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Chemical Constituents of Millettia taiwaniana: Structure Elucidation of Five
New Isoflavonoids and Their Cancer Chemopreventive Activity!
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We describe the isolation and identification of five new isoflavonoids, millewanins A (1), B (2), C (3),
D (4), and E (5), together with six known isoflavonoids and three rotenoids, from the stems of Millettia
taiwaniana collected in Japan. The major component, auriculasin (6), exhibited significant inhibitory
effect on mouse skin tumor promotion in an in vivo two-stage carcinogenesis test. The results of the
present investigation indicate that 6 might be a valuable antitumor promoter.

Continuing our search for cancer chemopreventive com-
pounds from plant sources, we examined constituents of
stems of Millettia taiwaniana Hayata (Leguminosae) col-
lected in Japan. The chemical constituents of many Mil-
lettia species have been studied, and isoflavonoids,? ro-
tenoids,? chalcones,? isoflavans,® isocoumarins,* ptero-
carpans,’® flavanones,> and flavones® have been identified.
Some isoflavonoids have been found to show biological
activities against several kinds of cancer cells.” In a
previous paper, we reported the antitumor-promoting
effects of 15 natural isoflavonoids, including millewanin
B,® millewanin D,® auriculasin, and millepurone, isolated
from Millettia plants on Epstein—Barr virus early antigen
(EBV-EA) activation induced by 12-O-tetradecanoylphor-
bol-13-acetate (TPA) in Raji cells (in vitro).° Among these
isoflavonoids, millepurone, which has a structure corre-
sponding to that of an oxidized and additionally prenylated
and hydroxylated analogue of 5,7,4'-trihydroxy-6,8-di-
prenylisoflavone, was found to have a significant inhibitory
effect on EBV-EA activation and in two-stage mouse skin
carcinogenesis.®

In this paper, we describe the isolation and characteriza-
tion of five new isoflavonoids, millewanins A (1), B (2), C
(3), D (4), and E (5), from the stems of M. taiwaniana
collected in Japan, and the major known compound au-
riculasin (6)°1° was found to exhibit a marked inhibitory
effect on mouse skin tumor promotion in a two-stage
carcinogenesis test.

Results and Discussion

The acetone extract of the stems of M. taiwaniana was
fractionated by silica gel column chromatography and
preparative TLC to obtain five new isoflavones along with
six known isoflavones and three known rotenoids.

Millewanin A (1) was obtained as a colorless powder
having the molecular formula C;sH2306. The IR spectrum
exhibited bands at vmayx 3533, 3240, and 1655 cm~! due to
hydroxy and carbonyl groups, respectively. The signals at
On 7.67 and oc 153.9 assignable to H-2 and C-2 in 'H and
13C NMR spectra (Table 1), respectively, were suggestive
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of an isoflavone type skeleton. The UV spectrum was
similar to that of 6, 8-di-y,y-dimethylallylorobol,* which
we isolated from the leaves of this plant, indicating the
presence of the 5,7,3',4'-tetraoxygenated isoflavone skel-
eton. The 'H NMR spectrum further revealed the presence
of a methoxy group at 6 3.81, an isolated proton at 6 6.70,
two broad singlets at ¢ 6.28 and 6.35 assignable to H-6 and
H-8, respectively, and a broad singlet at 6 5.77 due to 4'-
OH, in addition to a hydrogen-bonded hydroxy proton at 6
12.83. The appearance of the remaining signals at 6 5.31
(1H, m), 4.98 (1H, m), 3.33 (2H, d, J = 7.3 Hz), 3.28 (2H,
brs), 1.73,1.71, 1.53, and 1.44 (each 3H, s) in the 1H NMR
spectrum, a characteristic MS fragment ion at m/z 366
arising from loss of [-CsHg] followed by a hydrogen transfer
from the molecular ion, suggested the presence of two
prenyl moieties [-CH,CH=C(CH3),] in the molecule. Ob-
servation of MS fragment ion peaks at m/z 284 and 153
derived from a retro-Diels—Alder type cleavage followed
by a hydrogen transfer suggested the location of a methoxy
group, a hydroxy group, and two prenyl moieties on the B
ring. In the NOE experiments, irradiation of the singlet
at 0 7.67 (H-2) resulted in 2% enhancement of the singlet
at 0 6.70 (H-6"). Irradiation of the methoxy signal at 6 3.81
caused a 2% area increase of the signal at 6 3.28 (H-1"") on
the prenyl moiety. Irradiation of the signal at 6 3.28
(H-1") caused a 5% area increase of the methoxy signal at
0 3.81. Irradiation of the signal of another prenyl moiety
at 0 3.33 (H-1"") gave 9% enhancement of the singlet at 6
6.70 (H-6'). Furthermore, in the HMBC spectrum (Figure
2), correlation from C-3 to H-6', from C-2' to H-6', from C-3'
to 4-OH and 3'-OCH;, and from C-4' to H-6' and H-1""
confirmed the location of two prenyl moieties at C-2', C-5',
a methoxy group at C-3', and a hydroxy group at C-4' on
the B ring. From these spectroscopic data and further
HMBC results (Table 1 and Figure 2), we proposed
structure 1 for millewanin A.

Millewanin B (2) was isolated as a pale yellow amor-
phous solid and had the molecular formula C3;H3606 0N
the basis of the HREIMS. The 'H NMR spectrum (Table
1) showed a signal pattern similar to that of 1, except for
signals due to the C,oH;7 substituent, instead of the prenyl
moiety. The appearance of 'H NMR signals at ¢ 5.33 (1H,
m), 5.08 (1H, m), 3.35 (2H, d, J = 7.3 Hz), 2.08 (2H, m),
2.03 (2H, m), 1.70, 1.62, and 1.57 (each 3H, s) and NOE
(Figure 3) between the H-1"" (6 3.35) and H-4"" (0 1.70)
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Chemical Constituents of Millettia taiwaniana
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Figure 1. Structures of isoflavonoids from Millettia taiwaniana.

proton signals suggested the presence of a geranyl moiety
[-CH,CH=C(CH3)—CH,CH,—CH=C(CH3),] in 2. The loca-
tion of the geranyl moiety was confirmed by the HMBC
spectrum (Figure 2). C—H long-range correlations from C-6'
to H-1"" and from C-4' to H-1"" deduced the location of a
geranyl moiety at C-5' on the B ring. On the basis of these
results, coupled with other observed long-range correlations
(Figure 2), the structure of millewanin B was proposed as
2.

The molecular formula (C3oH3406) of millewanin C (3)
was found to differ by CH, compared with 2 by HREIMS.
The signal pattern of the 'H NMR spectrum was sim-
ilar to that of 2, except for the hydroxy singlet at 6 5.63,
instead of the methoxy singlet at ¢ 3.82. The HMBC data
(Figure 2) were in agreement with structure 3 for mille-
wanin C.

Millewanin D was obtained as a pale yellow oil with a
molecular formula of C3yH340s. The UV spectrum was
similar to that of 5,7,4'-trihydroxy-3',5'-di-y,y-dimethyl-
allylisoflavone,'? which was also isolated from this plant.
The signals at 6y 8.09 assignable to H-2 and 6c 154.2 (C-
2) in the 'H and 13C NMR spectra (acetone-ds, Table 1),
respectively, coupled with IR bands at vmax 3589, 3435,
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3246, and 1655 cm~! due to hydroxy and carbonyl groups,
and MS fragment ion peaks at m/z 321 and 153 derived
from a retro-Diels—Alder type cleavage followed by a
hydrogen transfer suggested the presence of a 5,7,4'-
trioxygenated isoflavone skeleton. The 'H NMR spectrum
revealed the presence of two pairs of doublets at 6 6.26 and
6.39 assignable to H-6 and H-8, 6 7.20 and 7.19 assignable
to H-6' and H-2', respectively, and a hydrogen-bonded
hydroxy proton at 6 13.06. The appearance of the remain-
ing signals (Table 1) suggested the presence of a geranyl
and a prenyl moiety in the molecule. The locations of these
moieties were confirmed by the HMBC spectrum (Figure
2). C—H long-range correlations between C-2' and H-1",
C-4"and H-1", C-4" and H-1"", and C-6' and H-1"" suggested
the locations of the prenyl moiety at C-3' and the geranyl
moiety at C-5' on the B ring. On the basis of these results,
together with other HMBC correlations, the structure of
millewanin D was proposed as 4.

Millewanin E was obtained as a colorless oil, [a]3 +0°
(MeOH), and determined to have the molecular formula
C2sH2407 by HRFABMS. The UV spectrum was similar to
that of warangalone,® which was isolated from this plant.
In the 'H NMR spectrum (acetone-ds), a downfield signal
at 0 13.43 was confirmed for a hydroxy group at C-5. The
signal observed at 6 8.27 was assigned to H-2 of an
isoflavonoid skeleton. The 'H NMR spectrum also indicated
the typical dimethylpyran ring signals at ¢ 6.69 (1H, d, J
= 9.9 Hz), 5.77 (1H, d, 3 = 9.9 Hz), and 1.52, 1.50 (each
3H, s) and 1,4-disubstituted aromatic ring signals at 6 7.47
and 6.90 (each 2H, d, J = 8.8 Hz). In millewanin E, the
occurrence of a typical mass fragment at m/z 420 (M* —
0), a hydrogen-bonded 1H singlet (64 10.59), and oxygen-
linked methine-carbon and -proton signals (dc 88.7, dn
4.60), which were deshielded relative to that of a secondary
alcohol, suggested the presence of a hydroperoxy substi-
tutent in the molecule. Furthermore, the proton signals [0
3.01 (1H, dd, J = 7.0, 7.3 Hz, H-1"") and 2.86 (1H,
overlapped with H,0O, H-1""), 6 4.60 (1H, dd, J = 7.3, 13.4
Hz, H-2'")] assignable to a methylene linked to a methine
bearing a hydroperoxy group, a vinylmethyl, and an exo-
methylene proton signal were observed. These spectro-
scopic data, coupled with the observation of HMBC corre-
lations (Figure 2) from C-2"" to the exo-methylene (H-5""")
and vinylmethyl protons, and an MS fragment base peak
at m/z 349 arising from cleavage at the benzylic position
indicated the structure of —CH,—CH(OOH)—C(CH3)=CH,
for the side chain. The arrangement of these substituents
on the isoflavonoid nucleus was revealed by HMBC analy-
sis. C—H long-range correlations from C-6 to 5-OH and
H-2" indicated a [5,6-g] orientation of the pyran ring.
Further, HMBC correlations from C-8a to H-2 and H-1""
indicated the location of the side chain at C-8. On the basis
of these data, the structure of millewanin E was concluded
to be 5.

Six known isoflavones, auriculasin (6),° 5,7,4'-tri-
hydroxy-3',5'-di-y,y-dimethylallylisoflavone,'? warangalone,'3
8-y,y-dimethylallylwighteone,** alpinumisoflavone,'* and
barbigerone,’> and three known rotenoids, deguelin,®
a-toxicarol,'® and tephrosin,® were isolated and identified
by comparison of spectroscopic data published.

Two-Stage Mouse Skin Carcinogenesis. The inhibi-
tory effect of auriculasin (6), isolated as a major component
of this plant, was investigated in a two-stage carcinogenesis
test focusing on mouse skin papillomas induced by di-
methylbenz[a]anthracene (DMBA) as an initiator and 12-
O-tetradecanoylphorbol-13-acetate (TPA) as a promoter.
The activity evaluated in terms of both the rate (%) of
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millewanin E (5)
Figure 2. C—H long-range correlations in the HMBC spectra of millewanins A—E (1-5).
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Figure 3. NOE spectra of millewanins B (2), C (3), and D (4).

papilloma-bearing mice (Figure 4A) and the average num- with that of a positive control. In the case of the positive
ber of papillomas per mouse (Figure 4B) was compared control, 80 and 100% of the mice bore papillomas after 8
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Figure 4. Inhibitory effects of auriculasin (6) on DMBA-TPA mouse
skin carcinogenesis. Tumors were initiated in all mice with DMBA (390
nmol) and promoted with TPA (1.7 nmol) twice weekly starting 1 week
after initiation. (A) Percentage of mice with papillomas. (B) Average
number of papillomas per mouse. @, control TPA alone; O, TPA + 85
nmol of auriculasin (6). After 20 weeks of tumor promotion, a
significant difference in the number of papillomas per mouse between
the groups treated with auriculasin (6) and the control group was
evident (p < 0.05).

and 10 weeks of promotion, respectively, and more than
9.7 papillomas were formed per mouse after 20 weeks, as
shown in Figure 4. When auriculasin (6) was applied before
TPA treatment, it delayed the formation of papillomas as
follows. In the group treated with auriculasin (6), only
about 13 and 27% of mice bore papillomas after 8 and 10
weeks of promotion, respectively, and 87% of the mice bore
papillomas, after 20 weeks. Auriculasin (6) reduced the
number of papillomas per mouse, as follows. Less than 3
and 4 papillomas were formed per mouse after 14 and 17
weeks of promotion, respectively, and only about 4.9
papillomas were formed per mouse after 20 weeks, as
shown in Figure 4B. In previous studies, we reported that
auriculasin (6) and millepurone showed significant inhibi-
tory activity in a short-term in vitro assay of TPA-induced
EBYV activation in Raji cells.® In the present study, auricu-
lasin (6) showed about the same inhibitory activity as
millepurone?® in the in vivo two-stage mouse skin carcino-
genesis test. The results of the present investigation
indicate that auriculasin (6) might be a potentially valuable
cancer chemopreventive agent (antitumor promoter).

Experimental Section

General Experimental Procedures. *H and ¥C NMR,
COSY, HMQC, HMBC (J = 8 Hz), and NOE were measured
on JNM A-400, A-600, and/or ECP-500 (JEOL) spectrometers.
Chemical shifts are shown in ¢ (ppm), with tetramethylsilane
(TMS) as an internal reference. All mass spectra were recorded
under EI conditions, unless otherwise stated, using HX-110
(JEOL) and/or JMS-700 (JEOL) spectrometers having a direct
inlet system. UV spectra were recorded on a UVIDEC-610C
double-beam spectrophotometer (JASCO) in MeOH, and IR
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spectra on an IR-230 (JASCO) in CHCls. Preparative TLC was
done on Kieselgel 60 Fzs4 (Merck).

Plant Materials. The plant materials used in this study,
Millettia taiwaniana Hayata cultivated at Higashiyama Zoo
& Botanical Garden (Nagoya) in Japan, were collected in
October 1997. A voucher specimen was deposited in Meijo
University under number MUY0005.

Isolation of Millewanins A (1), B (2), C (3), D (4), and
E (5) from M. taiwaniana. The dried stems (863 g) of M.
taiwaniana were extracted with acetone at room temperature,
and the solvent was evaporated under reduced pressure to give
the acetone extract (6.6 g). The acetone extract was subjected
to silica gel column chromatography eluted with hexane—
acetone (19:1, 9:1, 4:1, 3:1, 3:2, 1:4), CH,Cl,—MeOH (3:1), and
MeOH, successively, to give nine fractions. Successive column
(silica gel) chromatography and preparative TLC of each
fraction using appropriate combinations of solvents (hexane,
EtOAc, CHCI;, CH.Cl,, acetone, iPr;0, benzene, and MeOH)
as eluting or developing solvents gave the following com-
pounds. Fraction 4 (hexane—acetone, 4:1) gave millewanin E
(5, 1.5 mg), warangalone (95.0 mg), and a-toxicarol (2.5 mg),
and fraction 5 (hexane—acetone, 3:1) gave millewanins A (1,
2.1 mg), B (2, 5.9 mg), C (3, 1.0 mg), and D (4, 24.8 mg),
auriculasin (6, 511.1 mg), 5,7,4'-trihydroxy-3',5'-di-y,y-di-
methylallylisoflavone (2.1 mg), 8-y,y-dimethylallylwighteone
(4.1 mg), alpinumisoflavone (16.3 mg), barbigerone (3.5 mg),
deguelin (97.7 mg), and tephrosin (19.5 mg).

Millewanin A (1) (3-[4-hydroxy-3-methoxy-2,5-bis(3-
methyl-2-butenyl)phenyl]-5,7-dihydroxy-4H-1-benzopy-
ran-4-one): colorless powder; UV (MeOH) Amax 208, 260, 289
nm; IR (CHCI3) vmax 3533, 3240, 1655, 1624 cm™*; *H and **C
NMR, see Table 1; HMBC, see Figure 2; EIMS m/z 436 (M,
40), 366 (8%, M™ — -CsHg — -H), 321 (5), 284 (13), 228 (5), 153
(base peak); HREIMS m/z 436.1884 (calcd for CzeH250s,
436.1879).

Millewanin B (2) (3-[5-(3,7-dimethyl-2,6-octadienyl)-4-
hydroxy-3-methoxy-2-(3-methyl-2-butenyl)phenyl]-5,7-
dihydroxy-4H-1-benzopyran-4-one): pale yellow amor-
phous solid; UV (MeOH) Amax (log €) 207 (4.71), 260 (4.41), 285
(4.00) nm; IR (CHCIs) vmax 3581, 3533, 3239 br, 1651, 1624
cm~%; 'H and °C NMR, see Table 1; HMBC, see Figure 2; NOE,
see Figure 3; EIMS m/z 504 (M*, 24), 419 (5), 380 (9), 351 (4),
313 (5), 153 (100); HREIMS m/z 504.2509 (calcd for C31H360s,
504.2497).

Millewanin C (3) (3-[5-(3,7-dimethyl-2,6-octadienyl)-3,4-
dihydroxy-2-(3-methyl-2-butenyl)phenyl]-5,7-dihydroxy-
4H-1-benzopyran-4-one): colorless oil; UV (MeOH) Amax 207,
261, 286 nm; IR (CHCI3) vmax 3545, 3228, 1653, 1624 cm™%; 'H
and °C NMR, see Table 1; HMBC, see Figure 2; NOE, see
Figure 3; EIMS m/z 490 (M™, base peak), 421 (13, M* — -CsHy),
405 (57), 389 (18), 366 (34), 353 (17, M* — +CyoH17), 349 (29),
337 (28), 311 (18), 295 (15), 236 (17); HREIMS m/z 490.2355
(calcd for C30H3406, 4902361)

Millewanin D (4) (3-[3-(3,7-dimethyl-2,6-octadienyl)-4-
hydroxy-5-(3-methyl-2-butenyl)phenyl]-5,7-dihydroxy-
4H-1-benzopyran-4-one): pale yellow oil; UV (MeOH) Amax
(log €) 2.04 (4.66), 263 (4.51) 289 (4.07) nm; IR (CHCI3) vmax
3589, 3435 br, 3246 br, 1655, 1624 cm~%; 'H and *C NMR,
see Table 1; HMBC, see Figure 2; NOE, see Figure 3; EIMS
m/z 474 (M*, 41), 457 (9, M* — -OH), 405 (9, M+ — -CsHy), 389
(19), 349 (41), 337 (12, M* — -CyoHs17), 295 (21), 153 (100);
HREIMS m/z 474.2403 (calcd for C3oH340s, 474.2369).

Millewanin E (5) (5-hydroxy-10-(2-hydroperoxy-3-
methyl-3-butenyl)-7-(4-hydroxyphenyl)-2,2-dimethyl-
2H,6H-benzo[1,2-b:5,4-b'ldipyran-6-one): colorless oil;
[e]3' £0° (c 0.18, acetone); UV (MeOH) Amax (log €) 202 (4.39),
226 (4.19), 286 (4.36) nm; IR (CHClIs) vmax 3587, 3315 br, 1653,
1616 cm™%; 'H and 3C NMR, see Table 1; HMBC, see Figure
2; EIMS m/z 420 (9, M* — -0O), 405 (5), 368 (12), 349 (base
peak, Mt — 'C4H702), 335 (33, Mt — ‘C5H902), 313 (6), 255
(6), 236 (11); FABMS m/z 437 (M + H)*; HR-FABMS m/z
437.1601 (calcd for C25H2507, 4371624)

In Vivo Two-Stage Mouse Skin Carcinogenesis Test.
Female ICR mice were obtained at 5—6 weeks of age from SLC
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Co. Ltd. (Shizuoka, Japan). Groups of animals (15 animals per
group) were housed in bunches of five in polycarbonate cages
and given food and water ad libitum throughout the experi-
ment. The back of each mouse was shaved with surgical
clippers before the first day of initiation. Tumors on the back
of the mice were initiated with DMBA (390 nmol) in acetone
(0.1 mL). One week after initiation, they were promoted twice
a week by the application of TPA (1.7 nmol) in acetone (0.1
mL). For the animals in the test compound treated groups the
mice were treated with the test compounds (85 nmol) in
acetone (0.1 mL) 1 h before each TPA treatment. The incidence
of papillomas was observed weekly for 20 weeks.
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