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Abstract

To evaluate the protective effects of baicalein and wogonin against benzo[a]pyrene- and aflatoxin (AF) B1-induced toxicities, the effects
of these flavonoids on the genotoxicities and oxidation of benzo[a]pyrene and AFB1 were studied in C57BL/6J mice. Baicalein and wogonin
reduced benzo[a]pyrene and AFB1 genotoxicities as monitored by the umuC gene expression response in Salmonella typhimurium
TA1535/pSK1002. Baicalein added in vitro decreased liver microsomal benzo[a]pyrene hydroxylation (AHH) activity with an ic50 of
33.9 � 1.4 �M at 100 �M benzo[a]pyrene. Baicalein also inhibited AFQ1 and AFB1-epoxide formation from AFB1 (50 �M) oxidation
(AFO) with ic50 values of 22.8 � 1.4 and 5.3 � 0.8 �M, respectively. However, the in vitro inhibitory effects of wogonin on AHH and
AFO activities in liver microsomes were less than those of baicalein as inhibition by 500 �M wogonin was only about 51–65%. Treatment
of mice with liquid diets containing 5 mM baicalein and wogonin resulted in 22 and 49% decreases in hepatic AHH activities, respectively.
Baicalein treatment resulted in 39 and 32% decreases in AFQ1 and AFB1-epoxide formation from liver microsomal AFO, respectively.
Wogonin treatment resulted in 39 and 47% decreases in AFQ1 and AFB1-epoxide formation, respectively. A 1-week pretreatment with
wogonin significantly decreased hepatic DNA adduct formation in mice treated with 200 mg/kg of benzo[a]pyrene via gastrogavage. These
in vitro and in vivo effects suggested that baicalein and wogonin might have beneficial effects against benzo[a]pyrene- and AFB1-induced
hepatic toxicities and that wogonin had a stronger protective effect in vivo. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Benzo[a]pyrene and AFB1 are important environmental
pollutants, and their tumorigenic effects have been studied
extensively in experimental animals [1,2]. Humans are ex-
posed to benzo[a]pyrene and related polycyclic aromatic
hydrocarbons via the inhalation of industrial and automobile
emissions, cigarette smoke, and the consumption of charred
food. AFB1, a secondary metabolite produced by Asparagil-
lus flavus,is known to be a potent hepatocarcinogen in

experimental animals and probably in humans [3]. Benzo-
[a]pyrene and AFB1 are of concern because of the large
amounts released from the combustion process and the
widespread contamination of foodstuffs through mold in-
festation, respectively. Bioactivation is required for the
toxic action of both benzo[a]pyrene and AFB1. Microsomal
CYP-dependent monooxygenase consists of CYP hemopro-
teins, NADPH-CYP reductase, and phospholipids. This
monooxygenase is a key enzyme in the metabolic activation
of benzo[a]pyrene and AFB1 [4,5]. The epoxide metabo-
lites, benzo[a]pyrene 7,8-diol-9,10-epoxide and AFB1 exo-
epoxide, formed by CYP-catalyzed oxidation, have been
known for their ability to form DNA adducts and lead to
tumorigenesis [6,7]. Suppression of their CYP-mediated
activation may beneficially reduce the risk of DNA adduct
formation.

An important way for protective agents to prevent car-
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cinogenesis is by decreasing the incidence of initiation
events that occur during tumor development. Metabolic
activation followed by DNA adduct formation is one of the
main events during this initiation process [8]. A review of
several reports suggests that inhibition of metabolic activa-
tion might reduce the tumorigenic risk of exposure to chem-
ical carcinogens [9]. Flavonoids are of interest due to their
broad biological activities, including enzyme inhibition, and
their antioxidative, hepatoprotective, and tumor-suppressing
activities [10,11]. A series of reports revealed that natural
flavonoids could modulate benzo[a]pyrene and AFB1 me-
tabolism [12–14]. Elangovan et al. [15] reported that treat-
ment of mice with a powdered Hindustan Level Pellet diet
containing 1% quercetin and luteolin reduced the incidence
of fibrosarcoma induced by 3-methylcholanthrene. This re-
duction was accompanied by greater reduced levels of lipid
peroxides and CYP and increased activity of glutathione
S-transferase than found in the 3-methylcholanthrene-
treated group. Baicalein and wogonin, mainly present as
glucuronide conjugates, are the major flavonoids in Scutel-
lariae radix that have been commonly used in traditional
Chinese medicine. The glucuronides of baicalein and wogo-
nin can constitute up to 20 and 3% of the dry weight of
Scutellariae radix, respectively [14]. Baicalein and wogonin
have been known for their contribution to the pharmacolog-
ical activity of Scutellariae radix [16,17]. It has been shown
that baicalein and wogonin significantly decrease liver dam-
age induced by acetaminophen, CCl4, and �-galactosamine
in the rat [16]. Lee et al. [18] reported that baicalein inhibits
tumor promotion caused by 12-O-tetradecanoylphorbol-13-
acetate in benzo[a]pyrene-initiated CD-1 mouse skin. How-
ever, co-administration of baicalein with 2-amino-3-methy-
limidazo[4,5-f]quinoline (IQ) or 2-(2-furyl)-3-(5-nitro-2-
furyl) acrylamide (AF-2) showed toxicity in Salmonella
typhimurium TA100, i.e. in the Ames assay [19,20]. Elliger
et al. [21] reported that, when measured by the Ames test,
wogonin was mutagenic in the presence of NADPH and
liver S9 from Aroclor 1254-treated rats. To elucidate the
protective effects of baicalein and wogonin, their in vitro
and in vivo effects on the genotoxicities and oxidation of
benzo[a]pyrene and AFB1 were analyzed in the present
study.

2. Materials and methods

2.1. Chemicals and enzymes

Biacalein and wogonin were isolated from the root of
Scutellariae baicalensis by the National Research Institute
of Chinese Medicine. The purity of the flavonoids was
�97%, as determined by HPLC and NMR analyses.
NADH, NADPH, glucose-6-phosphate, RNase A, 2-nitro-
phenyl-�-d-galactopyranoside, benzo[a]pyrene, glutathi-
one, rat glutathione S-transferase (a mixture of � and � class
enzymes), AFB1, and AFQ1 were purchased from the Sigma

Chemical Co. 3-Hydroxybenzo[a]pyrene was purchased
from the NCI Chemical Carcinogen Reference Standard
Repositories, and proteinase K from Boehringer Mannheim.
Acetone, n-hexane, and chloroform were obtained from
Merck Taiwan Ltd.

2.2. Animal treatment and microsomal and cytosolic
preparations

Male C57BL/6J mice (5-weeks-old, weighing 13–15 g)
were purchased from the National Laboratory Animal
Breeding and Research Center. Before experimentation,
mice were allowed a 1-week acclimation period at the air
conditioned (25 � 1o) animal quarters and an automatically
controlled photoperiod of 12 hr of light daily. Liquid diets
with or without baicalein or wogonin (5 mM) were prepared
as described previously [14]. Mice (N � 6 per group) were
fed ad lib., and their daily dietary intake was monitored.
Washed microsomes and cytosol were prepared from mouse
liver by differential centrifugation 16 hr after the last feed-
ing [14]. Sera were collected from the hearts of ether-
anesthesized mice, and serum alanine transaminase activity
was determined using a commercial kit from Abbott Labo-
ratories Ltd. The serum concentrations of the aglycones and
glucuronide/sulfate conjugates of baicalein and wogonin
after dietary treatments were determined by HPLC [22].

2.3. Genotoxicity analysis

The genotoxicities of baicalein and wogonin in the pres-
ence or absence of microsomes or cytosols were determined
in S. typhimurium TA 1535/pSK1002 following the umu
genotoxicity assay method [23]. Liver microsomes and cy-
tosols were prepared from untreated mice, and 50 pmol
microsomal CYP or 3 mg cytosolic protein was used in this
analysis. Flavonoids were dissolved in DMSO and added to
the bacterial incubation mixture containing 100 �M benzo-
[a]pyrene or 5 �M AFB1. The same volume of DMSO was
added to the control. The final concentration of DMSO in
the incubation medium was less than 1%. Reactions were
carried out at 37o for 2 hr. Bacterial growth was monitored
by measuring the absorbance at 600 nm. Expressed �-ga-
lactosidase activity was determined using 2-nitrophenyl-�-
d-galactopyranoside as a substrate. Induction of umu gene
expression is presented as units of �-galactosidase standard-
ized by bacterial growth. For the umu genotoxicity test, a
compound that induces �-galactosidase expression to a
level higher than two times of the control value is classified
as genotoxic [24].

2.4. Enzyme assays

CYP content was determined by the spectrometry
method of Omura and Sato [25]. NADPH-CYP reductase
activity was determined following the method of Phillips
and Langdon [26] using cytochrome c as a substrate. AHH
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activity was assayed by fluorometric determination of the
formation of 3-hydroxybenzo[a]pyrene [27]. AFO activity
was determined as described previously [5]. Metabolites of
AFO were separated and analyzed by HPLC using an
Econosphere C18 column (4.6 � 250 mm, Alltech). For-
mation of AFQ1 was determined using an external standard.
Formation of AFB1-epoxide was determined as the gluta-
thione conjugate. The glutathione conjugate was analyzed
by HPLC and quantified using the extinction coefficient of
21.8 mM�1cm�1 for the conjugate [28]. Microsomal pro-
tein concentration was determined by the method of Lowry
et al. [29].

2.5. Benzo[a]pyrene–DNA adduct analysis

Mice were fed a liquid diet containing 5 mM baicalein or
wogonin for 1 week. On the last day, the animals were
treated with 200 mg/kg of benzo[a]pyrene through gastro-
gavage. Control mice received the liquid diet for 1 week
before the administration of benzo[a]pyrene. Livers were
removed 16 hr after the administration of benzo[a]pyrene,
and DNA was isolated by phenol/chloroform extraction and
ethanol precipitation following the method of Gupta [30].
The quality of DNA was analyzed by the absorbance ratio
of A260/A280 (�1.8). Benzo[a]pyrene–DNA adduct forma-
tion was analyzed by 32P-postlabeling using DNA modified
by benzo[a]pyrene 7,8-diol-9,10-epoxide as a standard [31].

2.6. Data and statistical analysis

The ic50 values of flavonoids for monooxygenase activ-
ities were calculated by curve fitting (Grafit, Erithacus Soft-
ware Ltd.). The statistical significance of differences be-
tween the control and treated groups was evaluated by
Student’s t-test. A P value � 0.05 was considered statisti-
cally significant.

3. Results

3.1. Inhibition of the genotoxicities of benzo[a]pyrene and
AFB1

Before assessing their protective effects, the genotoxici-
ties of baicalein and wogonin were determined. Baicalein
and wogonin at a concentration of 300 �M or less were not
genotoxic in the presence of mouse liver microsomes (Fig.
1A). In addition, genotoxicity was not detected in the pres-
ence of cytosol or a mixture of cytosol and microsomes
(data not shown). Baicalein and wogonin at 10, 50, and 100
�M had no effect on bacterial growth as monitored by
measuring the absorbance of the bacterial suspension at 600
nm. However, 300 �M baicalein significantly decreased
bacterial growth (Fig. 1B). In this test system, benzo-
[a]pyrene (100 �M) was mildly genotoxic, whereas AFB1

(5 �M) was a relatively strong genotoxic agent (Fig. 2). The

AFB1-induced expression of �-galactosidase was 11-fold
higher than in the uninduced control. In the presence of 50
�M baicalein and wogonin, benzo[a]pyrene genotoxicity
was suppressed to a level close to the control value obtained
from the incubation in the absence of benzo[a]pyrene (Figs.
1 and 2). Baicalein at 50 �M dramatically decreased the
genotoxicity of AFB1 and at 300 �M decreased this toxicity
to a level approaching the control value. Wogonin also
decreased the genotoxicity of AFB1, but showed less sup-
pressive effects than baicalein (Fig. 2).

Fig. 1. Genotoxicities and effects of baicalein and wogonin on S. typhi-
murium growth in the umu test system. Genotoxicity (panel A) was deter-
mined in S. typhimurium TA1535/pSK1002 in the presence of liver mi-
crosomes prepared from untreated mice. Bacterial suspensions were
incubated with chemicals, microsomes, and an NADPH-generating system
at 37o for 2 hr. The same volume of DMSO was added in the incubation
mixtures as was used in the controls. After incubation, bacterial growth
(panel B) was monitored by measuring absorbance at 600 nm. Expressed
�-galactosidase activity was determined using 2-nitro-�-d-galactopyrano-
side as a substrate. Data represent means � SEM of three separate exper-
iments with duplicates. Key: (*) significantly different from the control,
P � 0.05.

Fig. 2. Inhibitory effects of baicalein and wogonin on the genotoxicities of
benzo[a]pyrene (left panel) and AFB1 (right panel) as monitored by �-ga-
lactosidase expression in S. typhimurium TA1535/pSK1002. Bacterial in-
cubation was carried out at 37o for 2 hr, and �-galactosidase activity was
determined using 2-nitrophenyl-�-d-galactopyranoside as a substrate. Data
represent the means � SEM of three separate experiments with duplicates.
Key: (*) significantly different from the control, P � 0.05.
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3.2. Effects of baicalein and wogonin on NASPH-CYP
reductase, AHH, and AFO activities of mouse liver
microsomes in vitro

In vitro, the addition of baicalein inhibited NADPH-CYP
reductase activity toward cytochrome c with an ic50 of 39 �
9 �M, whereas wogonin had no effect (Fig. 3A). Both
baicalein and wogonin decreased microsomal AHH and
AFO activities, but baicalein had stronger inhibitory effects
than wogonin (Fig. 3, B–D). Baicalein and wogonin at 500
�M inhibited AHH activity by 90 and 51%, respectively
(Fig. 3B). Baicalein inhibited AHH activity with an ic50 of
34 � 1 �M at 100 �M benzo[a]pyrene. AFQ1 and the
glutathione conjugate of AFB1-epoxide were detected in the
AFO assay of liver microsomes. The ic50 values of baicalein
for AFQ1 and AFB1-epoxide were 23 � 1 and 5 � 1 �M at
50 �M AFB1, respectively (Fig. 3, C and D). In contrast, the
inhibition by wogonin, up to 500 �M, was not sufficient for
ic50 estimation.

3.3. Dietary effects of baicalein and wogonin on AHH
and AFO activities in mouse liver

In general, humans take herbal medicine orally. There-
fore, mice were fed liquid diets containing 5 mM baicalein
or wogonin. Flavonoid treatments had no effect on diet
consumption and body and liver weights as compared to the
control group (data not shown). There were no detectable
baicalein and wogonin levels in the sera of flavonoid-treated

mice. After the treatment of sera with glucuronidase/sulfa-
tase, 45 � 4 and 23 � 7 �M concentrations of baicalein and
wogonin were found in baicalein- and wogonin-treated
groups, respectively. Treatment of mice with baicalein and
wogonin resulted in 22 and 49% decreases in hepatic AHH
activities, respectively (Table 1). Baicalein treatment re-
sulted in 39 and 32% decreases in AFQ1 and AFB1-epoxide
formation, respectively. Wogonin treatment resulted in 39
and 47% decreases in AFB1-epoxide and AFQ1 formation,
respectively.

3.4. Dietary effects of baicalein and wogonin on
benzo[a]pyrene–DNA adduct formation in mouse liver

Due to the potent hepatotoxicity of AFB1, we selectively
determined the dietary effects of baicalein and wogonin on
hepatic benzo[a]pyrene–DNA adduct formation. Chromato-
grams of 32P-postlabeling analyses of DNA adducts are
shown in Fig. 4. The control group received a control diet
and then were treated with benzo[a]pyrene (Fig. 4B). One-
week pretreatment of mice with wogonin significantly de-
creased the hepatic benzo[a]pyrene–DNA adduct level to
24% of the control (Fig. 4, B and D, Table 2). However,
baicalein treatment had no effect on the benzo[a]pyrene–
DNA adduct level (Fig. 4, B and C, Table 2).

4. Discussion

Flavonoids are widely distributed in the plant kingdom,
including vegetables, fruits, and traditional Chinese herbal
drugs. Although the bioavailability of flavonoids is low, the
concentration in vivo is enough to evoke a pharmacological
effect [32]. Baicalein and wogonin are the main active
flavonoids of Scutellariae radix, which is one of the main
constituents of a Kampo medicine, Sho-saiko-to. The water
extract of Scutellariae radix suppressed the mutagenic ac-
tivity of benzo[a]pyrene in S. typhimurium TA98 and

Fig. 3. In vitro effects of baicalein and wogonin on NADPH-cytochrome
P450 reductase, and on AHH and AFO activities of mouse liver micro-
somes. AHH and AFO activities were determined using 100 �M benzo-
[a]pyrene and 50 �M AFB1, respectively. Formation of AFB1-epoxide was
determined as the glutathione conjugate, using rat glutathione S-trans-
ferase. Data represent the means � SEM of three mice.

Table 1
Dietary effects of baicalein and wogonin on benzo[a]pyrene
hydroxylation and AFB1 oxidation activities in mouse liver

Treatment Benzo[a]pyrene
hydroxylation
(pmol/min/mg
protein)

AFB1 oxidation
(pmol product
formation/min/mg protein)

AFQ1 AFB1-epoxidea

Control 380 � 26 506 � 63 10.9 � 1.3
Baicalein 295 � 14* 308 � 15* 7.4 � 0.5*
Wogonin 193 � 19* 308 � 28* 5.8 � 1.1*

Mice were administered liquid diets containing 5 mM flavonoids for 1
week. Control mice received a control diet. Liver microsomes were pre-
pared at 16 hr after the last feeding. Data represent means � SEM of six
mice.

aFormation of AFB1-epoxide was traced as the glutathione conjugate
using rat glutathione S-transferase.

*Significantly different from the control, P � 0.05.
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TA100 [33]. The water extract of Scutellariae baicalensis
also decreased the DNA binding and metabolism of benzo-
[a]pyrene and AFB1 activated by Aroclor 1254-induced rat
hepatic S9 [34]. These reports indicated the possible bene-
ficial effects of the crude extract of Scutellariae baicalensis.
Lee et al. [35] reported that baicalein suppresses the muta-
genicity of AFB1 in S. typhimurium and reduces chromo-
some aberration induced by AFB1 in CHL cells. Our results
showed that the addition of baicalein and wogonin de-

creased the genotoxicities of benzo[a]pyrene and AFB1 as
monitored by the umuC expression response in S. typhi-
murium TA1535/pSK1002 (Fig. 1). These results suggested
that baicalein and wogonin produce protective effects
against benzo[a]pyrene- and AFB1-induced toxicities. Our
results also showed that baicalein and wogonin decreased
microsomal AHH and AFO activities in vitro and in vivo
(Fig. 2 and Table 1). The DNA adduct formation induced by
benzo[a]pyrene was reduced by the dietary intake of wogo-
nin (Fig. 4D, Table 2). Lee et al. [18] reported that topical
treatment of mouse skin with baicalein dramatically de-
creased the number of skin tumors in benzo[a]pyrene-initi-
ated mouse skin. Although tissue-specific biotransformation
and different treatment regimens may result in differential
effects, this report demonstrates that baicalein has a chemo-
preventive role in benzo[a]pyrene carcinogenesis. Our in
vitro and in vivo results together suggest that administration
of baicalein and wogonin may possibly have beneficial
effects against the carcinogenic risk caused by benzo-
[a]pyrene and AFB1. The daily dose of Sho-saiko-to in
humans is 7.5 g. A 7.5-g sample of Sho-saiko-to contains
the boiled water extract of 3 g Scutellaria radix. The
amounts (w/w) of baicalin (baicalein-glucuronide), baica-
lein, and wogonin in Sho-saiko-to were 3.5, 0.3, and 0.04%,
respectively [36]. The human daily intake (mg/kg/day) of
baicalein and wogonin from Sho-saiko-to is relatively low
(roughly about 0.2 and 0.01% of the dosage used in the
present mouse study, respectively [14,36]). The serum con-
centrations of baicalein and wogonin in human-ingested
Sho-saiko-to are unclear. In human urine, the accumulated
excreted amounts of baicalein and wogonin were found to
be 1.5 and 1.4 mg after the administration of a single dose
of 5 g Sho-saiko-to [37]. Although the direct extrapolation
from a mouse study to humans is difficult, our results,
together with previous reports, indicate the contribution of
baicalein and wogonin in the liver protective effects of
Scutellariae baicalensis.

In comparison, baicalein had stronger inhibitory effects
than wogonin on AHH and AFO activities in vitro (Fig. 3,
B–D). Baicalein also had a stronger suppressive effect than
wogonin on AFB1 genotoxicity. However, the genotoxic
response induced by benzo[a]pyrene was suppressed by
baicalein and wogonin to similar extents (Fig. 2). The rea-
son for the lack of difference in the inhibitory effects of
baicalein and wogonin on benzo[a]pyrene genotoxicity is
unclear, but the mild toxicity of benzo[a]pyrene detected in
the umu test may limit the detection of differences (Fig. 2).
To examine the differences of inhibition properties between
these two flavonoids, CYP-flavonoid binding spectra and
the effects of flavonoids on NADPH-CYP reductase activity
were determined using untreated mouse liver microsomes.
There were no binding spectra formed by CYP and these
flavonoids (data not shown). Baicalein strongly inhibited
NADPH-CYP reductase activity, whereas wogonin up to
250 �M had no effect (Fig. 3A). The potent inhibition of
baicalein on reductase activity may contribute, at least in

Fig. 4. Autoradiograms of benzo[a]pyrene–DNA adducts in mouse liver by
32P-postlabeling assay. Panels (A) and (B) show the chromatograms of
DNA isolated from mice fed a control diet for 1 week without and with 200
mg/kg benzo[a]pyrene treatment, respectively. Panels (C) and (D) show
the chromatograms of DNA isolated from mice treated with benzo-
[a]pyrene after 1-week treatments with diets containing 5 mM baicalein
and wogonin, respectively. Autoradiography was carried out at –70o for 18
hr.

Table 2
Dietary effects of baicalein and wogonin on benzo[a]pyrene–DNA
adduct formation in mouse liver

Treatment Relative adduct labeling
(2N-guanyl adducts/107

nucleotides)

Control 8.8 � 0.9(5)
Baicalein 12.2 � 1.5(4)
Wogonin 2.1 � 0.3*(4)

Mice were pretreated with either a control diet or liquid diets containing
5 mM baicalein or wogonin for 1 week. At the final treatment, mice were
administered 200 mg/kg of benzo[a]pyrene for 16 hr. Livers were re-
moved, DNA was isolated, and adduct formation was analyzed by a
32P-postlabeling assay. Data represent means � SEM; the number of mice
per group is indicated in parentheses.

*Significantly different from the control, P � 0.05.
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part, to its stronger inhibitory effect on AHH and AFO
activities in vitro, compared to wogonin. Buening et al. [12]
reported that other flavonoids also showed inhibitory effects
on benzo[a]pyrene and AFB1 oxidations in human liver
microsomes and the inhibition of NADPH-CYP reductase
activity may be involved in their inhibitory action. How-
ever, Sato et al. [38] reported that wogonin could suppress
the non-heme iron reduction by NADPH-CYP reductase in
rat liver microsomes. The reduction of non-heme iron is
different from the reduction of CYP or cytochrome c he-
moproteins. The ferric chloride reduction of microsomes in
the presence of NADPH needs a chelator and a microsomal
protein(s) other than CYP and NADPH-CYP reductase
[39]. Thus, the effects of wogonin on the reduction ability of
NADPH-CYP reductase toward different substrates may be
different. To clarify the effects of flavonoids on electron
transfer in the CYP-catalytic cycle, further study on the
effects of flavonoids on CYP reduction is required.

Consistent with the inhibitory effects in vitro, our in vivo
study showed that baicalein and wogonin treatments signif-
icantly decreased AHH and AFO activities in mouse liver
(Table 1). In contrast to the stronger inhibition by baicalein
in vitro, baicalein had a smaller inhibitory effect than wogo-
nin on AHH activity in vivo. Our results show that baicalein
treatment caused a 22% decrease of AHH activity (Table 1).
This decrease may not be strong enough to cause detectable
changes in the number of hepatic benzo[a]pyrene–DNA
adducts in mice treated with 200 mg/kg of benzo[a]pyrene
(Fig. 4 and Table 2). In contrast, wogonin significantly
reduced benzo[a]pyrene–DNA adduct formation. The ac-
tual reason for this discrepancy between the in vitro and in
vivo effects is not clear. However, the influence of pharma-
cokinetic, pharmacodynamic, and other regulatory factors in
vivo might be possible causes of this discrepancy. In gen-
eral, the aglycone of flavonoids was thought to be their
biological active form. After digestion, baicalein and wogo-
nin are metabolized mainly to glucuronide and sulfate con-
jugates in rats and humans [37,40]. Our determinations
show that there were no free baicalein and wogonin detected
in sera from flavonoid-treated mice. The serum concentra-
tion of the conjugates of baicalein was 1-fold higher than
the conjugates of wogonin. The potency of inhibition by
flavonoids in vivo was not correlated with the serum con-
centration of metabolites. Baicalein and wogonin treatments
suppressed hepatic AFO activity with similar potencies.
AFB1 can be oxidized by mouse liver microsomal CYP to
form the detoxication metabolite, AFQ1, and the potent
mutagenic metabolite, AFB1-epoxide. Although baicalein
and wogonin decreased the formation of both AFQ1 and
AFB1-epoxide, there is still a beneficial effect of ingestion
of flavonoids. Since AFB1-epoxide formation is the main
cause of AFB1-induced genotoxicity, the decreased forma-
tion rate of the epoxide may reduce the incidence of DNA
adduct formation and possibly the subsequent tumorigenic
effect. Reduction of AFO activity may also provide a better

chance for the conjugation reaction with the glutathione
pool.

There is controversy regarding the importance of human
CYP1A2 and CYP3A4 in the activation of AFB1 at the
concentrations to which humans could possibly be exposed
[5,41]. Using the CYP inhibitors troleandomycin and
furafylline, Gallagher et al. [41] demonstrated that CYP1A2
was the main CYP responsible for the activation of 16 �M
AFB1 in human liver microsomes and lymphoblastoid cell
lines expressing human CYPs. Using reconstituted systems
of recombinant human CYPs, Ueng et al. [5] demonstrated
that CYP3A4 appeared to be more active than CYP1A2 in
the oxidation of AFB1 to form the most potent mutagen,
AFB1 exo-epoxide. At 10 �M AFB1, higher genotoxicity
was activated by CYP3A4 than by CYP1A2 at various CYP
concentrations. Our previous report showed that baicalein
and wogonin decreased CYP3A-catalyzed nifedipine oxida-
tion and erythromycin N-demethylation activities to a sim-
ilar extent in mouse liver [14]. However, baicalein treatment
increased CYP1A2-catalyzed oxidations. The significance
of CYP1A2 induction by baicalein on AFB1 toxicity needs
further study. In mice, CYP2A is an important CYP in the
activation of AFB1 [2]. However, the effect of these fla-
vonoids on CYP2A was not clear. For benzo[a]pyrene,
CYP1A2 and CYP3A are the main hepatic CYPs involved
in the oxidation of benzo[a]pyrene [4]. Our previous report
showed that both baicalein and wogonin decrease the level
of CYP3A protein. In contrast, CYP1A2 protein level is
increased by baicalein but decreased by wogonin [14]. The
up-regulation of CYP1A2 by baicalein may cause the
smaller inhibition of microsomal AHH activity by baicalein
than by wogonin in vivo. To better understand the differen-
tial modulatory effects of flavonoids, further studies are
required to investigate the regulatory mechanism of fla-
vonoids and the effects of flavonoids on human CYPs and
NADPH-CYP reductase.

Herbal medicines have attracted great attention for their
protective effects but several reports suggest the mutagenic-
ity and hepatotoxicity of some natural products [21,42]. It is
important to assess the toxicity when evaluating the protec-
tive effects of natural products. Elliger et al. [21] reported
that wogonin showed mutagenic effects in the Ames test in
the presence of liver S9 prepared from Aroclor 1254-treated
rats. This mutagenic effect was not diminished when mi-
crosomes were removed from the S9 by centrifugation. Our
results also showed that baicalein and wogonin were not
genotoxic in S. typhimurium TA1535/pSK1002 in the pres-
ence of microsomes and NADPH (Fig. 1). However, there
were also no genotoxicities detected in the presence of
cytosol or a mixture of cytosol and microsomes instead of
microsomes (data not shown). The difference in the toxicity
detected might be due to the different bacterial test systems
used. Our previous report showed that a 1-week treatment of
a diet containing wogonin had no effects on mouse body
and liver weights [14]. We have also determined mouse
serum alanine aminotransferase activity, and there was no
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difference between control (38 � 4 IU/L) and flavonoid-
treated groups (baicalein-treated group: 50 � 5 IU/L; wogo-
nin-treated group: 42 � 6 IU/L). These results indicated that
baicalein and wogonin were not hepatotoxic at the dosage
for protection against benzo[a]pyrene and AFB1 toxicities.
However, baicalein at 300 �M showed an anti-bacterial
effect (Fig. 1). This result was consistent with an earlier
report that baicalin inhibits the growth of bacteria, including
Staphylococcus aureus and Pseudomonas aeruginosa, at
474 �M [43]. The reason for the decreased bacterial growth
is not clear, but possible causes include cytotoxicity, de-
layed growth, and arrested growth. In human colon cancer
cell lines, baicalein was found to arrest cell growth without
cytotoxicity [44]. However, the inhibition in the cell lines
may be different from the inhibition of bacteria. To evaluate
the anti-bacterial effect, the actual cause and the bacterial
selectivity of this inhibition need further investigation. Al-
though our determination of serum concentration of fla-
vonoid metabolites was low, local high concentrations of
baicalein in the intestine after digestion might cause anti-
bacterial effects. In addition, our previous report suggested
that ingestion of baicalein and wogonin affected the activ-
ities of phase I and phase II drug-metabolizing enzymes
[14]. Therefore, attention should be paid to the possible
adverse effects and flavonoid–drug interactions, particu-
larly after long and continuous ingestion.
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