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Figure 4. (A) Superimposition of energy-minimized conformations of
YR105 (green) and Am80 (red). (B) Superimposition of energy-mini-
mized conformations of YR 107 (green) and Am80 (red).

(5f), YR107 (5g) decreased the activity by two orders of
magnitude, compared with YR105.

Figure 4 shows superimposition of the energy-mini-
mized structures of YR105 (5¢) and YR107 (5g) on the

Figure 5. Stable docking model of Se (YR 105) in the RARY simulated
from the crystal structure of RAR-BMS270394 complex (IEXA).

energy-minimized structure Am80. YRI05 is better
overlapped with Am80 than YR107.

A docking model of YRI05 (5¢) bound to RARYy
(1EXA) was constructed by molecular dynamics (MD)
simulation at high temperature (1000 K) and molecular
mechanics (MM) energy minimization. AMBER* was
used as force field. Calculations were performed by
MacroModel (ver. 6.5 and 8.0).? YR105 was well fitted
to the cavity of the ligand binding domain (LBD)} of
RARy, as shown in Figure 5. The bulky alkylated
phenyl moiety fits well to the hydrophobic region of the
LBD (Trp-227, Phe-230, Leu-268, Phe-304, Leu-307,
Ala-397, lle-412, Leu-416), The carboxylate group of the
ligand interacted with Arg-278, Ser-289 by hydrogen
bonds.

In conclusion, we have discovered a new class of cyclic
urea compounds that exhibit retinoidal activity.
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aromatic ring, while those at positions 1, 5, 8, 9, and 10
were almost perpendicular. On the other hand, primary rat
hepatocytes prepared from SD rats efficiently induced
8-oxodeoxyguanine (8-oxo-Gua) of 4-nitroquinoline
N-oxide (4-NQO), a mutagen and carcinogen. 8-oxo-Gua
formed due to oxidative damage was dose dependent at
levels from 1.0 to 5.0 nM of 4-NQO. 8-oxo-Gua formation
of NPhs and NAPhs in primary rat hepatocytes was
determined, and the results significantly correlated with the
first reduction potentials (r = 0.906} and LUMO energy

(r = 0.874) of these derivatives. It was concluded that the
nitro group of Phs and APhs were metabolized by the
NADPH-cytochrome p450 enzyme in primary rat
hepatocytes, and a radical anion of NPhs was induced.
Finally, the hydroxyl radicals induced promoted
hydroxylation at the 8 position of the guanine residue. It
was found that these metabolic pathways were closely
associated with the first reduction potentials, and the
LUMO energy of NPhs and NAPhs, as well as 8-oxo-Gua
Sformation were related to these chemical properties.

Keywords nitroazaphenanthrenes, nitrophenanthrenes, 8-oxodeoxy-
guanosine

Many investigators have discussed the association between the muta-
genicity of nitrated polycyclic aromatic hydrocarbons (nPAHs) and their
chemical structure (1-9). Nitrophenanthrene derivatives are ubiquitous
mutagens in the environment, and distribute widely in diesel exhaust
particulates (10). We have already reported that there was a relationship
between Salmonella mutagenicity and orientation of nitrophenanthrenes
(9) and nitroazaphenanthrenes (11). For Salmonella mutagenicity of ni-
trophenanthrenes (NPhs), nitro substituents that were almost coplanar in
aromatic rings enhanced mutagenicity while those which were perpen-
dicular in the rings reduced this activity (9-11). It was revealed that the
mutagenic activity of NPhs was closely associated with reduction po-
tentials and the dihedral angles of the nitro substituent for intercalation
of chemicals into DNA (9, 11).

On the other hand, 8-hydroxyguanosine has been used as a
biomarker of oxidative DNA damage in human lung tissue (12, 13),
human leukocytes (14), and in the urinary tract (15). Furthermore, it
was found that environmental substances such as diesel particles formed
8-hydroxyguanine in an in vivo test in mice, and that they were involved
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in the generation of oxygen and hydroxyl radicals through phagocytosis
of particles in macrophages (16).

In this study, it was demonstrated that there was a correlation between
8-oxodeoxyguanosine (8-oxo-Gua) formed in primary rat hepatocytes
and the chemical properties of NPhs and their related compounds. It was
found that the first reduction potentials and LUMO energy of nPAHs
may be involved with 8-0xo-Gua formation through radical reactions in
metabolic pathways.

MATERIALS AND METHODS
Chemicals

Nitrophenanthrenes (NPhs) used were 1-, 3-, and 9-NPhs; 1,5-, 1,6-,
1,10-,2,6-,2,9-,2,10-,3,5-,3,6-, 3,10-,4,9-, and 4,10-diNPhs; and 1,5,9-,
1,5,10-, and 3,6,9-triNPhs as reported previously (9). Nitroazaphenan-
threnes (NAPhs) used were 8-nitro-1-azaphenanthrene (8-N-1-APh), 6-
and 8-N-4-APhs, 4-, 5-, 6-, and 7-N-9-APhs, 5-, 6-, and 8-N-1-APh
N-oxide (5-, 6-, and 8-N-1-APhQ), 5-, 6-, and 8-N-4-APhOs, 1-, 2-,
3- and 5-N-9-APhQs, and 1,5- and 1,8-dinitro-4-APhOs (1,5- and 1,8-
diN-4-APhOs) as reported previously (11, 17). 4-Nitroquinolin-N-oxide
(4-NQO) was obtained from Sigma Chemical Company.

Electrochemical Reduction by Cyclic Voltammetry
and Electronic Descriptors

The electronic descriptor and LUMO energy levels of chemicals
were calculated by MOPAC 2002 (AM1), which is based on the MOPAC
of the Toray System Center, using the AM1 method. The initial ge-
ometries were constructed from standard bond lengths and angles. The
geometries were then completely optimized using algorithms in the
MOPAC program. Electrochemical reduction by cyclic voltammetry was
measured by the method described in a previous report (9, 11).

Preparation of Primary Rat Hepatocytes

Primary rat hepatocytes were isolated from male specific pathogen-
free Sprague-Dawley rats, weighing 200 to 250 g (8 to 10 weeks of age),
and plated on a collagen substratum of 12 well plates with Dulbecco’s
Modified Eagle Media (Ginco Co. Ltd.) supplemented with fetal calf
serum (5%), insulin (6.25 pg/mL), penicillin (50 p/mL), streptomycin
(50 pg/mL), and dexamethasone (1M) at a density of 3 x 10? viable
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cells/dish. The cells were preincubated in the 5% CO, at 37°C for 20 h,
exposed to chemicals for 24 h, and then cultured for a further 20 hin fresh
medium. Cell viability was assessed by Trypan blue. The concentration
of dimethylsulfoxide (DMSO) or distilled water was below 0.5% to avoid
any cytotoxic influence. DNA was isolated from cells lysed with 2%
sodium dodecyl sulfate at 37°C for 30 min. Portions of DNA materials
were dissolved in a 10 mM sodium acetate buffer (pH 4.8) digested with
20 mg nuclease P1 at 37°C for 30 min, and then treated with 1.3 units of
Escherichia coli alkaline phosphomonoesterase in 0.1M Tris-HCI buffer
(pH7.5) for 1 h.

Determination of 8-Oxoguanine (8-0x0-Gua)

Determination of 8-ox0-Gua was performed using the method re-
ported previously (11, 13). After rat hepatocytes were stored at —80°C
for 2 h, the materials were fused for 30 min in a CO; incubator and
homogenized in a lysis solution with a Pozter-type homogenizer. The
DNA was isolated from rat hepatocytes using a DNA extractor WB kit
according to the method reported by Inoue et al. (12). All procedures
were performed in a stream of nitrogen to prevent any artifacts during
the DNA extraction. An authentic 8-oxo-Gua sample added to the cells
consistently yielded in the range of 92% to 94%. The extracted DNA was
dissolved in 100 uL. of 1 mM EDTA and digested with 4 uL of nuclease
P1 (5 mg/mL) and 2 L of acid phosphatase (47 mg/mL) suspension in
1.8 M (NH4)>S04 in the presence of 20 mM sodium acetate buffer at pH
4.5. After incubation at 37°C, the mixture was treated with 10 uL. of ion
exchange resin, Muromac (Muromachi Kagaku Kogyo, Tokyo, suspen-
sion, 50 mg/ml), and centrifuged at 15,000 x g for 5 min. The supernant
was transferred to a filter tube (Millipore, Bedford, Massachusetts, USA;
Samprep C; 0.2 um) and centrifuged at 5,000 x g for 5 min. Then, the
filtrate was injected into a high-pressure liquid chromatography column -
(HPLC). The 8-oxo-Gua concentration was determined using the HPLC-
electrochemical detector (ECD) method, and the level was measured as
the mean value repeated in triplicate two times.

RESULTS

Reduction Potential, LUMO Energy Levels,
and Dihedral Angles of NPhs and NAPhs

Figure 1 illustrates the chemical structures of phenanthrene (Ph),
1-, 4-, 9-APhs, and 1-, 4-, and 9-APhOs. In this study, 22 NPhs and
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FIGURE 1. Chemical structures of phenanthrenes and their related
compounds: APh, azaphenanthrene; APhQ, azaphenanthrene N-oxide.

19 NAPhs, including their N-oxide derivatives, were synthesized; 1-, 3-,
and 9-NPhs; 1,5-, 1,6-, 1,10-, 2,6-, 2,9-, 2,10-, 3,5-, 3,6-, 3,10-,4,9-, and
4,10-diNPhs; 1,5,9-, 1,5,10-, 1,6,9-, 1,7,9-, 2,5,10-, 2,6,9-, 3,5,10-, and
3,6,9-triNPhs; 8-N-1-ANPh, 6- and 8-N-4-APhs, 4-, 5-, 6-, and 7-N-9-
APhs; 5-, 6-, and 8-N-1-APhQs, 5-, 6-, and 8§-N-4-APhQs, 1-, 2-, 3-, and
5-N-9-APhOs; 1,5- and 1,8-diN-4-APhOs. Tables 1 and 2 indicate the
results for reduction potentials, LUMO energy levels, and orientation of
NPhs and NAPhs. As shown in Table 1, NPhs substituted at the 1 and 8,
5and 4, 9 and 10 positions in the phenanthrene rings were perpendicular
or almost perpendicular due to the steric effect of the bay region aro-
matic proton, while those at the 2 and 7, 3 and 6 positions were almost
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TABLE 1. LUMO Energy Levels and Dihedral
Angles of Nitrophenanthrenes

Dihedral angles

Compound Epc LUMO (deg)
1-NPh —1,477 —1.345 16.9
3-NPh —1,453 —-1.367 0.3
9-NPh —1,450 11.1
1,5-diNPh -1373 -l.644 125

1,6-diNPh -1,357 —1.937 19.1
1,10-diNPh -1336 —-1.767 127.5
2,6-diNPh —-1,365 —1.836 2.8
2,9-diNPh -1,311  -1.908 17.9
2,10-diNPh —1,368 —1.901 15.7
3,5-diNPh —~1,363 —-1.735 87.3
3,6-diNPh —-1,341 -1.955 0.5
3,10-diNPh —-1,242 -2.006 18.8
4,9-diNPh -1,277 —-1.880 112.7
4,10-diNPh —-1,297 —-1.850 110.2
1,5,9-triNPh ~ —1,063 —2.345 151.6
1,5,10-triNPh  —1,150 ~-2.228 198.1
1,6,9-riNPh ~ —1,058 —2.528 51.6
1,7,9-triNPh ~ —1,058 —2.422 57.8
2,5,10-triNPh  —-1,050 —-2.186 174.3
2,6,9-riNPh ~ —1,116 -2.432 35.7
3,5,10-triNPh 1,139 -2.394 122.1
3,69-triNPh  —1,042 2643 21.2

coplanar to the phenanthrene rings, showing dihedral angles from 0.3 to
2.8. Similarly, the chemical properties of NAPhs were also calculated,
as shown in Table 2. NAPhs substituted at the 2 and 7, and 3 and 6
were almost coplanar, showing dihedral angles from 0.0 to 0.7 while
those at the 1, 4, 5, and 8 were perpendicular or almost perpendicular to
the aromatic rings. In addition, the calculated LUMO energy levels were
in good correlation with the observed reduction potentials among NPhs
and NAPhs; in particular, the LUMO energy levels were correlated with
the first reduction potentials more than the second reduction potentials
(Table 2).

As this study was to investigate whether or not these chemical prop-
erties were associated with 8-oxo-Gua formation in primary rat hepa-
tocytes. Primary rat hepatocytes were prepared from male SD rats as
described in the Materials and Methods section. The ability to form 8-
oxo0-Gua in the primary rat hepatocytes was investigated using 4-NQO, a
potent carcinogen. The results were obtained with dose dependency for
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TABLE 2. LUMO Energy Levels, Reduction Potentials,
and Dihedral Angles of Nitroazaphenanthrenes

Epc (mV)

Chemical Epcl Epc2 LUMO Dihedral angle
8-N-1-Aph —-1,042 -1,631 -—-1429 31.5
6-N-4-Aph —-1,036 ~—1,675 —1,400 0.1
8-N-4-Aph —1,058 1,555 -1,372 322
4-N-9-Aph —1,120 -—-1,662 —-1,326 62.6
5-N-9-Aph -1,085 -—1,615 -—1,219 61.7
6-N-9-Aph -1,027 -1,645 -1,508 0.2
7-N-9-Aph —1,004 -—-1,664 —1,436 0
5-N-1-APhO —1,0490 —1625 1,505 61
6-N-1-APhO —972 —-1,572 —1,663 0.1
8-N-1-APhO —988 —1,641 —1,623 333
5-N-4-APhO —-1,214 —-1,619 -—-1427 3229
6-N-4-APhO —-1,059 —-1,723 —1,583 0.7
8-N-4-APhO —-1,047 —1,678 —1,545 31.7
1-N-9-APhO —853 —1,484 —1,674 265
2-N-9-APhO —964 —1,628 —1,696 0.1
3-N-9-APhO —893 —-1463 —1,733 0.1
5-N-9-APhO —-1,026 —1,568 —1,494 60.3
1,5-diN-4-APho —623 -~1,263 -2,074 30.1%
1,8-diN-4-APho —916 —-1,032 -2214 58.2*

*8-NO2, 33.5; 1-NO2, 24.7.
a.b] UMO energy and dihedral angle were obtained by AM1 calculations
based on the structure that was optimized by PM3.

8-0x0-Gua formation at dose levels from 1 to 5 nM of 4-NQO (Figure 2),
suggesting metabolic activation of cytochrome p450 in rat hepatocytes.

Figure 3 shows the correlation between the first reduction potentials
of NPhs (a) and LUMO energy (b), and levels of 8-0x0-Gua formed in rat
hepatocytes. The first reduction potentials of NPhs, but not the second
reduction potentials, represented a significant correlation with 8-oxo-
Gua levels (r = 0.906) (Figure 3a). In addition, the correlation between
LUMO energy and 8-oxo-Gua levels was analyzed (Figure 3b). It was
found that 8-o0xo-Gua was strongly formed at lower LUMO energy levels
from —1.345 to —2.643, and both agents were significantly correlated
at a correlation factor of 0.874. '

The first reduction potentials and LUMO energy levels of NAPhs were
also determined, and the results are illustrated in Figure 4. Similarly, the
first reduction potentials were involved with the metabolic reduction of
the nitro group of PAHs and the involvement was more pronounced than



494 N. Sera et al.

8-0x0-Cua /10’ 4G

4-NQO (nM)
FIGURE 2. 8-0x0-Gua formation by 4-NQO in primary rat hepatocytes.

the second reduction potentials (data not shown). The first reduction
potentials of mononitro-APhs were lower than those of dinitro-APhs
(Table 2).

The 8-oxo-Gua formation of NPhs was significantly correlated with
the first reduction potentials (r = 0.924) and also with LUMO energy
levels, but was not significant (r = 0.428). The 8-oxo0-Gua formation
increased at the higher levels of the first reduction potentials, but was at
lower levels of LUMO energy (Figure 4a, b).

Possible Mechanism of Oxygen Damage
Due to NPhs and NAPhs

Modification of guanine residue on DNA due to oxygen damage
was analyzed, and its chemical pathway is illustrated in Figure 5. Nitro
groups of NPhs and NAPhs were metabolically reduced by the NADPH-
cytochrome p450 enzyme in primary rat hepatocytes, and radical anions
were induced at the 8-position of the guanine residue. Subsequently,
reactive oxygen species as superoxides were generated, and hydroxyl
radicals were generated in the presence of heme iron. Consequently, it
was considered that 8-0xo-Gua was formed by the reactive hydroxyl
radical at position 8 of the guanine residue.

DISCUSSION

We previously reported that the mutagenic potency of NPhs and
NAPhs for Salmonella strains was closely correlated with the orientation
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FIGURE 3. Correlation between 8-oxo-Gua formation, and the first reduction
potentials (a), and LUMO energy (b) of NPhs. (a) r = 0.906; (b) r = 0.874.

of nitro substituents of aromatic rings and LUMO energy levels (9,
11). In fact, some derivatives substituted at positions 4 and 5 in the
phenanthrene rings were perpendicular or almost perpendicular, and they
were weak mutagens or nonmutagens. In contrast, those substituted on
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FIGURE 4. Correlation between 8-0x0-Gua formation, and the first reduction
potentials (a) and LUMO energy (b) of NAPhs. (a) r = 0.924; (b) r = 0.428.

positions 2, 3, 6, and 7 were almost coplanar to the phenanthrene rings
and were potent mutagens. NPhs substituted on positions 1, 8,9, and 10
were noncoplanar because of steric hindrance of the aromatic proton at
the peri position, with dihedral angles varying from 10° to 65°.

On the other hand, 8-ox0-Gua formed on the guanine residue on
DNA is well known as cause of oxidative damage due to environmental



497

‘so1kooreday yer Areurud ur oSewep 9ANEPIXO JO swSIUBRYIdW 2]qIssod S H¥NOIA

mo-mieg !n Briel ] ] S =
e R R

(warm) el Yo Tpeim N
o %ﬁh. »M? @7\.
z M.... fﬂ.. z.’._.fz

Ly




498 N. Sera et al.

chemicals (18). By using primary rat hepatocytes, 8-oxo-Gua was effec-
tively caused oxidative damage by generation of oxygen and hydroxyl
radicals that were induced by nitro groups of NPhs and NAPhs. Thus, 8-
oxo-Gua was effectively detected in primary rat hepatocytes by treatment
with NPhs and NAPhs, and the induction was closely correlated with
their chemical features; primary rat hepatocytes prepared in our labora-
tory effectively activated these derivatives, suggesting that cytochrome
p450 in primary rat hepatocytes has sufficient enzymes to form 8-oxo-
Gua. Primary rat hepatocytes showed growth regulation at the begin-
ning of carcinogenesis (19), and in this study, 8-0xo-Gua formation by
treatment of 4-NQO, a carcinogen, was observed with dose dependency
(Figure 2). Similarly, 8-oxo-Gua formation by treatment with NPhs and
NAPhs was significantly correlated with the first reduction potentials,
and with LUMO energy for NPhs but not NAPhs. This was due to the
fact that nitro groups of NPhs and NAPhs generated OH radicals in the
metabolic pathway by microsome enzymes, and radical anions occurred
at the 8-position of the guanine residue involving hydroxyl radicals in the
presence of heme iron. This suggested that the formation of 8-ox0-Gua
was promoted by primary rat hepatocytes. This was roughly the same
as the results of many investigators who found increasing 8-oxo0-Gua in
peripheral lung tissue (17, 20-22).

It was reported that carboxylic acid derivatives of NPhs might induce
multiple tumors in aristolochic acid (a herbal drug) patients (23). It was
found that induction of mutagens and carcinogens caused the formation
of a cyclic nitrenium ion with a decolorized charge by metabolic acti-
vation in microsomal enzymes (24-25). NPh derivatives are ubiquitous
mutagens in environmental materials, but no NPhs or NAPhs have been
detected in plant extracts.
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A Planar Catechin Analogue Having a More Negative
Oxidation Potential than (+)-Catechin as an Electron
Transfer Antioxidant against a Peroxyl Radical
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‘The hydrogen transfer reaction of antioxidative polyphenol with reactive oxygen species has
proved to be the main mechanism for radical scavenging. The planar catechin (P1H,). in which
the eatechol and chroman structure in (+) catechin (1H,) are constrained to be planar,
undergoes efficient hydrogen atom transfer toward galvinoxyel radical, showing an enhanced
pratective effect against the oxidative DNA damage induced by the Fenton reaction. The present
studies were undertaken to further characterize the radical scavenging ability of P1H; in the
reaction with cumylperoxyl radical. which is a medel radical of lipid peroxyi radical Tor lipid
peroxidation. The kinetics of hydrogen transfer from catechins to cumylperoxyl radical has
been examined in propionitrile at low temperature with use of ESR. showing that the rate of
hydrogen transfer from P1H; is significantly faster than that from 1H;. The rate was also
accelerated by the presence of Sc{0S0O;CI3)3. Such an acceleration effect of metal ion indicates
that the hydrogen transfer reaction proceeds via metal ion-promoted electron transfer from
P1H; to oxyl radical lollowed by proton transfer rather than via a one-step hydrogen atom
transfer. The efectrochemical case of P1H; for the one-electron oxidation investigated by second
harmenic alternating current veltammetry strongly supports the twe step mechanism for

hydrogen transfer. resuiting in the enhanced radical scavenging ability.

Introduction

Recently, much attention has been directed to the
possibility of natural antfoxidants, such as lavonoids.
vitamin C. vitamin E. and / carotene, as chemopreven
tive agenis agalnst oxdative stress and assoclated dis
cases (1—3). The generation of free radicals. such as
hydroxyl radical (OF) and superoxide anjon (32"}, in
biological systems is regarded as an {mportant event
contributing to the oxidative stress phenomena and one
assoctated with many discases, e.g.. inflammentation,
heart discasc. cancer. and Alzheimer's (4—6). Flavonolds
are plant phenolic compounds, which are widely disteib
uted in foods and beverages and are extensively studied
for their antioxtdative and cytoprotective propertles in
various biological models (7- 9. The antioxidative eflects
of Mavoenoids are believed to come from thelr inhibidon
of free radlcal processes (o cells at three difTerent levels:
an injtiation. by scavenging of Oy" (0. I lipid peroxi
dation. by reaction with peroxy! or lipid peroxyl radicals
(72 and the formation of *O11. probably by chelating iron
ions (1.3. Besides their bencficial effects. there is also
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* National Institate of Health Sciences.
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considerable evidence that Aavonwids themselves are
mutagenic (/4. 15) or carcinogenic (16) and show DNA
damaging activity (/7. 18). Quercetin is a typlcal a
vanold that has been Investigated as a potential chemo
preventive agent against certain carcinogens (19 26). The
chemistry of quercedn is predictive of its free radical
scavenging ability. However. in biological systems, it was
clearly demonstrated that quercetin could behave as bath
antioxidant and prooxidant. That is. dietary adminisira
tion of excess quercetin Induced renal tubule adenomas
and adenocarcinomas in male rats (26} and induced
Intestinal and bladder cancer in rats (22). As other
polyphenolic compounds, flavenolds may not show the
sufficient antiexidative effects into the cells because of
their hydrophillc properties. which impede the cell mem:
brane translocation step (23). Therefore, much consider
ation to the safety should be required. when a large
quantity of flavoncid s used as medicine for cancer
chemoprevention.

In addition to the studies of natural antioxidants used
for cancer chemmopreverition or nufrition supplements,
developinent of novel antioxidants that show improved
radical scavenging activities has attracied considerable
interest 1o remove reactive oxygen species (ROS). such
as 0, and "0l (24. We have previously reported thal
a planar catechin derivative (P1Hy) (Figure 1), synihe
sized in the reaction ol (+)-catechin (1H3) with acetone
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Figure 1. Chemical structures of planar catechin (P1H3) and
{+)-catechin (1H,).

in the presence of BF;-Et0 (25, 26), shows an enhanced
protective effect against the oxidative DNA damage
induced by the Fenton reaction without the prooxidant
effect. which Is usually observed In the case of 1H;. The
spectroscopic and kinetic studies have detnonstrated that
the rate of hydrogen transfer [rom P1H; to galvinoxyl
radical (G*). a stable oxypen-centered radical, Is about
5-fold faster than that of hydrogen transfer from the
native 1H; to G* (26). We have also demonstrated that
the Oy generating ability of the dianion form of P1H,
generated in the reaction of P1H; with 2 equiv of Bu,
NOMe in deaerated acetonitrile (MeCN) s much lower
than that of 1H; suggesting that P1H, may be a
promising novel antioxidant with reduced prooxidant
activity (27). In addition, as compared with the hydro-
philic 1Hz. the lipophilic property of P1H;. which Is very
soluble in alcohol, ctiter. and tetrahydrofuran, seems to
give rise to Its antoxidarive activity inta cell membrane.

We report herein that P1H; can also scavenge cumyl-
peroxyl radical (PhCMe,(307) more cfficiently than 1H,.
PhCMe 00", while much less reactive than alkoxyl
radicals. Is known (o follow the same patiern of relative
reactivity with a varicty of substrates (28-33. The eflect
of a metal fon on the cate of hydropen transfer from P1H;
to PhCMe; 00" was also examined In order 1o distinguish
Letween the one-step hydrogen atom transfer and the
electron transfer mechanisms in the radical scavenging
reaction of P1H; (3)). The one electron oxidation poten.
tial (£.% of 1H; as well as that of PIH; in MeCN was
determined by the second -harmonic alfernating current
voltammetry (S1IACV). The combination of kinetic and
electrocherical results obtained in this study provides
confirmative bases o develop novel antloxidants thal
show improved radical scavenging activitics.

Materials and Methods

Materials. A planar catechin devivative (P1H;) was synthe
sized according to the literature proceduare (26). (+) Catechin
(1H) was purchased from Signa. Di fert butyl peroxide was
draincd fron Nacalai Tesque Co., Lid., and purificd by chao-
matography through aluniica, which removes traces of the
hydioperoxide. Cumene was purdhased from Wako Pare Chemii:
cal Indusiies Lid., Japan, Tewra o butylammonium perchiborate
(TBAP) used as a supporting clectrolyte was recrystallized lrom
cthanel and dricd vader vacuum at 313 K. MeCN and pro-
pionitrile (LICNj used as solvet were purilied and dried by
the standard procedure (33.

Spectral and Kinetic Measurements. Kinclic measure
inenits for the hydrogen transfer veactions between catechins
amd cuniylperoxy! radical were perfornwed on a JEOL X band
spectrometer (JES MIL LX) at 203 K. Typically, photoirradiation
of an oxygen saturated FCN solution containing di tert butyl
peroxide (1.0 M) amd conwene (1.0 M) with a 1000 W high-
pressure Merceury lamp resulted in formation of cumylperoxyl
vadical (PhCMe,(0(r: g - 2.0156), which could be detected at
low temperatures, The g values were calibrated by using an
Mn?! anavker, Upon cutting ofl the light, the decay of the ESR
intensity was vecorded with time. The decay rate was acceler
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Scheme 1

! 'BuOOB

'fz( cuezo + %0, H

ated by the presence of P1H; (1.0 - 1074 M). Rates of hydrogen
transfer from P1H; to PHCMe: 00 woere amnitored by measur
ing the decay of the ESR signal of PhCMe00(r in the presence
of various concentrations of P1H; in EICN at 203 K. Psewlo
first-order rate constants were determinesd hy a least squares
anve fit using an Apple Macintosh personal computer. The first-
order plats of In(f — L) vs time (Jand L are the ESR intensity
at time ¢ and the final intensity, respectively) were linear for
three or more half lives with the corvelation cocfficient. p > 0.99.
In each case, it was confirnwed that the rate constants derived
froum at Ieast five independent nieasurenwents agreed within an
cxperimental ervor of +5%.

Electrochemical Measurements. The SHACV (33- 18
measurements of 1H; and P1H:z weee performwed on an ALS
G3I0A clectrochenical analyzer in deacrated MeCN coutaining
0.10 M TBAP as a supporting electrolyte at 298 K. The platinum
working clectrode was polished with BAS polishing alumina
suspension and rinsed with acetone before use. The cournter
electrode was platinum wire, The measured potentials were
recorded with respect to an Ag/iAgNQ: (0.01 M) referemce
clectrode, The one-clectron oxidation potentials (£, (vs Ap/
AgNO3) were converted into those vs SCL by addition of 0.29 V
(39,

Results

Hydrogen Transfer from Catechins to Cumyl-
peroxyl Radical. Direct measurements of the rates of
hydrogen transfer (rom a planar catechin derivative
(P1H,) to cumyiperoxyl radical were performed in EICN
at 203 K by means of ESR. The photuirradiation of an
axypen-saturated BE(CN solution containing di tert bu
tylperoxide (BuOO0Bu) and cumene with a 1000 W high:
pressure mercury lamp resudts in formation of cumyl
peroxyl radicat (PhCMez00¢)., which was readily detected
by ESR. The cumylperoxyl radical is formed via a radical
chain process shown in Scheme 1 (40—44).

The photolrradiation of Bu/OOBW resudts in the ho
malytic cleavage of the O—0 bond 1o produce Bu'Qr (45~
51}, which abstracts a hydrogen [rom cumene to give
cumyl radical. lollowed by the facite addition of oxygen
{o cumyl radical. The cumylperoxyl radical can also
abstract a hydrogen atom from camene in the propaga
tiore sieqr to yield enmene hydroperoxide, accompanied by
regeneration of cumyl radical (Scheme 1) (52, 53). In the
termination step. cumylperoxyl radicals decay by a
bimolecdar reaction to yield the corresponding peroxide
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Figure 2, Plots of kus vs P1H; (white circles) and vs 1H; (Dlack
circles) for the reactions of catechins (P1H; and 1H3) with
cumylperoxyl radical in E1CN at 203 K.

and oxygen (Scheme 1) (47, 49). When the light is cut
off. the ESR signal intensity decays obeying second-order
kinetics due to the bimolecular reaction In Scheme 1.

In the presence of P1Hz however. the decay rate of
cumylperoxyl radical after cutting off the light becomes
much faster than that in the absence of P1H,. The decay
rale in the presence of P1H; (1.0 - 1074 M) obeys pseudo
first-erder kinetics. This decay process Is ascribed to
hydrogen transfer from P1H; to cumylperoxyl radical
(Scheme 1). The pscudo-lirst-ocder rate constants in-
crease with increasing P1H; concentration (|[P1H;]) to
exhibit first-order dependence on [P1H,] as shown in
Figure 2. From the slope of the linear plot of Ay, vs
concentration of P1H; is determined the second-order
rate constant {kgr} for the hydrogen transfer from P1H,
to cumylperoxyl radical as 9.7 - 102 M~ s™! in E(«CN at
203 K.

Figure 2 also shows the linear plot of K vs the
concentration of (+} catechin (1H;) for the reaction of 1H,
with cumylperoxyl radical in EtCN at 203 K. The K
value for 1H; was also determined in the same manner
as 6.0 . 1P M-t s ! (3 Thus, as in the case of
galvinoxyl radical {(26). the hydrogen transfer rate from
P1H; to cutnylperoxyl radical is significanily faster than
that from 1H,.

We have recently reported that the hydrogen transfer
from 1H; to galvinoxyl or cumylperoxyl radical proceeds
via clectron transfer from 1H; to galvinoxyl or cumyt
peruxyl radical. which is accelerated by the presence of
metal fons. such as Mg?' and Sc, foliowed by proton
transfer (37). In such a case. the coordination of the metal
ion (o the one-electron reduced species of galvinoxyt or
cumylperoxyl radical may stabilize the prodict. resulting
in acceleration af the electron transfer process. In this
context. the effect of a mmetal fon on the &y value of P1H,
was cxainined. As In the case of 1H;. the hydrogen
transfer from P1H, to eumylperoxyl radical was signifi
canlly accelerated by the presence of Se(0S50,CF); as
shown in Figure 3. Thas. the hydrogen transfer from
P1H; to camylperoxyl radical also proceeded via electron
transfer from P1H; 1o comylperoxy! radical followed by
proton transfer feom PIH! to one-clectron reduced
species cumylperoxyl radical as shown in Scheme 2.

The larger &y value of P1H; as compared Lo that of
1H; may be ascribed to the stabitity of the radical cation
of PIH; {P1H,"'). which is produced In the clectron
transfer from PI1H; 1o cumylperoxy! radical. The clectron
donating i propyl group at the 3 ring of P1H; may
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Figure 3. Plot of kur vs |Sc**] in the reaction of P1H; o
cumylperoxyl radical in the presetice of Sc{050CF3)3 in EACN
at 203 K.
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significantly stabilize PIHz!. resulting in the accelera
tion of the electron transfer step. n such a case, e one
clectron oxidation potential of P1H; is expected 1o be
more negative than that of 1H,.

One-Electron Oxidation Potential of a Planar
Catechin Analogue. To determnine the one-celection
oxidation potential af P1H,. the cyclic voltaminogram of
P1H,; was recorded in MeCN containing (1.1 M TBAP as
a supporling electrolyte at 298 K. Two irreversible
oxidation (anodic) peaks were observed at 1.22 and 1.41
V vs SCE (dala nat shown}. A similar cyclic voltanuno
gram was obtained for 1H,. which exhibits irreversible
oxidation peaks at 116 and 1.35 V vs SCIL. This indicates
that radical cations of P1H; and 1H; arc too unstablie at
the time scale of CV measurements. The SHACV method
Is kuown {o provide a superior approach 1o directly
evaluating one clectron redox potential in the presence
of the follow up chemical reaction relative (o {he better
known de and fundamental harmonde ac melhod (34). The
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Figure 4, SHACVsof (a) P1H; and (b) 1H; in deaerated MeCN
containing 0.1 M TBAP at 298 K. Scan rate, 4 mV 571 working
electrode, Pt.

SHACV mcthod was applied to determine the one-
clectron oxidation potentials (£,% of PIH; and 1H; in
deacrated MeCN containing 0.1 M TBAP at 298 K.
Figure 4 shows the SHACV of P1H,; and 1H;. The E,°
value of P1H, thus determined {(1.01 V vs SCE) is
stgnificantly more negative than that of 1H; (1.18 V vs
SCEL) as expected above. Thus. P1H,; may undergo one.
electron oxidation by cumylperoxy! radical more easily
than 1H,. showing excellent radical scavenging abilities.

Discussion

The primary goal of this praject is to develop a novel
antioxidant. which can be positively utitized for clinical
treatment and/or chemoprevention of discases associated
with ROS. There are two kinds of strategy in considering
the development of synthetic antoxidants: one is a
design of a new type of antfoxidant. the structure of
which is different from the natural antioxidant, and the
other Is a modification of natural antioxidants to linprove
its antioxidative capacities. A recent topic on the syn-
thetic antloxidants is a development and clinical applica
tion of edaravane (3 methyl-1 phenyl-2 pyrazolin 5.one.
MCI-1886). Edaravone has been reported to show patent
free radical scavengtng actiens toward ROS, such as Oy,
Hz0;. and TICIO, which may be {nvolved in the tssue
destructive effects of reperfusion after Ischemia (54— 56).
As a neuroprotective agent, edaravone has been clinically
prescribed in Japan since 2001 (o treat patlents with
cerebral fschemia. Regarding favonoids, there are many
reports for the synthetic derivatives (o exert prominent
chemopreventive effects toward oxidative stress derfved
Injury. However, only a few studies on the synthetic
favonoids, which were alimed at (he improved radical
scavenging ability. have been reported. Flavopirldo! Is a
chlorinated derivative of Davane, which Is currently In
clinical development for the treatment of advanced
cancer, incloading ovartan cancer (57, 58). Flavopiridol s
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an inlibitor of cycline-dependent kinases to modulate cell
cycle (59. and radical scavenging mechanism is not
involved in the expression of anticancer cffects of this
compound.

The planar catechin (PIHy). which has been detected
in mere trace ammounts {n nature (60}, is easily synihe
sized by the reaction of 1H; and acetone (26). The ability
of P1H; to scavenge oxygen-<centered radical, such as
galvinoxyl radical. is excellent as compared to that of {(+)
catechin and its complete inhibition of oxidative DNA
damage induced by metal catalyzed generation of hy
droxy! radical (26), as well. Therefore. P1H; may exert
{ts antioxidative capacities by scavenging reactive oxygen
radicals in many types of biclogically generating systems.
The present study was focused on the reaction of P1H;
to cumylperoxyl radical. a model radical of lipid peroxyl
radical formed in a radical chain reaction of lipid per
oxidation. The processes of lipid peroxidation concomitant
with the formaton of lipid peroxyl radicals are detri
mental 1o the viability of the cell. The biophysical
consequences of peroxidaton on membrane phosphaolipids
can be both extensive and highly destructive. provoking
diseased states such as atherosclerosis. heart attacks,
cancer. Ischaemia/repulsion injury. and even the aping
process as a whole (67). The ability of antloxidant to
scavenge peroxyl radicals and block lipid peroxidation
raises the possibility that it may protect against the many
Lypes of free radical assoclated diseases. As compared
with 1H:. P1H; showed strong radical scavenging ability
toward cumylperoxyl radical formed via a radical chain
process. as well as the predominant radical scavenging
reaction of P1H; to galvinoxyl radical. Lipid peroxyl
radical formed by the reaction between a Hpid radical
and a molccular oxygen is essential for autoxidation of
Hpid. The peroxyl radical abstracts an allylic hydrogen
atom from an adjacent polyunsaturated fatty acid. re
sulting in a lipid hydroperoxide and a second lipid radical.
Therefore, P1H; may act as an effective terminator by
means of scavenging free radicals in autoxidation of
lpds.

Considering the antloxidative mechanisin o scavenge
peroxyl radical. there are two possibilities {n the mech
anism of hydrogen transfer reactions. i.e.. a onc step
hydrogen atom transfer or electron Lransfer followed by
proton transfer. The hydrogen transfer reaction from
P1H; to cumylperoxyl radicat accelerated In the presence
of the metal jon. indicating that the hydrogen transfer
reaction proceeded by the two-step reaction, that is.
electron transfer (rom P1H; to cumylperoxyl radical
followed by proton transfer from P1H Vitamin E is a
typical antioxidant to terminate lipid peroxidation. and
the hydrogen transfler reaction proceeds via a one step
hydrogen atom transfer process. which is due to no effect
of metal fon on the hydrogen transfer rate from vitainin
B analogue to galvinexyl radical (62). On the other hand,
in the case of 1H;. the hydrogen transfer reaction
proceeds via electron transfer from 1H; (o oxyl radical
followed by proton transfer rather than via a one step
hydrogen atom transfer (31). as the case of present
resulis of the P1H;. The one-clectron oxidation potentfal
investigaled by the SHACV indicated thal the electro
chetdeal oxidation of P1H: was casicr to progress in
comparison with IH;. The electron iransfer mechanism
for the radical scavenging reaction of P1H; Is probably
a consequence of its electrochamical case for one electeon
oxidation. Judging from the one-electron oxidation po



