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Figure 3. Vis-NIR spectra of deaerated phosphate buffer (50 mM,
pH 7.4} of Cepty-CyD (13 x 10~* M) with NADH (0, 2.0 x 1075,
4,0 x 107%, 1,5 x 10™* M) after visible-light irradiation with a Xe
lamp (4 > 470 nm) for 2 h at 298 K. Inset: Plot of the absorbance at
1080 nm vs [NADH){Cesy-CyD).
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Figure 4. Transient absorption spectra observed in the photoreduction

of Ceo/y-CyD (5.5 x 1079 M) by NADH (4.0 x 107 M) at 400 ns and

4 us after Inser excitation in deaerated phosphate buffer (5S¢ mM,

pH 7.4) at 295 K.

The singlet excited state of Cgy produced initially upon
irradiation is known to be efficiently converted to the triplet
excited state by the fast intersystem crossing.1%1* The transient
absorption spectra in the visible and NIR region are observed
by the laser flash photolysis of a deaerated aqueous solution of
Ceo/y-CyD in the presence of NADH with 532 nm laser light
as shown in Figure 4.
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Figure 8. (a) Decay of the absorbance at 740 nm due to *Ce*/y-CyD
and (b) rise of the absorbance at 1080 nm due to Cee"/¥-CyD observed
in the photoreduction of Ceo/y-CyD (5.5 x 1073 M) by NADH (8.0 x
1072 M) after laser excitation in deaerated phosphate buffer (50 mM,
pH 74) at 295 K.
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The transient absorption band at 740 nm appearing im-
mediately after nanosecond laser pulse excitation is atributed
to the triplet—triplet absorption band of *Ceo*/y-CyD. The decay
of the absorption band of Cg*/y-CyD is accompanied by
appearance of a new absorption band at 1080 nm which is
diagnostic of Ce*~/¢-CyD. The decay of the absorbance at 740
nm due to 2Cg*/y-CyD obeys pseudo-first-order kinetics,
coinciding with the rise of the absorbance at 1080 nm due to
Cgo*~/y-CyD as shown in Figure 5.

The mechanism for generation of two equivalents of Cep™™/
y-CyD in eq 1 may be essentially the same as reported for the .
photoreduction of Cg by an NADH model compound,®® as
shown in Scheme 2. First photoinduced electron transfer from
NADH to 3Cg*/y-CyD (k) occurs to give the radical ion pair
[Ceo*~fy-CyD NADH*] in competition with the decay of *Ceo*/
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Figure 6. Plots of ke vs [NADH] in the photoreduction of Ceof

y-CyD (5.5 x 1073 M) by [NADH] in deacrated phosphate buffer
(50 mM, pH 7.4) at 298 K.

L~

y-CyD to the ground state (zr™*), This is followed a hydrogen
(or proton and electron) transfer from NADH'* to Ceo*/y-CyD
(kp) to produce HCq™/y-CyD and NAD* in competition with
the back electron transfer to the reactant pair (kp), The
subsequent facile electron transfer from Cego?*~/y-CyD being in
equilibrivm with HCg™/y-CyD to Ceo/y-CyD leads to formation
of two equivalents of Cg*/y-CyD (Scheme 2)

According to Scheme 2, the decay of 3Cs*/y-CyD and the
concomitant appearance of Ce*/y-CyD are derived as given
by eqs 2 and 3, respectively

[PCy*/y-CyD] =
[C*/y-CyDlexpi—(k INADH] + 7,7 )] (2)

[Ce /y-CyD]=
[Coo/y-CyDl.. (1 — expl—(k [NADH] + ) 3)

In eq 3, [Ceo™/y-CyD]. is the concentration of Cso™/y-CyD
produced as the final product in eq 1 and this is given by eq 4,

[Cso--/ y-CyDl., =

2k, 1 [NADH] kp .
1 + k7 [NADH] (kp + kb) [(Ce*/y-CyD]; (4)

According to eq 3, the pseudo-first-order decay rate constant
of ¥Cso*/y-CyD (kes) increases linearly with an increase in the
concentration of NADH with an intercept, which corresponds
to 711, This is confirmed as a linear plot of kay, vs [NADH] in
Figure 6. From the slope is obtained the k vatue as 1.0 x 108
M-! s~1. The 77 value is obtained from the intercept as 33 us
which agrees with the literature value 112

By application of the steady-state approximation to the
reactive species in Scheme 2, the dependence of the quantum
yield (&) of formation of Ce""/y-CyD on [NADH] can be
derived as given by eq 5 which predicts an increase in ¢ with
[NADH] to reach the limiting value ®.. (= 2k/(ky + k).

_ 2k,7[NADH] [ Kk, )
" 1 + k,7;INADH] (kp+kb

This relation is confirmed experimentally as shown in Figure
7a. The dependence of ® on [NADH] is converted to a linear

&)
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Figure 7. (a) Dependence of the quantum yield (€} on [NADH] for
the photoreduction of Ceofy-CyD (1.3 x 10~*M) by NADH in deacrated
phosphate buffer (S0 mM, pH 7.4) at 298 K. (b) Plot of O vs
[NADH] ™.

relation between ®~! and [NADH]™? (Figure 7b). From the
slope and intercept are obtained the ®u and k,vr values as 1.03
and 3.56 x 103 M}, respectively. The k/(k, + k) value is
determined from the ®. value as 0.515. The k. value is
determined from the kqrr value as 1.08 x 108 M~! s~! which
agrees with the value (1.0 x 10° M~ s™!) determined directly
from the appearance of Ceo""/¢-CyD in Figure 6. Such an
agreement confirms the validity of Scheme 2.

Electron Transfer from Cg*~/y-CyD to Oz When O is
introduced to the aqueous solution containing Ceo*/y-CyD
formed in the photoreduction of Ce/y-CyD by NADH, the
absorption band at 1080 nm due to Ceo"/y-CyD has disappeared
immediately. Because the oxidation potential of Ce"™/y-CyD
(~0.56 V vs SCE)* is more negative than the reduction potential
of Oy (—0.40 V vs SCE),* electron transfer from Cgo"~/y-CyD
to O, takes place to give Ceo/y-CyD and superoxide anion
(0;"™). In fact, Oy~ was detected under visible-light irradiation
of the aqueous Ceofy-CyD-NADH-O; system by the ESR spin-
trapping with use of DEPMPO as an O;""-trapping agent (vide
supra). The long time scale observations of the time profiles of
Ceo/y-CyD in the presence of different concentrations of
molecular oxygen by the laser flash photolysis are shown in
Figure 8 where the decay rate of the absorption due to Ceo"™/
y-CyD at 1080 nm increases with increasing [O].

The mechanism for the Cgo/y-CyD-catalyzed generation of
Oy~ with NADH is shown in Scheme 3, where an energy
transfer form 3Cep*/y-CyD to Oy (ken} and an electron transfer
from Ceg"~/y-CyD to Os (k') are added to the mechanism for
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Figure 8. Time course changes of the absorbance at 1080 am due to
Cao*/y-CyD (5.5 x 103 M) in the presence of different concentration
of O, in phosphate buffer (50 mM, pH 7.4) at 295 K. {0:] = 0, 2.7 x
1074, 1.3 x 1077 M. Insets: (a) plot of ks ¥8 [02]; (b) plot of [Ce*/
¥-CyD1/Cec*~/py-CyDlo vs [Oa].
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the photoreduction of Cgy by NADH without O, (Scheme 2).
According to Scheme 3, the decay of Ceg*~/y-CyD in the

[Cos™~/y-CyD] = [Co;"™/y-CyDlo exp~k 10,1 (6)

presence of O, is given by eq 6 where [Cg"/y-CyD)y is the
initial concentration of Ceg*~/y-CyD in the presence of O; and
is given by eq 7. In accordance with eq 6, the decay of Cg*™/
[Cs /7-CyD)y =
2k, 1o [NADH][’Ce,*/y-CyDl, ky .
1+ ko ;[NADH] + ken4105] (6 + &) )

y-CyD obeys pseudo-first-order kinetics and the pseudo-first-
order rate constant (k,) increases linearly with increasing [O2]
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TABLE 1: Observed Quantum Yields (®g,,) of
Consumption of NADH in Ceg/y-CyD(1.3 x 10~¢ M)-
Photosensitized Reduction of Op by NADH in a Phosphate
Buffer Solution (50 mM, pH 7.4) at 298 K and the

Calculated Quantum Yields (P c.)
iNADH], M O M Dovs Dec
7.5 x 107 2.7 x 107 022 0.16
9.8 x 10~ 2.7 x 10~ 0.24 0.19
1.2 x 1072 2.7 x 107 0.25 022
5.5 x 107 13 x 102 0.12 0.10
83 x 107 13 x 107 0.16 0.13
L1 x 1073 13 x 107 0.18 0.17
1.4 x 1073 13 x 1072 0.20 020

as shown in the inset of Figure 8. From the slope of the linear
plot of kos vs [O2] is obtained the k. value as 8.1 x 105 M™!
s~ The ratio of [Ceg"~/¥-CyD]. in the absence of O; to [Ceo™/
y-CyD]y in the presence of O, is obtained from eqs 4 and 7 as
given by eq 8. A linear correlation between [Cep*~/y-CyD]/
[Ceo"~fy-CyD]g and [O2] with the intercept of unity is confirmed
as shown in Figure 8b. From the slope of the linear correlation
in Figure 8b is obtained the kzy value as 1.3 x 10 M™! s~1,
This value agrees with the reported kgy value (1.6 x 10° M™!
S—l)_lé

[Ceo™/y-CyD]/[Cqs”/y-CyDly =
1+ key:[0,1/(1 + k7, [NADH]) (8)

The reorganization energy for the self-exchange reaction of
0:*7/0; (Ay;) is derived from the Marcus equation, as given
by eq 9,* where AG? is the activation free energy and A is
the reorganization energy for the self-exchange reaction of Ceg*/
Ceo. The A2z value has previously been determined as 14.3 keal
mol~1,42

Ay =20AG = AG’ +2AGHAG! = AC ) ~ A
©)

The AG* value is obtained from the k. value using eq 10, where
Z is the collision frequency taken as 1 x 10! M~! s~! and the
other notations are conventional. The A;; value is determined
as 43.4 kcal mol™! from the AG* and AGP,, values using eq 9,
This value agrees with the reported value of 45.5 keal mol™!

AG* =23RT log(Zik,) (10)

which was directly determined utilizing '80 as a probe for the
self-exchange reaction between 30, and 320, in an aqueous
solution.*? Such an agreement indicates that an electron transfer
from Cgo~=/y-CyD to O» undergoes via an outer-sphere pathway.

O;"~ Formation via !0,. Singlet oxygen (10;: 'A,) produced
in an energy transfer from 3Cg* to O, in Scheme 3 may also
be reduced by NADH to Oy*~.* Thus, the oxidation of NADH
by 10, as well as 3Cg*/y-CyD is examined by determining the
quantum yield () of the Cgy/y-CyD-photosensitized oxidation
of NADH by O,. The observed ® values (P} were determined
from the disappearance of the absorption due to NADH at 380
nm at different concentrations of NADH and O; (see Experi-
mental Section} and the results are listed in Table 1.

In general, 'Os is quenched by physical and chemical
processes in which only the latter gives the actual products.#346
A laser flash photolysis study by Peters et al.** has revealed
that !O; is quenched by both the physical and electron-transfer
processes in competition with the decay of 10, to the ground
state (the lifetime 7 in H,0 is 4.2 us)* as shown in Scheme 4.
The physical quenching process gives the ground-state reactant
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pair, NADH and O, whereas the electron transfer produces
NADH™ and O,"~. The deprotonation of NADH is followed
by the second electron transfer to O; to produce NAD* and
O, with a rate constant of 1.9 x 10* M~ 37147 The total
quenching constant (k,) and the electron-transfer quenching rate
constant (k) have been determined as 7.9 x 107 M-is"land
4.3 x 107 M~ 51, respectively. 4

By combining Scheme 3 and Scheme 4, the quantum yield
(D) of the Ceo/y-CyD-photosensitized oxidation of NADH by
O; is derived as given by eq 11 (see Supporting Information
for the derivation). The first term corresponds to a direct
photoinduced electron-transfer pathway to 3Ceo*/y-CyD and the
second term corresponds to a 'O, pathway. Because all the rate

® = k. 7r[NADH] ( k, ) +
1+ k,7,[NADH] + ken7710;1 \k, + by

ka[NADH] keyt[O,)
1+ kq‘r[NADH] 1 + k7 [NADH] + kgy71[O,]

()

constants in eq 11 are known or determined in this study, the
& value can be calculated using eq 11. The calculated P values
(D) are listed in Table 1, where they agree well with the
experimental values (Dops). Such an agreement confirms the
validity of Schemes 3 and 4. The @ values in Table 1 are
those corresponding to a direct photoinduced electron-transfer
pathway. As expected from Schemes 3 and 4, the photoinduced
electron-transfer pathway becomes important with increasing
the NADH concentration but the 10, pathway (Scheme 4)
dominates with increasing the Oy concentration.

. Actual Reactive Species for DNA Cleavage, As described
above, the Cey/y-CyD-photosensitized reduction of 02 by NADH
gives O»"" via both a direct photoinduced electron transfer from
NADH to 3Cg*/y-CyD (Scheme 3) and an electron transfer from
NADH to '0; produced in an energy transfer from 3Ceo* to Oz
(Scheme 4). Formation of O, may be inhibited by addition of
NaN3 which can quench 3Cgp*/y-CyD in competition with an
electron transfer from NADH and an energy transfer to O,. In
fact, 3Cgo*/y-CyD is significantly quenched by NaNj as shown
in Figure 9. The decay rate obeys pseudo-first-order kinetics
and the pseudo-first-order decay rate constant of *Ceo*/y-CyD
(kowe) increases linearly with an increase in the concentration
of NaNj (inset of Figure 9). From the slope of the linear plot is
determined the quenching rate constant by NaNj as 1.7 x 108
%

This value is larger than the k.. value of an electron transfer
from NADH to 3Cg*/y-CyD (1.0 x 10® M~! s71), indicating
that NaNs, which is known as an efficient 'O, scavenger, can
also act as a quencher of the triplet excited state 3Cgo*/y-CyD
itself. In such a case, photocleavage of DNA is also inhibited
by adding sodium azide (NaN;) as shown Figure 10 (lane 2 in
reference to lane ).
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Figure 9. Time course changes of the absorbance at 740 nm due to
3Ceo"y-CyD (5.5 x 10-° M) in the presence of different concentration
of NaNj in phosphate buffer (50 mM, pH 7.4) at 295 K. [NaN:} = 0,
0.3.3 x 1073, 6.6 x 107 M. Insets: plot of ks vs [NalNs].
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Figure 10. The effect of various additives on the DNA-cleaving
activities of Cer/y-CyD-NADH-O; system in phosphate buffer (50 mM,
pH 7.4) after 1 h visible-light irradiation with 300-W reflector lamp at
273 K. Lane 1: Cao/y-CyD (4.6 x 1075 M) + NADH (1.0 x 102 M)
(standard cleavage reaction), Lanes 2-6, standard reaction with
additives: lane 2, with NalN; (1.0 x 1072 M); lane 3, with SOD (100 -
g mL™"): lane 4, with catalase (100 zg mL™"); lane 5, with methanol
(1 M); lane 6, with ethanol (1 M).
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Thus, formation of O~ via 3Cg*/y-CyD may play an
essential role in the DNA cleavage. However, this does not
necessarily mean that 02"~ is an actual reactive species for the
DNA cleavage because O, is generally regarded as a rather
unreactive radical species.® To examine the actual role of Oz~
in the DNA cleavage, the DNA cleavage activity of the Ceo/
y-CyD-NADH-O; system was determined in the presence of
the enzyme superoxide dismutase (SOD). Addition of SOD
shows no inhibitory effect on DNA cleavage as shown in Figure
10 (lane 3 in reference to lane 1). This indicates that H,O;
produced via disproportionation of O, is responsible for the
DNA cleavage (Scheme 5). Such an SOD-dependent increase
in DNA cleavage has been observed in other systems where
Oy~ is formed in the presence of electron donors.*® Addition
of the HyOs-destroying enzyme catalase significantly inhibits
DNA cleavage (lane 4 in Figure 10). Addition of hydroxyl
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radical (+OH) scavengers such as methanol (lane 5) and ethanol
(lane 6) also inhibits DNA cleavage. The «OH is known as one
of the most noxious reactive oxygen species, which induces the
DNA cleavage® The «OH can be produced in a trace-metal-
dependent Fenton reaction of HO; (Scheme 5) as reported for
the DNA cleavage by the antitumor antibiotic leinamycin.*
Thus, any reagent that is capable of reducing oxygen to
superoxide anion can produce hydroxyl radical.*™ Thus, the
actual reactive species for the photoinduced DNA cleavage in
the aqueous Cefy-CyD-NADH-0O: system may be hydroxyl
radicat as shown in Scheme 5.

In conclusion, the Ceyy-CyD-photosensitized reduction of
0, by NADH produces Oz~ efficiently via a direct photoin-
duced electron transfer from NADH to 3Cg*/y-CyD (Scheme
3) and via an electron transfer from NADH to 10, produced by
an energy transfer from 3Cg*/y-CyD to O (Scheme 4). The
contribution of the former process increases with increasing the
NADH concentration and the latter dominates with increasing
the Qs concentration. The O;*~ thus produced gives H:0;,
nltimately yielding hydroxyl radical (Scheme 5) which is an
actual DNA-cleaving reagent.
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Oxidative stress is important in the pathogenesis of neuronal cel!
death in Alzheimer’s! and Parkinson’s? disease. The protective role
of antioxidants against such pathogens has been widely studied,
and this has promoted the development of antioxidants for the
treatment of diseases associated with oxidative stress.*~3 Vitamin
E, which is an essential nutrient in humans, may be a clinically
useful antioxidant. In fact, a-tocopherol reduces amyloid-induced
cell death and suppresses the progression of Alzheimer’s disease.
Flavonoids such as catechin (1) and quercetin (2) are plant phenolic
pigment products that act as naturat antioxidants. Quercetin, on one
hand, has been shown to protect against oxidant injury and cell
death® by scavenging free radicals,” protecting against lipid per-
oxidation,® and thereby terminating the chain-radical reaction.? On
the other hand, there have been only a few reports on the use of
catechin for the treatment of free radical-associated disease, whereas
the mechanism to scavenge oxygen radical has been well-studied. '
However, its ability to scavenge free radicals must be improved,
and adequate lipophilicity is needed to penetrate the cell membrane
before it is suitable for clinical use. The superior antioxidant ability
of 2 results from the formation of a stable radical, due to the C2—
C3 double bond and the resulting planar geornetry which delocalizes
the radical throughout the entire molecule.)! Since the B ring in 1
is kmown to be perpendicular to the A ring,!? the radical-scavenging
ability of 1 might be improved by constraining the geometry of 1
to be planar. In this communication, we describe the first synthesis
and characterization of the antioxidant properties of a planar
catechin analogue (3) with respect to the chroman and catechol
moieties of 1, by taking advantage of the formation of a bridge
between the 3-OH group on ring C and C6' on ring B.

OH
oH CH
CH
3

The planar catechin (3) was synthesized via an oxa-Pictet—
Spengler reaction'? using catechin and acetone with BF;*EnO as
the acid. The structure was characterized by H and *C NMR and

HO
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Figure 1. X-ray structure of tetra-O-silylated analogue {(4) of 3, showing
ellipsoids at 50% probability.

UV—visible spectroscopy. The 'H signals of the four protons of
the phenolic OH groups showed that the catechol moiety on ring
B did not react with acetone. As shown in Figure 1, the planar
geometry of 3 was substantiated by single-crystal X-ray crystal-
lography of a tetra- O-silylated analogue (4), in which the four OH
groups on the A and B rings are substituted by -Bu(Me),SiO
groups. X-ray analysis also confirmed that the stereochemistry of
3-H on ring C was maintained throughout the reaction without any
acid-catalyzed racemization.

The radical-scavenging activities of 1 and 3 as well as that of 2
were compared using galvinoxyl radical (G} as an oxyl radical
species. Upon addition of 1 to a deaerated MeCN solution of G,
the absorption band at 428 nm due to G disappeared immediately
as shown in Figure 2. This indicates that hydrogen abstraction from
one of the OH groups on the B ring of 1 by G* takes place to give
catechin radical and hydrogenated G* (GH). The decay of the
absorbance at 428 nm due to G* obeyed pseudo-first-order kinetics
when the concentration of 1 was maintained at more than 10-fold
excess of the G concentration (inset of Figure 2). The dependence
of the observed pseudo-first-order rate constant (kon) on the
concentration of 1 is shown in Figure 3, which demonstrates a linear
correlation between ku,s and the concentration of 1. From the linear
plot of ks vs the catechin concentration in Figure 3, we determined
that the second-order rate constant (k) for hydrogen abstraction of
1 by G* was 2.34 x 102 M~ s7), The k values for 2 and 3 were
determined in the same manner to be 1.08 x 10* and 1.12 x 103
M1 s~1, respectively. Thus, the k value for planar catechin (3) is
about 5-fold larger than that for catechin (1), approximately the
same as that for quercetine (2).

Hydroxyl radical is the most reactive among oxygen-derived free
radicals responsible for aging and free radical-mediated injury.
Therefore, the effects of 1, 2, and 3 on hydroxy! radical-mediated

10.1021/s01 78259 CCC: $22.00 ® 2002 American Chemical Soclety
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Figure 3. Plot of the pseudo-first-order rate constant (ko) vs the
concentrations of 1 (®), 2 (M), and 3 {O) for hydrogen atom transfer from
antioxidants to G* (2.4 x 107% M) in deacrated MeCN at 298 K.
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Figure 4. Effects of 1, 2, and 3 on DNA breakage induced by Fe**/H:0;.
Assays were performed in 50 mM sodium cacodylate buffer, pH 7.2,
containing 45 M bp of pBRI22DNA, for 1 h at 37 °C. Lanes 1, 6, and
10; DNA alone, lanes 2, 7, and 11; 10 mM HzO; and 10 uM FeCls, lanes
3-5,8,and 9, and 12— 14; 10 mM H;0, and 10 4M FeCl; in the presence
of 0.25, 1.25, and 2.5 mM 1 (lanes 3—35), 0.25 and 1.25 mM 2, and 0.25,
1.25 and 2.5 mM 3.

DNA breakage were investigated. DNA-strand scission in super-
coiled pBR322DNA was induced by a hydroxyl radical-generating
system using hydrogen peroxide in the presence of Fe* (Fenton
reaction). As shown in Figure 4, 1 at a high concentration (1.25
and 2.5 mM) suppressed DNA strand breakage, while at a low
concentration (0.25 mM) it exhibited pro-oxidant properties,
consistent with the enhanced DNA cleavage in comparison with
cleavage without antioxidant. Quercetin (2) only showed pro-oxidant
effects at 0.25 and 1.25 mM. In agreement with previously
published results,!S the measured pro-oxidant effects of 1 and 2
may be attributed to autoxidation of the antioxidant in the presence
of transition metal, leading to the generation of primary radicals
such as hydroxyl radical. In contrast to the pro-oxidant effects of
1 and 2, the addition of 3 protected DNA from Fenton reaction-
mediated damage at all of the concentrations tested, and 3 exhibited

marked hydroxyl radical-scavenging ability, which exceeded that
of catechin. Since 3 is very lipophilic compared to 1 (data not
shown), the high radical-scavenging ability of 3 might be very useful
for suppressing free-radical associated events, especially in the cell
membrane.

In conclusion, we have described the first synthesis of planar
catechin 3, which was constrained by the formation of a bridge
between the 3-OH group on ring C and C6” on ring B. Preliminary
experiments indicated that, despite the absence of a C2—C3 double
bond, 3 showed enhanced radical-scavenging ability comparable
to that of 2. Efficient protection against DNA strand breakage
induced by the Fenton reaction and the greater lipophilicity of 3
suggested that the construction of a planar catechin might be a new
approach for the development of clinically useful antioxidants. The
inducing planarity of 3 may pose the preferential stabilization of
radicals through hyperconjugation between the s electrons on ring
B and the o electrons on C2 on ring C. In fact, a large amount of
the spin density in the radical species generated via the antioxidative
reaction of 3 is accumulated at the C2 position (data not shown).
However, the effect of substitution to the para position from an
OH ring on the B ring also should be considered as the essential
factor for its enhanced reactivity. The detailed mechanism as well
as the energetics of hydrogen abstraction from catechin analogues
depending on the molecular structure is now under investigation.

Supporting Information Available: Experimental procedure for
the preparation of 3, kinetic measurements, the DNA-cleaving experi-
ment, and crystallographic data for 4 (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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Abstract

We previously reported that 3,5,4’-trihydroxy-trans-stilbene (resveratrol), a polyphenolic phytoalexin found in grapes,
induces a high frequency of sister chromatid exchanges (SCEs) in vitro. In this study, to investigate structure activity relation-
ships, we synthesized six analogues of resveratrol differing in number and position of hydroxy groups, and we investigated their
activity in chromosomal aberration (CA), micronucleus (MN) and sister chromatid exchange (SCE) tests in a Chinese hamster
cell line (CHL). Two of the six analogues (3,4’ -dihydroxy-trans-stilbene and 4-hydroxy-trans-stilbene) showed clear positive
responses in a concentration-dependent manner in all three tests. Both were equal to or stronger than resveratrol in genotox-
icity. The 4'-hydroxy (OH) analogue had the simplest chemical structure and was the most genotoxic. The other analogues
did not have a 4"-hydroxy group. These results suggested that a 4'-hydroxy group is essential to the genotoxicity of stilbenes.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Resveratrol; The 4'-hydroxy group; Stilbene; Sister chromatid exchanges (SCEs); Chromosome aberrations; Micronuclei

1. Introduction

3,5,4'-Trihydroxy-trans-stilbene (resveratrol) is a
polyphenolic phytoalexin found in grapes, peanuts,
the Japanese traditional medicine Kojokon, and in
other foods. Resveratrol acts as an antioxidant, mod-
ulates lipid and lipoprotein metabolism, inhibits
platelet aggregation, and has anti-inflammatory, anti-

* Comesponding author. Tel.: +81-3-3700-9264;
fax: +81-3-3707-6950.
E-mail address: matsuoka@nihs.go.jp (A. Matsuoka).

cancer, and estrogenic activity [1]. Resveratrol may
play a role in the inverse correlation between red wine
consumption and incidence of cardiovascular disease
reported in epidemiological studies (the French para-
dox). Resveratrol has a similar chemical structure
to diethylstilbestrol (DES), which induces numerical
chromosome aberrations in vitro [2,3].

We previously reported [4] that resveratrol is nega-
tive in the bacterial reverse mutation assay but induces
micronuclei (MN) and sister chromatid exchanges
(SCEs) in vitro, Having got these results, we became
interested in the role of the hydroxy groups on the

1383-5718/02/% — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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genotoxic activity. We synthesized six analogues of
resveratrol and compared their genotoxic activity with
that of resveratrol.

2. Materials and methods
2.1. Cells

The Chinese hamster lung fibroblast cell line (CHL)
{5] was maintained in Eagle’s minimum essential
medium (MEM; GIBCO 61100-061) supplemented
with 109 heat-inactivated calf serum (Cansera Inter-
national Inc., Rexdale, Ont., Canada). The doubling
time was around 13h and the modal chromosome
number was 25.

2.2. Chemicals

The chemical structures of 3,5,4'-trihydroxy-zrans-
stilbene (resveratrol; CAS No, 501-36-0) and its six
analogues are shown in Fig. 1. Resveratrol was pur-
chased from Sigma (St. Louis, MO, USA). The ana-

logues, 3,5,3-trihydroxy-trans-stilbene (Fig. la); 3,
5-dihydroxy-trans-stilbene (Fig. 1b); 3,4’-dihydroxy-
trans-stilbene (Fig. 1c); 3,3'-dihydroxy-trans-stilbene
(Fig. 1d); 3-hydroxy-rrans-stilbene (Fig. le); and
4-hydroxy-trans-stilbene (Fig. 1f) were synthesized
as previously reported [6]. All the chemicals were
dissolved in physiological saline for use.,

2.3. Genotoxicity tests

In all experiments we used 10 pg/ml of resveratrol
in 48-h treatments as a concurrent positive control and
showed the data at the right end of each graph. So
we could compare these data with our previous data
for resveratrol, and because the molecular weights of
resveratrol and its analogues were similar, we used the
same concentrations (2.5, S, 10, and 20 pg/mi) of all
the chemicals in all the studies.

2.3.1. Chromosomal aberration (CA) test

Cells were seeded at 1.5 x 10° per plate (60 mm
in diameter). After 17-h incubation, they were treated
with a test chemical for 24 or 48h. Colcemid

OH

HO Resveratrol

P
Oq

H b‘\_@ "° o
%

CH

Fig. 1. Chemical structures of resveratrol and its synthesized analogues.
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(0.2 pg/ml) was added for the final 2h. Chromosome
preparations were made as previously reported [7]
and then stained with Giemsa solution. All slides
were coded and the number of cells with numeri-
cal and structural aberrations was analyzed for 100
well-spread metaphase cells per concentration. The
treatments were judged as negative (—) if the total
aberration frequency was <5.0%, suspect (£) if 5.0
to <10.0%, and positive (+) if 10.0% or more, based
on our historical database [7]. Solvent-treated cells
served as the negative control. The CA tests were
performed twice.

2.3.2. Micronucleus (MN) test

The MN test was performed twice, in parallel with
the CA test. Cells were seeded and treated as they were
in the CA test. MN preparations were made as previ-
ously reported [8]. The cells were stained by mount-
ing in 40 pg/ml acridine orange in Ca?t-Mg?*-free
phosphate-buffered saline and immediately observed
at 400x magnification by fluorescence microscopy
with a model Olympus BX50 and a U-MWB filter.

All slides were coded and the number of micronu-
cleated cells among 1000 intact interphase cells was
scored. In addition, we examined 1000 total cells
and scored polynuclear and karyorrhectic (PN) cells
and mitotic (M) cells as previously reported [9]. We
analyzed the data using a x’-test for treated versus
control groups. PN and M cell frequencies >100
and 50, respectively, were considered biologically
significant.

2.3.3. Sister chromatid exchange (SCE} test

The SCE test was performed in parallel with the
CA and MN test. Cells were sceded and treated as
they were in the CA test. 5-Bromodeoxyuridine was
added to the plate to a final concentration of 5 uM
just after addition of the test chemical, Chromosome
preparations were made as they were in the CA
test. A fluorescence-plus-Giemsa technique [10] was
used for sister chromatid differentiation staining as
previously reported [11]. SCEs were scored on 25
second-metaphase (M2) cells that had 25 chromo-
somes and no CAs. Centromeric SCEs were indis-
tinguishable from centric twists and were not scored.
Solvent-treated cells served as the negative control.
SCE data were analyzed with the Mann—Whitney
U-test (the normal, two-tailed version).

3. Results

The results of the CA test are shown in Fig. 2. Sig-
nificant polyploidy induction was not observed with
any analogues (data not shown). Analogues ¢ and
f clearly induced structural chromosome aberrations,
with peak frequencies of 63% at 10 pg/ml and 65%
at 20 pg/ml, respectively., Chromatid breaks and ex-
changes were the main aberrations for both analogues.
Analogue b induced severe cytotoxicity at 20 pg/ml
in both the 24- and 48-h treatments. We observed no
metaphases when analogue ¢ was administered at 10
or 20 wg/ml for 24h or 20 pg/ml for 48h, or when
analogue f was administered at 20 pg/ml for 48 h. The
frequencies of CAs in cells treated with resveratrol
were within expected values.

The results of the MN test are shown in Fig. 3.
Reduction of M cell frequency, as shown for analogue
¢, is a rough indicator of cytotoxicity. Cell number
counts performed in parallel showed a similar ten-
dency as the M cell frequency (data not shown).

Analogue ¢ induced a statistically significant in-
crease in MN and PN cell frequency in 48-h treat-
ments at low concentrations, but the frequencies
decreased at higher concentrations due to the inhi-
bition of cell division, as shown by the M cell data.
Analogue f clearly induced MN and PN cells in a
concentration-dependent manner, inducing at the same
time, interestingly, gourd-shaped karyorrhectic cells.

The results of the SCE test are shown in Fig. 4. The
frequency of SCE in a treatment time with the higher
ratio of M2 cells to total cells is represented. Only
analogues ¢ and f induced a significant increase in the
frequency of SCE with clear concentration response
relationships. We observed no metaphases following
the administration of analogue ¢ at 10 and 20 pg/ml
and analogue f at 20 pg/ml.

4. Discussion

Of the six resveratrol analogues, only analogues
¢ and f were clearly positive in all the cytogenetic
studies performed, suggesting that a 4’-hydroxy (OH)
group may play a major genotoxic role. Analogues
c—¢ have a three OH group in common, and either
another OH at the 4’ or 3’ position or no other OH
group. Among those only analogue c induced a strong
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Fig. 2. Chromosome aberrations induced in vitro by resveratrol at 10 pg/m! (R-10) and its analogues. CHL cells were treated for 24 h (O)

or 48h (@).

response, further suggesting the strong contribution of
the 4-OH group. Finally analogue f, which has an
OH group only at the 4’ position, induced a strong re-
sponse, indicating directly the genotoxic role of the
4'-OH group.

Although analogues ¢ and f both induced a high fre-
quency of SCEs, analogue f induced a high frequency
of PN cells, especially gourd-shaped karyorrhectic
cells. That was accompanied by M cell reduction,
suggesting induction of a kind of differentiation. It
is not clear at present whether these cells remain
blocked for a long time or die off,

Two other stilbenes with a 4’-OH group also exert
biological activities. One is DES, which is a synthetic
estrogen and induces polyploidy at low doses in CHL
cells [2,3] and shows a high binding affinity for human
ERa and ERP [12]. The other is tamoxifen, an antie-
strogen used to treat breast cancer. The 4-OH metabo-
lite of tamoxifen is a potent antiestrogen [13,14].

Fukuhara et al. [15] reported that resveratrol is a
Cu®*.dependent DNA damaging agent whose activ-
ity is likely to be due to a copper-peroxide complex.
They suggested the binding ability of resveratrol with
Cu®* was advantageous to induce Cu’*-dependent

DNA scission, Ahmad et al. also pointed out the sig-
nificance of DNA damage induced by resveratrol—
Cu?* system, which is biologically active as assayed
by bacteriophage inactivation [16]. Binding of resver-
atrol with Cu®* is proved by monitoring the UV
absorption spectra, which shows that the absorbance
of resveratrol at 305 nm decreases with the concentra-
tion of Cu®* [17]. In fact, the same spectral change
was observed by analogues ¢ and f whereas the ad-
dition of Cu?* did not affect the spectra of the other
analogues (data not shown), suggesting the specific
binding of Cu?* at the 4'-OH group of stilbene.

We reported that resveratrol shows potent cytoge-
netic activities previously [4]. In the present study,
analogues ¢ and f, which have a OH group at the 4’
position that may be responsible for cytogenetic activ-
ity of resveratrol, showed strong cytogenetic activities
in a concentration-dependent manner in all three tests.
In general, genotoxicity tests (the bacterial reverse
mutation assay, the CA test, the MN test and so on)
have been used to detect gene mutation, chromosome
aberration, and DNA damage induced by physical
and chemical agents. A positive result in genotoxicity
tests has been considered *“unbeneficial” to human.
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Resveratrol, however, has been reported to show
many beneficial effects in pharmacological aspects
[1]. Does a negative result in genotoxicity tests mean
that the test material is safe and beneficial to human?
We think that a negative result might be due to not
having any biological activities in 2 way. We think that
a genotoxicity-positive chemical might not always be
unbeneficial to human, as shown by resveratrol.

In conclusion, resveratrol, which has a variety of
pharmacological activities, induced a high frequency
of SCEs. Resveratrol analogues having a 4’-OH group
also induced a high frequency of SCE and might also
have similar pharmacological effects. Further studies
are needed to test that and the role of the 4-OH group
in those effects.
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Abstract

Benzo[2]pyrene (BaP), an environmental carcinogen, shows genotoxicity after metabolic transformation into the bay-region
diol epoxide, BaP-7,8-diol 9,10-epoxide. 10-Azabenzo[alpyrene (10-azaBaP), in which a ring nitrogen is located in the
bay-region, is also a carcinogen and shows mutagenicity in the Ames test in the presence of the rat liver microsomal en-
zymes. In order to evaluate the effect of aza-substitution on in vivo genotoxicity, BaP and 10-azaBaP were assayed for their
in vivo mutagenicity using the JacZ-transgenic mouse (Muta™Mouse). BaP was potently mutagenic in all of the organs
examined (liver, lung, kidney, spleen, forestomach, stomach, colon, and bone marrow), as described in our previous report,
whereas, 10-azaBaP was slightly mutagenic only in the liver and colon. The in vitro mutagenicities of BaP and 10-azaBaP
were cvaluated by the Ames test using liver homogenates prepared from several sources, i.e. CYP1A-inducer-treated rats,
CYP1A-inducer-treated and non-treated mice, and humans, BaP showed greater mutagenicities than 10-azaBaP in the presence
of a liver homogenate prepared from CYP1A-inducer-treated rodents. However, 10-azaBaP showed mutagenicities similar
to or more potent than BaP in the presence of a liver homogenate or §9 from non-treated mice and humans. These results
indicate that 10-aza-substitution markedly modifies the nature of mutagenicity of benzo[a]pyrene in both in vivo and in vitro
mutagenesis assays.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Aza-substitution; In vivo mutagenesis assay; Mutation spectrum; Human liver microsome

1. Introduction common mechanism to other polycyclic aromatic hy-

drocarbons. In addition, BaP has an ability to induce

Benzo[a]pyrene (BaP) is one of the most ubiquitous
environmental contaminants and has potent carcino-
genicity and mutagenicity [1-3]. BaP is converted to
the bay-region diol epoxide, which is the ultimate ac-
tivated form [4,5]. The bay-region theory applies as a

* Corresponding author. Tel.: +81-52-836-3485;
fax: +81-52-834-9309.

E-mail address: saeki@pharnagaya-cu.ac.jp (K.-i. Saeki).

cytochrome P4501A1 (CYP1AlL), which is involved
in the metabolic activation of BaP itself {6-9].
10-Azabenzofa]pyrene (10-azaBaP), a BaP analog
containing a nitrogen atom at position-10, is also
an environmental contaminant [10]. Kosuge et al.
obtained 7.3mg of 10-azaBaP from 82g of a basic
fraction of coal tar [ 10]. This amount of 10-azaBaP in-
dicates that its environmental content of 10-azaBaP
might be much lower than that of BaP. 10-AzaBaP

1383.5718/02/8 — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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was reported to be carcinogenic [11] and to have as
much mutagenicity as BaP in the Ames test using
Salmonella typhimurium TA100 in the presence of the
rat liver S9 mix, although formation of the bay-region
diol epoxide of 10-azaBaP seems impossible because
of the nitrogen atom at position-10 [12-14]. There-
fore, 10-azaBaP might be converted to an ultimate
form not by the bay-region mechanism but by other
unknown mechanisms,

In this report, we undertook to evaluate the effect
of ring 10-aza-substitution of BaP on its in vivo mu-
tagenicity in an assay system using the lacZ-trans-
genic mouse (Muta™Mouse) [15]. In addition, we
assessed the in vitro mutagenicities of BaP and 10-
azaBaP by Ames test. In these assays, we used liver
homogenates prepared from several sources, ie.
CYP1 A-inducer-treated rats, CYP1A-inducer-treated
and non-treated mice, and humans, to investigate
species differences of the metabolic activation en-
zymes responsible for the in vitro mutagenicity of
BaP and 10-azaBaP.

2. Materials and methods

2.1. Materials

BaP (CAS Registry no. 50-32-8) and phenyl-g-p-
galactoside (P-gal) were purchased from Sigma,
Cofactor I™ from Oriental Yeast Co. (Tokyo), pro-
teinase K and olive oil from Wako Pure Chemicals
(Osaka), RNase from Boeringer Mannheim, 3-methyl-
cholanthrene (CAS Registry no. 56-49-5) from
Aldrich, and pooled human liver §9 (20 mg protein/ml)
from Gentest Co. (Woburmm, MA, USA). 10-AzaBaP
(CAS Registry no. 189-92-4) was synthesized ac-
cording to the reported methods [16]. Purification of
the product by re-crystallization from acetone yielded
10-azaBaP as pale brown needles: m.p. 158-161°C.
Anal. Caled. for CyjoH N: C, 90.09; H, 4.38; N, 5.53.
Found: C, 89.86; H, 4.60; N, 5.40.

2.2. In vivo mutagenesis assay using Muta™ Mouse

2.2.1. Animals and treatments

Male Muta™Mice, at 7-8 weeks of age, were sup-
plied by COVANCE Research Products (PA, USA)
and acclimatized for 1 week before use. The test chem-

icals dissolved in olive oil (12.5ml’kg body weight)
were administered to five mice at a daily dose of
125 mg/kg for five consecutive days by gavage. Five
control mice were given olive oil.

2.2.2. Tissue and DNA isolation

Allmice were killed by cervical dislocation 14 days
after the last administration of test chemicals. The
liver, spleen, kidney, lung, colon, stomach, forestom-
ach, and bone marrow were immediately extirpated,
frozen in liquid nitrogen, and stored at —80°C un-
til DNA extraction. The genomic DNA was extracted
from each tissue by the phenol/chloroform method as
previously reported [17]. The isclated DNA, which
was precipitated with ethanol, was air-dried and dis-
solved in an appropriate volume (20-200 1) of TE-4
buffer (10mM Tris-HCI at pH 8.0 containing 4 mM
EDTA) at room temperature ovemnight. The DNA so-
lution thus prepared was stored at 4°C.

2.2.3. In vitro packaging

The AgtlO/lacZ vector could be efficiently re-
covered by in vitro packaging reactions {18]. Our
homemade packaging extract (HM) consisting of
sonic extract (SE) of Escherichia coli NM759 and
freeze—thaw lysate (FTL) of E. coli BHB2688 was
prepared according to the method of Gunther et al.
[19]. As a general procedure for handling the HM
extract, approximately 5pg DNA was mixed with
15 pl of FTL and 30 ul of SE and incubated at 37°C
for 90 min. Then SE and FTL were added again and
the mixture was incubated for another 90min. The
reaction was terminated by the addition of an appro-
priate volume of SM buffer (50mM Tris-HCI at pH
7.5, 10mM MgS0y4, 100mM NaCl, 0.01% gelatin)
and the mixture was stored at 4 °C. By this procedure,
the Agtl0 vector to form an infectious phage was
efficiently rescued from genomic DNA.

2.2.4. Mutation assay

2.2.4.1. lacZ mutant frequency determination. The
positive selection for JacZ mutants was performed as
previously reported [17,20]. Briefly, the phage solu-
tion was absorbed to E. coli C (Jac™ galE™) at room
temperature for 20-30min. For titration, appropri-
ately diluted phage-E. coli solution was mixed with
LB top agar (containing 10 mM MgSQ;) and plated
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onto dishes containing bottom agar. The remaining
phage-E. coli solution was mixed with LB top agar
contzining P-gal (3 mg/ml) and plated as described
above. The mutant frequency (MF) was calculated by
the following formula:

mautant frequency
__ total number of plaques on selection plates
"~ total number of plaques on titer plates
x dilution factor,
The significance of differences in the mutant fre-

quency between the treated and control groups was
analyzed by using Student’s -test,

2.2.4.2. cll mutant frequency determination. In the
present study, we examined the mutagenicity in the
A cll gene, which is also integrated as a A vector
gene, which serves as another sclective marker as
reported previously in the lacf transgenic BigBlue
mouse [21]. The positive selection for ¢ mutants was
performed according to the method of Jakubczac et al.
[21} with a slight modification as previously reported
[22]. Briefly, the phage solution was absorbed to E.
coli G1225 (hfi™) at room temperature for 2030 min.
For titration, appropriately diluted phage~E. coli solu-
tion was mixed with LB top agar (containing 10 mM
MgS0O4) and plated onto dishes containing bottom
agar and the plates were incubated at 37°C for 24 h.
The remaining phage—E. coli solution was mixed with
LB top agar and plated onto dishes containing bottom
agar. The plates were incubated at 25 °C for 48 h for
selection of ¢l mutants. The wild type phage, recov-
ered from Muta™Mice, has a ¢/~ phenotype, which
permits plaque formation with the Aff™ strain at 37°C
but not at 25 °C. The mutant frequency was calculated
by the following formula:

mutant frequency
__ total number of plaques on selection plates
"~ total number of plaques on titer plates
x dilution factor.

The significance of differences in the mutant fre-
quency between the treated and control groups was
analyzed by using Student’s f£-test.

2.2.5. Sequencing of mutants
The entire X cl/ region was amplified directly from
mutant plaques by Tzg DNA polymerase (Takara

Shuzo, Tokyo, Japan) with primers P1; 5’-AAAAAG-
GGCATCAAATTAAACC-3, and P2; 5'-CCGAAGT-
TGAGTATTTTTGCTGT-3’ as previously reported
[22,23] (Fig. 1). A 446bp PCR product was puri-
fied with a microspin column (Amersham Pharmacia,
Tokyo, Japan) and then used for a sequencing reac-
tion with the Ampli Tag cycle sequencing kit (PE
Biosystems, Tokyo, Japan) using the primer P1. The
reaction product was isolated by ethanol precipitation
and analyzed with the ABI PRISM™ 310 genetic
analyzer (PE Biosystems).

2.3. In vitro mutation assays (Ames test)

2.3.1. Preparation of the microsomal fraction of
mice and rats

BaP dissolved in olive oil (100 mg/kg body weight)
was injected intraperitoneally into 6 male 7-8-weck-
old CDFI mice, the non-transgenic parent strain of
Muta™Mouse. Only olive oil was injected into the
other six mice as control. Twenty-four hours after
the treatment, the mice were sacrificed by cervical
dislocation and the livers were removed. The livers
were then homogenized in 0.5 M potassium phosphate
buffer (pH 7.4) (3 ml/g of liver).

3-Methylcholanthrene (3-MC)-induced rat liver mi-
crosomes were prepared according to the previous re-
port [24]. Briefly, male Sprague-Dawley rats (6-week
old) were intraperitoneally injected with 3-MC dis-
solved in com oil at a daily dose of 50mg/kg body
weight for three consecutive days. The rats were fasted
for 18h and sacrificed by decapitation 48 h afier the
Jast 3-MC injection. The liver was rapidly excised and
homogenized in 0.15M KC! (3 ml/g liver).

The microsomal fraction was prepared by centri-
fuging the liver homogenate at 9000 x g for 20 min,
centrifuging the resulting supemnatant at 105,000 x g
for 50 min, and re-suspending the 105,000 x g pellet
in 0.5 M potassium phosphate buffer (pH 7.4). The mi-
crosomal protein contents measured by the Bradford
method [25] were as follows; BaP-treated mouse mic-
rosomes, 16.2 mg/ml; non-treated mouse microsomes,
17.2 mg/ml; 3-MC-treated rat microsomes, 9.3 mg/ml,

2.3.2. Ames test

Chemicals were tested for mutagenicity as previ-
ously reported using S. typhinturium TA100 in the
presence of the liver homogenate (89 or microsomal
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fraction) and cofactors (Cofactor I™) [24.26]. Co-
factor I™ consisted of 4mM NADPH, 4mM NADH,
SmM glucose-6-phosphate, 32.8mM KCl, 8mM
MgCly, and 100 mM phosphate buffer (pH 7.4). The
TA100 strain was provided by Dr. B.N. Ames of the
University of California, Berkeley. Assays were car-
ried out by pre-incubation of the test chemical with
the 89 or microsome mix at 37 °C for 20 min. At least
three independent experiments were performed.

3. Results
3.1, In vivo mutagenicity of BaP and 10-azaBaP

3.1.1. Mutant frequency (MF)

BaP and its nitrogen-containing analog, 10-azaBaP
(Fig. 2), were tested for in vivo mutagenicity using
lacZ-transgenic mice (Muta™Mice) at a daily dose of
125 mg/kg for five consecutive days. The mutant fre-
quencies observed in the DNA preparations extracted
from the eight organs 14 days after the last injection
are shown in Table 1. Over 100,000 titer plaques or
over 10 mutant plaques were analyzed in most organs.
For the forestomach, the mutant frequency of one ani-
mal in the control group was missing and the laeZ mu-
tants of two animals in the 10-azaBaP-treated group
were insufficient because the amount of isolated DNA
was not enough to analyze. For the same reason, some
of the mutant numbets in the bone mamrow were in-
sufficient.

The spontancous mutant frequencies observed in
the control group were similar among the eight or-
gans in both lacZ and clI assays, in a rate range of
55% 10751090 x 105 and 31 x 10~¥t0 56 x 1075, re-
spectively. These results were comparable to our pre-
vious studies [17,22].

The dose and administration protocol for the BaP-
treated Muta™Mice using the lacZ assay were the
same as in the previous work reported by one of the
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Fig. 2. Structures of BaP and 10-azaBaP.

authors (A.H.} [2]. BaP significantly increased the mu-
tant frequencies in all organs in the lacZ assay like in
the previous work. The mutant frequencies in the clf
assay showed a tendency similar to those in the lacZ
assay. The mutant frequencies in the forestomach and
colon were more than 10-fold higher than the sponta-
neous mutant frequencies in both lacZ and IT assays.
On the other hand, 10-azaBaP significantly in-
creased the mutant frequency only in the liver and
colon in the lacZ assay (2.5- and 1.7-fold increases,
respectively). In the cIT assay, 10-azaBaP significantly
increased the mutant frequency in the liver as in the
lacZ assay whereas the mutant frequency in the colon
was only slightly, but not significantly, increased. The
mutant frequencies observed in the other organs were
the same as the spontaneous mutant frequencies in
both assays. Consequently, 10-azaBaP seems to have
much less mutagenicity than BaP in both assays.

3.1.2. Mutation specira of BaP and 10-azaBaP

A total of 49 10-azaBaP-induced mutants were sub-
jected to sequence analysis, together with 37 control
mutants and 37 BaP-induced mutants. The mutations
are characterized in Tables 2-4, and summarized in
Table 5. In Table §, the same mutations from an iden-
tical mouse were treated as a single event.

Spontanecus mutations consisted mainly of G:C
to AT transitions (18/32) followed by G:C to T:A
transversions as shown in the previous report on the cff
mutant spectrum in the control liver of Muta™Mouse
[23].

The majority of BaP-induced mutations were G:C
to T:A transversions (19/36), and the G:C to A:T tran-
sition had a low incidence (4/36) as in the previous
report [3].

On the other hand, 10-azaBaP-induced mutations
consisted mainly of base¢ substitutions (38/44), G:C
to A:T transitions (17/38) and G:C to T:A transver-
sions (11/38) predominating. The 10-azaBaP-induced
clI mutant spectrum, unlike with BaP, showed no char-
acteristics compared with those in control mice.

3.2. In vitro mutagenicity of BaP and 10-azaBaP

In Muta™Mice, 10-azaBaP showed much less in
vivo mutagenicity than BaP, though a previous report
indicated that 10-azaBaP had as potent an in vitro
mutagenicity as BaP in the Ames test using the



