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Twenty-four flavones were synthesized with various hydroxyl and/or methoxyl groups on A
and B rings. Their antimutagenic properties were evaluated against benzo(a)pyrene (BaP) and
a pool of mutagenic urine concentrate (U) using a modified liquid incubation method of Ames
test. The tester strain was Salmonella typhimurium TA98+59 Mix. The antimutagenic activities
were calculated by non linear regression analysis and the doses of flavones (in nmoles) re-
quired for a 50% reduction of induced revertants with BaP and U were defined as the in-
hibition doses (IDs;s and IDsq, respectively). Seventeen flavones possessed significant an-
timutagenic activity against BaP. [Dsp ranged from 15.1 nmoles (F22) to 1000.6 nmoles (F13).
Eighteen flavones showed significant antimutagenic activity against U. 1Dy, ranged from 23.5
nmoles (F22) to 354.6 nmoles (F3). The 2',3',4'-trihydroxyflavone (F22, ID;,=15.1 nmoles, 1D
sou=23.5 nmoles) and the 2',3',4',7-tetrahydroxyflavone (F20, 1Ds;=37.8 nmoles; IDs,,=62.3
nmoles) had antimutagenic activities similar to those of chlorophyllin (IDs;=19.6 nmoles and
IDs,,=44.2 nmoles) and were evaluated against B(a)P 7,8-dihydrodiol-9,10-epoxide. Against
this last mutagen, the flavones which included three OH in B ring showed the highest activity

and this property seemed independent of the substituent groups on A ring.
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INTRODUCTION

Flavonoids belong to a large group of natural pro-
ducts which can be found in edible foods. More than
2,000 substances are known and few studies have as-
sessed their biological properties.

Natural flavonoids exhibit the basic structure of 2-
phenyl-benzo(o)pyrene or flavone nucleus including
two benzene rings (A and B) linked through a het-
erocyclic pyrane C ring. Most of the derivatives are
hydroxylated, methoxylated and/or glycosylated.

Flavonoids have been shown to present a variety of
biochemical and pharmacological effects including an-
tiinflammatory and antiallergic effects (Middleton,
1992), linking affinity to biopolymers, ability to in-
terfere with redox reactions and free-radical scaveng-
ing (Havsteen, 1983; Sichel, 1991; Cotelle et al., 1992).

The inhibition of the mutagenic activity of po-
lycyclic aromatic hydrocarbons by phenolic plant fla-
vonoids has been reported (Huang et al, 1983;
Francis et al, 1989). Wall et a/. (1988) and Choi et
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al. (1994) have also found antimutagenic flavonoids
against aflatoxin B, (AFB,).

These compounds have been also shown to reduce
effects of clastogenic activity of carcinogens which in-
duce sperm abnormality (Raj et al., 1984) and they in-
hibit skin tumour promotion (Konoshima et a/.,, 1989),
they inhibit also carcinogen-induced tumours in rats
and in mice (Deschner et al, 1991). Several reports
have indicated flavonoids to be anticarcinogenic
against various carcinogens: benzo(a)pyrene (BaP)
(Wattenberg et al., 1970; Shah et al., 1986), aflatoxin
(Nixon et al, 1984; Chang et al., 1985; Francis et al.,
1989), 2-aminoanthracene and N-methyl-n-nitro-N-ni-
trosoguanidine (Birt et al., 1986).

The aim of this work was to study new flavonoids
with unusual oxygenation patterns for natural com-
pounds. We report their antimutagenic properties and
an evaluation of their structure-activity relationships.
The flavonoids group which was investigated was
composed of polyhydroxy and/or polymethoxy fla-
vones sterically hindered around the bond linking the
y-benzopyrone portion to the phenyl ring.

Twenty-four flavones were synthesized. However,
2'-hydroxy (Bouillant et a/, 1971), 2'-methoxy
(Freeman et al, 1981) and 5-hydroxy-2'-methoxy-
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flavones (Wollenweber and Mann, 1986) are na-
turally occurring flavones. Their antimutagenic and
toxic properties were assessed by salmonella mi-
crosomal assay. Their antimutagenic effects were
evaluated against (BaP) and a complex mutageinc
mixture (pool of urinary mutagens concentrate from
smokers=U). Antimutagenic properties of some of
them were also evaluated against B(a)P 7,8-diOH diol-
9,10-epoxide (BPDE).

MATERIALS AND METHODS

1-Chemicals

Benzo(a)pyrene (BaP), dimethylsulfoxide (DMSO,
Spectro grade) and chlorophyllin were purchased
from Sigma (St Louis, MO, USA). Aroclor 1254 was
from Analabs (North Heaven, CT, USA). Benzo(a)
pyrene 7,8-dihydrodiol-9,10-epoxide (BPDE) was
from MRI (Kansas City, Missouri).

Compounds synthesis

Compounds were prepared by addition of excess
thionyl chloride to the corresponding methoxylated
benzoic acid. After removal of unreacted thionyl chlo-
ride, pyridine and o-hydroxyacetophenone were add-
ed according to this procedure as described by Gay-
dou and Bianchini (1978).

Fully methoxylated compounds were obtained by
boiling the hydroxylated derivatives in acetone with
an excess of dimethylsulfate and sodium carbonate,
to reflux during 24 hours. Fully hydroxylated com-
pounds were obtained by demethylation with alu-
minum chloride in benzene. Two successive crys-
tallisations in ethanol gave the pure products. Com-
pounds were characterized by their melting points
and their proton and carbon nuclear magnetic reso-
nance spectra. The purities of the compounds were
confirmed by thin layer chromatography. For some of
them, X-ray structures have been described.

The chemical structure of the 24 flavones and the
molecular weights are included in Table 1.

All compounds were dissolved in DMSO at various
concentrations:

C=10 mg/ml (F12, F14, F16, F17, F20, F21, F22
and F24) C=20 mg/ml for the remaining com-
pounds.

Smoker's urine concentrate (U)

A 24 h urine sample from a male smoker (40 ci-
garettes per day) was collected. The extraction and
concentration of urinary mutagens were carried out
by the absorption technique on Amberlite XAD-2
resin as described by Yamasaki and Ames (1977).
The concentrated urine sample was fractionated and
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Table I. Antimutagenic activity of the 24 derivatives of fla-
vones

Basic structure of the flavone

N° FORMULA MW Dys  1Dsoy
. 0 25 93.2 52.8
OCHy 396.8 158.7
[o]
Q.
ocH, 141.0 210.7
F2 dcty 282 1418 3546
[]
OCH,
(o]
1349 27656
F3 ocH, 282 3546 3546
(o]
° 1786  185.6
Fa ocry 282 3546  354.6
OCH; O
CHy
o 932 1335
F5 OCH, 282 283.6 212.7
[s]
Cho ° 395.9 148.7
Fé ooy 282 3546  141.8
o
OCH,
0 910  316.0
OCH;
k7 der 312 3205 3205
[e]
CH;0.
(o)
F8 282 NS NS
oCH,
(o]
OCH;
CH,0. Q.
, 1900 1722
F9 oct, 342 2923 2339
OCH, O
OCH,;
cH0 o
F10 Lo 342 NS ;‘;g'g
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Table 1. Continued Table 1. Continued
N° FORMULA MW IDss iDsoy N° FORMULA MW Doz IDsou
OCH, CHyO
° ocl 243.0
Fr Tou " 342 NS 2023 P . 28 NS NT
o]
HO. 0.
F12 ooy 208 NS 7:;'; F24 286 NT NT
o
OCH,
0 CHL CHLOROPHYLLIN 722 1966 44.2
F13 OCH, 328 1000.6 NS 69.3 69.3
HO octs 121.9 All the compounds were assayed by a modified version of
° Ames test using Sa/monella typhimurium strain TA 98 (De Mé
CHO o et al, 1988). The molecules are listed by their reference
o o number (column 1). Their chemical formula and their molec-
F14 de 298 NS NS ular weight are indicated in columns 2 and 3, respectjvely.
The inhibition doses for a 50% decrease of the mutagenic ac-
° tivity of the benzolalpyrene (IDs) and a mutagenic urine
oCHy concentrate (IDs) is given in columns 4 and 5. The highest
o o 364.0 sig_nificant doses (nmoles/plate) of thg tested flavones are in i-
F15 oc%"c*" 328 727:9 NS tahcs..These dose§ represent the highest ones usgd for the
non linear regression analysis. The complete details of the
© technique and the calculations were described in the Ma-
terials and Methods section.
° 192.8 165.3 NS:. not significant; the probability of the model was >0.05
F16 T, 238 o0 1em0 NT: not tested
° kept at -80°C and all the assays were performed
Ho within 2 weeks.
f17 ° 254 7347 247.8 . ) .
OH 78.7 196.8 2-Mutagenicity and antimutagenicity assays
° Tester strains: Sa/monella typhimurium TA 97a, TA
98, TA 100 and TA 102 strains were gifts from Prof.
18 ° oH 254 264.5 154.0 B.N. Ames (Berkeley, CA, USA). They were stored at -
OH 393.7 3149 80°C and regularly checked for their genetic markers
) (Maron and Ames, 1983).
oH Activation mixture: The metabolizing system: S9
o 285.7 198.6 Mix was prepared using Aroclor 1254 induced rats as
F19 o 254 3937 1574 previously described by Ames et al. (1975). The con-
I centration of proteins in the S9 fraction was 31.0 mg/
ml as determined by the technique of Lowry et al.
on (1951). The S9 Mix was a mixture of 4% S9 and a
F20 Ho ° o 186 37.8 62.3 solution of cofactors (NADPH generating system;
on 1048 1048 Maron and Ames, 1983).
° Assay procedure: All samples were assessed for tox-
icity, mutagenicity and antimutagenicity by Ames test
o 105.5 52.3 (Maron and Ames, 1983). Preliminary screening was
F21 b oo 268 749.2 749.2 performed using the semi-quantitative technique (the
oH O spot test) as previously described (Maron and Ames,
o 1983) with the tester strains +59 Mix. The tested
dose was 200 ug. Following the preliminary screen-
F22 ° 4 oH 270 7175;17 77;33 ing all the samples were assessed for mutagenicity

and antimutagenicity by the quantitative technique us-
ing a modified version of the liquid incubation
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method (De Méo et al, 1988, 1995). Briefly, Sal-
monella tester strain was grown overnight in Oxoid
Nutrient broth n°2 with gentle shaking (final cell con-
centration 0.5-1x10° cells/ml). After this incubation
period, the following ingredients were added to 12x
75 mm sterile polystyrene tubes on ice:0.1 ml of S9
Mix (4% of S9), various doses of the tested mutagens
not exceeding 5 ul, various doses of antimutagens or
0.1 M phosphate buffer (pH 7.4) not exceeding 5 pl
and 0.1 ml of the overnight culture. The mixture was
incubated for 60 min at 37°C with rapid shaking. Aft-
er the contact period the tubes were placed on ice,
taken out one at a time and a volume of 2 ml of mol-
ten top agar was added. The combined mixture was
poured onto Vogel-Bonner salt minimal agar plates.
The seeded plates were incubated for 48 h at 37°C in
the dark. Spontaneous and induced revertants per
plate were determined for each dose with a laser bac-
teria colony counter (Model 500A, Interscience). Dur-
ing this study, the spontaneous frequency of tester
strain TA98+S9 Mix was 48+ 23 (n=8), the number of
induced revertants with 4 nmoles of BaP was 780+
218 (n=8), with 0.0165 nmoles of BPDE was 341+3
(n=2) and the number of induced revertants with 2
ml equivalent of urine was 330+ 85 (n=8).

Determination of antimutagenic activity

The antimutagenic activities of the molecules were
calculated by non linear regression analysis using the
model:

Rev,=Rey, * e
where Revy=number of revertants/plate with the ref-

erence mutagen and the antimutagen at the tested
dose d.

Rev,=number of induced revertants/plate with ref-

erence mutagen

a=coefficient calculated by regression analysis

d=dose of the tested antimutagen (nmoles/plate).

The probability of the model was calculated by
analysis of variance and was p < 0.05.

The doses of flavones required to reduce the in-
duced revertants with BaP, U and BPDE by 50%
were defined as the inhibition doses (ID;so; and 1Dsq
respectively and IDs,) and were calculated as fol-
lows:

0.693

IDso (nmoles) =

RESULTS AND DISCUSSION

Twenty-four synthetic flavones were tested for toxic,
mutagenic and antimutagenic activities against BaP
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and U by Ames test. BaP was selected as a pure com-
pound that requires metabolic activation to exert mu-
tagenic activity. Highly reactive electrophilic meta-
bolites such as 7,8- dihydrodio-9,10-epoxide bind to
proteins and nucleic acids and induce mutagenic ef-
fects (Horikawa et al, 1994). Thus, the antimutagenic
effect with respect to BaP involves the inactivation of
either cytochrome-dependent monooxygenases or the
metabolites.

Smoker's urine is a complex mixture of mutagens.
Putzrath et al (1981) have detected hydrophobic
molecules (HAP, aldehydes and nitrosamines) using
HPLC technique. Connors et al. (1983) have iden-
tified 2-naphthylamine in the urine of a heavy smoker.
Peluso et al. (1991) have detected 2-amino-1-methyl-
6-phenylimidazo [4,5-b] pyridine (PhIP) in the urine
of a brown tobacco smoker. PhIP is a heterocyclic
amine that is found in broiled fish and meats.

Toxic and mutagenic activites

The determination of the toxic and mutagenic ac-
tivities was carried out by the modified liquid in-
cubation assay (De Méo et al,, 1988, 1995) using test-
er strains TA97a, TA98, TA100, and TA102 with and
without S9 Mix. No mutagenic or toxic compound
was detected at the concentrations ranging from 10
mg/ml to 20 mg/ml.

This result was consistent with data published by
Brown (1980) who had determined basic structural re-
quirements which appear essential for mutagenic ac-
tivity is the presence of the 3-OH group. This 3-OH
group defines the flavonol structure.

The 5-OH group also appears as an important struc-
tural determinant for intrinsic mutagenicity of the
molecules. Mutagenic activity of flavones (related to
norwogonin) has been shown to require a hydroxyl or
methoxyl groups at position 8 (McGregor, 1986). These
molecules were activated by cytosolic factors from
mammalian liver. Furthermore, the response of strain
TA98 was weaker than the response of strain TAT0O.
However, mutagenic activity of flavones of this type
was not dependent on a free 3-hydroxyl group and hy-
droxyl groups on B ring were apparently not involved
in their activation (McGregor, 1986). In the present
study, no molecules were substituted at 3-position.

Antimutagenic activities

Antimutagenic activities of the new flavones were
also determined by the modified version of Ames test
and were characterized by the determination of the
IDs, for BaP and U and sometimes for BPDE. Assays
were performed with TA98 tester strain with S9 Mix.
Mutagenic compounds were BaP (1 pg) and smokers'-
urine (U: 8 ul i.e. 2.0 ml equivalent) and BPDE (5 ng).

Complete data on the antimutagenic activity of the
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Table II. Antimutagenic activity of some flavones against
B(a)P, and BPDE

N° FORMULA

Mw D55 IDsogiol

OCH,
e o, NS NS
\C[‘J/q 342 1460  146.0
[s]

F10 Y
OCH,
Q.
OCH, 1000.6 49.6
F13 mm% 328 121.9 1523
[
OH
HO O
o OO w8 U
[e]
OH
° 15.1 207
OH
F22 (Ig/?: 270 1111 1111
(o]
CHyO.
0,
F23 ] 298 NS NS
HO Crs
OH
0.
24 OH 286 NT ég'g
HO H .
CHL CHLOROPHYLLIN 722 196 84
693  69.3

All the compounds were assayed by a modified version of
Ames test using sa/monella typhimurium strain TA 98 (De Mé
o et al, 1988, 1995). The molecules are listed by their ref-
erence number (column 1). Their chemical formula and their
molecular weight are indicated in column 2 and 3, respec-
tively. Their inhibition doses for a 50% decrease of the mu-
tagenic activity of benzola]pyrene (ID;q) and benzoialpyrene
7,8-dihydrodiol-9,10-epoxide (IDsq0) are given in columns 4
and 5. The highest significant doses (nmoles/plate) of the test-
ed flavones are in italics. These doses represent the highest
ones used for the non linear regression analysis. The com-
plete details of the technique and the calculations were des-
cribed in Materials and Methods section.

NS: not significant; the probability of the model was >0.05
NT: not tested

flavones against BaP and U are included in Table 1
and for four molecules against BPDE in Table 2. A
typical dose-response curve against BaP is shown in
Fig. 1 for the compound F7.

Methoxyl substitutions on B ring

Among the flavones methoxylated on B ring, the 2'-
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Fig. 1. Effect of flavone F7 on the mutagenic activity of BaP
with strain of Salmonella typhimurium TA 98. The intrinsic
mutagenicity of 4 nmoles of BaP in the absence of added
flavone was 582+9 histidine revertants per plate and the
background mutation rate was 65:3 for this series of ex-
periments. All data represent the mean of triplicate assays.
The antimutagenic activity was calculated by non linear re-
gression analysis. The inhibition dose (IDs,;) was defined as
the dose (nmoles) that reduced the number of induced re-
vertants by 50% and was determined from the non linear e-
quation.

methoxflavone (F1) was found to be the most an-
timutagenic molecule against the two reference mu-
tagens (ID;z=93.2 nmoles and 1D,,=52.8 nmoles).
Addition of a second methoxyl group o this ring at 3",
4' and 6'-position decreased antimutagenic activity.
However the flavone F5 with a second methoxyl
group in 5' position was the most active molecule of

this group (IDsee=93.2 nmoles and [D,=133.5
nmoles).
The 2'.6'-dimethoxyflavone (F8) was not an-

timutagenic against BaP and U. A third methoxyl
group giving the 2',3',4'-trimthoxyflavone (F7) enhanc-
ed the antimutagenic activity against BaP (ID5,=91
nmoles) but decreased it against U (IDs,=316.0
nmoles).

Methoxyl and/or hydroxyl substitutions on A ring

When D,z was considered, substitution by
methoxyl or hydroxyl group on A ring did not re-
move the antimutagenic properties except for F10, F
11 and F12. Methylation or hydroxylation on position
5 maintained the antimutagenic activity (F4, F21)
which was decreased by substitution on position 6 (F
13) or 7 (F6, F15).

When ID;,, was considered, the position of the hy-
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droxyl or methoxyl group on ring A did not modify
the activity except in F13 and F15.

Hydroxyl substitutions on B ring

Hydroxylation on B ring modulated the an-
timutagenic activities of the flavones. The monohy-
droxylated compound (F16) showed antimutagenic
properties (ID;0=192.8 nmoles and [Dy,,=165.3
nmoles). The addition of a second OH in a different
position on B ring did not improve this activity (F17,
F18, F19). However, the maximal activities were ob-
tained with the 2',3',4'-trihydroxflavone (F22) which
has been found to be the most antimutagenic com-
pound of the series with a IDg,=15.1 nmoles and 1D
so0=23.5 nmoles. Theses values remained below
those of chlorophyllin. This activity remained against
BaP and U with addition of a hydroxyl in position 7
of A ring (F20) with 1Ds=37.8 nmoles and 1Ds,,=62.
3 nmoles.

The substitution of a hydroxyl group for a methoxyl
group on the 2' position increased the antimutagenic
activity (F16 and F1). An additional methoxyl group
led to increase antimutagenic activity against BaP
and decreased activity against U (F18 and F2; F19
and F3). Finally, trimethoxylated flavone on B ring (F7)
had lower antimutagenic activites than the trihy-
droxylated counterpart (F22) against the two reference
mutagens.

Few examples of antimutagenic flavonoids have
been reported in the literature (Birt et a/., 1986; Wall,
1988). The polyhydroxyflavonoid structure was gen-
erally highly active in inhibiting the molecular raec-
tivity of BaP (Birt et al,, 1986) and AFB, (Wattenberg
et al.,, 1970).

Several other types of flavonoids have been also
shown to be antimutagenic (Torigoe et al., 1983) and
antimutagenic properties of these molecules of these
molecules can be influenced by the nature of the ref-
erence mutagen (Wall et a/, 1988; Waters et al,
1990).

Glycosylation of flavonoids decreased an-
timutagenic activity against AFB,. Methylation of a
parent flavonoid reduced this activity (Wattenberg et
al., 1970).

A study of the structure-activity relationship of the
flavonoids has shown that hydroxyl group on B ring
are important for antimutagenic activity. Saturation of
the 2,3-double bond or lack of the 4'-OH group of
the phenyl substituent had been found to decrease an-
timutagenic activity (Huang et al., 1983).

The inhibition effect of hydroxyflavonoids on the
mutagenicity of BaP may result from a specitfic in-
hibitory effect on the monooxygenase system which
metabolizes the hydrocarbons to ultimate mutagens
and/or by a direct interaction of the flavonoid with
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the mutagenic metabolites. An inhibitory effect of sev-
eral hydroxyflavonoids on microsomal monooxygen-
ase systems has been reported for the reduced cy-
tochrome P-450. The structural feature of flavonoids
required for the inhibition of BaP hydroxylation has
been shown to be hydroxyl groups (Buening et a/,
1981).

The intrinsic mechanism underlying this behaviour
has not yet been clearly elucidated and several hy-
potheses concerning molecular mechanism of the ac-
tion have been proposed in the literature (Pathak et
al, 1991).

In order to understand inhibitory effects, inhibition
of the monooxygenase system or a direct interaction
with the BaP-diol époxide, several flavones from
Table 1 were tested with the ultimate mutagenic and
carcinogenic metabolite of BaP: BaP 7,8-dihydrodiol-
9,10-epoxide.

Flavones selected were F10 (with no significant an-
timutagenic properties), F13 (withe a high D) and
the two most reactive flavones F20 and F22. The
results are presented in Table 2.

The fully methoxylated flavone F10 was inactive. A
higher antimutagenic activity against BPDE was ob-
served for F13. F20 was twic more effective potent in-
hibitor of the mutagenicity of BaP-diol epoxide than
of BaP. F22 had about the same activity against BaP
and diol epoxide. They produced dose-dependent in-
hibition of the mutagenic activity of BaP diol epoxide
in strain TA98.

Since we observed a much better response for F13,
we thought that an hydroxyl group in position 6
would improve the activity against BaP diol epoxide.
Two additional flavones were included in this study: -
F23 and F24. No significant increase of the an-
timutagenic activity was noted as compare to F8 and
F22. Thus, the most active flavones were those with a
pyrogallol moiety on B ring. We have reported the an-
timutagenic activity of flavone sterically hindered
around the bond linking the y-benzopyrone portion
and the phenyl ring. The most active flavones were
the 2',3'4'-trihydroxyfavones. The antimutagenic ac-
tivity seemed independent of the type of substituent
on the A ring. However, Choi et al (1994) have
found that the OH groups on the 5 and 7 positions
seemed to be essential for the antimutagenicity of the
flavonoids against AFB,.

In this study, the flavones tested had structural sim-
ilarities with 3',4',5'-trihydroxyflavonols (Huang et al.,
1983) and ellagic acid (Sayer et a/, 1982) which are
known to react with BaP diol epoxide.

These observations indicate that the inhibitory ef-
fects of the hydroxylated flavonoids on the mu-
tagenicity of polycyclic aromatic hydrocarbons may
result from their direct interaction with the ultimate
mutagenic metabolite diol epoxide instead of a direct
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effect on the cells. These 2',3',4'-trihydroxyflavones
were good interceptor of BaP diol epoxide and they
could inhibit the mutagenic of BaP.

However our results show that an inhibition of the
monooxygenase system that metabolizes the BaP can-
not be excluded. Further experiments are required to
confirm the mechanism.
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