energy-minimized structure obtained us-
ing MOE software, flavone and isoflavone derivatives have
an almost flat A–C ring structure, and thus flavones may
orient themselves in such a way as to be nearly analogous
with isoflavones (Fig. 4). 6-HF may have been recognized
as 7-hydroxy-isoflavone, and exhibited similar inhibitory
effects on 3�-HSD as genistein or biochanin A. Therefore,
the intensity of inhibitory effects of flavonoids on 3�-HSD
type II are related to the steric conformation between the
B-ring and the hydroxy group at the C6 or C7 position on
the A-ring, which is similar to the structural relationship
between the 3�-hydroxy group and C-D ring deflection
against the A-B ring in steroid substrates, such as DHEA or
progesterone. This was also the case for apigenin, quercetin,
myricetin and chrysin, all of which are natural flavones
having a hydroxy group at the C7 position, and all of which
were able to inhibit 3�-HSD type II activity, but to an
extremely small degree.

3�-HSD belongs to the short-chain alcohol dehydroge-
nase-reductase (SDR) family [11]. The catalytic site,
Ser· · · Tyr-X-X-X-Lys, is well conserved in all SDR-family

enzymes [37], and the reaction mechanisms are also well
understood. First, the NAD+ cofactor binds to the enzyme
and deprotonates the tyrosine residue at the catalytic site.
This functions as the base catalyst and may be responsible
for deprotonation of the hydroxy group and incorpora-
tion of the oxidative cofactor in the dehydrogenase reac-
tion [38]. In the present study, LUMO values calculated
from energy-minimized structure of individual flavonoid
molecules and IC50 values were correlated. Generally, dif-
ferentiation between HOMO and LUMO reflects the inten-
sity of electron affinity, and lower differentiation suggests
higher electron affinity. We believe that strong flavonoid
inhibitors might have a high affinity for the electron sup-
plied by the deprotonated tyrosine residue at the catalytic
site. If this hypothesis is correct, each inhibitor would be
acting as a competitive inhibitor with the substrate, and we
thus investigated and compared the type of inhibition ob-
served with cyanoketone, genistein and 6-HF. These three
substances were found to behave as typical competitive in-
hibitors. Therefore, the degree of 3�-HSD inhibition by each
flavonoid is related to not only their steric conformation but
also the combined effects of electron affinity between the
flavonoid molecule and the catalytic site of the enzyme.

Of the 25 flavonoids we investigated in this study, the soy
isoflavone genistein inhibited 3�-HSD type II activity most
effectively and is thought to exert an affect on steroidogen-
esis. However, the mechanism of this inhibition will remain
uncertain until the 3D structure of human 3�-HSD type II
is elucidated.
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