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Analogues of yakuchinones were synthesized as inhibitors of nitric oxide production in lipopolysaccharide-
activated macrophage cell line, RAW 264.7 cells. We prepared stronger inhibitors than the original natural mole-
cules, yakuchinones A and B reported from Alpinia oxyphylla. From the limited structural activity relation study
of analogues, we concluded that the optimal length of linker between two aryl groups and the presence of enone
moiety in the linker were identified as essential for the activity. The IC,, value of the most potent structure was
0.92 um. The active analogues suppressed the expression of inducible nitric oxide synthase protein and mRNA.

Key words

Diarylheptanoid is a family of natural plant metabolites
whose characteristic structural feature is the presence of two
aromatic rings tethered by a linear seven-carbon chain. The
diarylheptanoids exhibit a broad range of biological activities
including anti-tumor,"? anti-inflammatory,>* anti-oxidant,>*
antihepatoxic,” antifungal,*” and related effects. For in-
stance, curcumin, a yellow pigment from tumeric (Curcuma
longa, Zingiberaceac), has been shown to inhibit tumorigene-
sis during both initiation and promotion stages in several ani-
mal models, possibly through the inhibition of cyclooxyge-
nase and lipoxygenase and blocking the formation of arachi-
donic acid metabolites.'®'? It was reported that the substitu-
tion pattern on the aromatic moiety of curcumin has crucial
effects on the gene expression of inducible forms of cy-
clooxygenase (COX-2) and nitric oxide synthase (iNOS).'?
Yakuchinone A and yakuchinone B (Fig. 1), diarylheptanoids
from Alpinia oxyphylla (Zingiberaceae) have been reported
to show potent anti-inflammatory and anti-tumor promo-
tional activities through the inhibition of COX-2 and iNOS
expression.'*!'” Yakuchinone B and the structural analogues
have been extensively studied as inhibitors of acyl-CoA: cho-
lesterol O-acyltransferase that can be therapeutic agents for
hypercholesterolemia and atherosclerosis.'® Yakuchinone B
has also been reported to show inhibitory activity of tyrosi-
nase. The o,B-unsaturated carbonyl conjugated moiety and
aromatic ring of yakuchinone B play important roles in the
competitive inhibition of tyrosinase.'” The overall biological
activity of yakuchinone B is stronger than yakuchinone A
that might come from the presence of enone group in the
linker. We tried to optimize the structure of yakuchinone for
the inhibitory activity of nitric oxide production in activated
macrophages.

The critical role of nitric oxide (NO) in various pathologi-
cal conditions has led to the discovery of new therapeutic
agents. NO, a gaseous free radical, is produced through the
oxidation of arginine by nitric oxide synthase (NOS).'® The
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Fig. 1. Structures of Yakuchinone B (1) and A (2)
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calcium-regulated constitutive isoforms, endothelial (eNOS)
and neuronal (nNOS) have important roles in regulation of
blood pressure and neurotransmission,'” whereas the in-
ducible isoform (iNOS) is calcium-independent and induced
by LPS and various cytokines such as IFN-¢, IL-18, and
TNF-0.?Y Low concentrations of NO produced by iNOS
possess beneficial roles in antimicrobial activity of
macrophages against pathogens,?" while the overproduction
of NO and its derivatives, such as peroxynitrite and nitrogen
dioxide, have been suggested to be mutagenic in vivo and to
provoke the pathogenesis of septic shock and various inflam-
matory processes.”? Furthermore, NO and its oxidized forms
have also been shown to be carcinogenic.”? Thus, inhibitors
of iNOS enzyme activity or its expression can be used as po-
tential therapeutic tools for management of NO-related disor-
ders.

In the present study, we tried to obtain potent inhibitors of
iNOS expression by the structural modification of yakuchi-
none that can serve as a new lead for the development of
anti-inflammatory drug. Our efforts toward the design of
novel yakuchinone analogues have focused on the modifica-
tion of the conjugation and the length of linker between two
aromatic rings.

Results and Discussion

For the evaluation of inhibitory activity of yakuchinone
analogues against NO production, NO released from culture
media was quantitated after incubation with samples during
LPS-activation of RAW 264.7 cells. When the cells were
treated with 1 g/ml LPS for 20h, the NO production was
markedly increased to 30—40 um, while basal level was
1.0—2.5 um. The inhibitory potencies, expressed as the ICs)
values, of the synthetic analogues are shown in Table 1. The
most essential structural requirement for the activity is the
enone moiety in the linker. The activity of compounds 1, 4
and 7 are more potent than the respective non-enone type
structures 2, 5 and 8, respectively. The length of linker is pro-
portional to the activity up to six-carbon, and then the activ-
ity declined with the seven-carbon diarylheptanoid, com-
pound 1. Generally there are many reports of diarylhep-
tanoids from plants with diverse biological activities. Diaryl-
hexanoid can be another target for getting valuable bio-active
structures. Compound 3 with enone moiety in the diaryl-
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Chart 1. Preparation of Yakuchinone A, B, and Their Analogues
Table 1. Inhibitory Activities of Yakuchinone Analogues on NO Produc-
tion in LPS-Activated Macrophages
X\n/(CHz)n—Y
HO °©
OCHg
Compounds X n Y I1Cs, (um)?
1 CH=CH (trans) 4 Phenyl 1.38+0.35
2 CH,~CH, 4 Phenyl  16.81%1.47
3 CH=CH (trans) 3 Phenyl 0.92+0.07
4 CH=CH (trans) 2 Phenyl 3.73%0.14
5 CH,—CH, 2 Phenyl >50
6 CH=CH (trans) 0 Phenyl 4.91%+0.85
7 CH=CH (trans) 0 Methyl 9.62+1.26
8 CH,—CH, 0 Methyl >50

a) ICy, values represents means*S.D. (n=3).

hexa-type linker between two aromatic rings showed the
most potent inhibition of LPS-induced NO production
(IC5,=0.92 um). Compound with diaryl-type showed more
potent activity compared with non-diaryl type (compound 6
vs. 7).

These results indicate some structural requirements of
yakuchinone analogues for the inhibition of LPS-induced
NO production in macrophages as follows: (1) the enone
moiety, especially the conjugated double bond located be-
tween aromatic ring and carbonyl group is essential; (2) the
structure with diarylhexa type showed the most potent activ-
ity; (3) the diaryl structure tends to increase activity. To elu-
cidate the activity mechanisms of active synthetic analogues,
we examined the effects of diaryl compounds 1—6 on the
expression of iNOS protein and mRNA in LPS-activated
RAW 264.7 cells. The induced iNOS was detected in West-
ern blot analysis after 20 h incubation with 1 yg/ml of LPS.
Compounds 1, 3, 4 and 6 with enone moiety apparently re-
duced amounts of iNOS expression at 5 um (Fig. 2(A)). At
RT-PCR analysis, the level of iINOS mRNA expression was
increased dramatically by LPS-activation for 6 h. The induc-
tion of mRNA was suppressed by the treatment of com-
pounds 1, 3, 4 and 6 at 5 um as shown in Fig. 2(B). The pre-
treatment of test compounds for 30 min prior to LPS-stimula-
tion showed more distinct inhibition of mRNA expression
than simultaneous treatment. The Western blot and RT-PCR
analysis indicated that the inhibition of NO production by
yakuchinone analogues was correlated with the suppression
of the iNOS protein and mRNA expression. Yakuchinone A
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Fig. 2. (A) Effects of Yakuchinone Analogues on the Expression of iNOS

Protein in LPS-Activated Macrophages

RAW 264.7 cells were treated with synthetic compounds 1—6 (5 um) for 20 h during
LPS (1 ug/ml) activation. Cell lysates were prepared and the iNOS and S-actin protein
levels were determined by Western blotting. The blot is the representative result of three
separate experiments.

(B) Effects of Yakuchinone Analogues on the Expression of mRNA in LPS-
Activated Macrophages

RAW 264.7 cells were pre-treated with synthetic compounds 1—6 (5 tm) for 30 min,
and then treated with LPS (1 pg/ml) for 6h. mRNA level for iNOS and B-actin were
determined by RT-PCR from total RNA extracts. The gel shown is the representative re-
sult of three separate experiments.

and B have been reported to be strong inhibitors of COX-2
and iNOS expression through the suppression of NF-xB acti-
vation in 12-O-tetradecanoylphorbol-13-acetate (TPA)
treated mouse skin.'” Here, we report the inhibitory effects
of synthetic yakuchinone analogues on iNOS expression in
activated macrophages. These results imply that the yakuchi-
none analogues may have anti-inflammatory and cancer
chemopreventive potential through the similar mechanism of
yakuchinones reported.

In conclusion, we prepared analogues of yakuchinone A
and B, and evaluated the inhibitory activity of NO production
in LPS-activated macrophages. Diarylhexanoid with enone
moiety located in linker between two aromatic rings showed
the most potent activity. These active compounds suppressed
the LPS-induced upregulation of iNOS protein and mRNA.
The optimized structures can be lead compounds for the de-
velopment of anti-inflammatory and cancer chemopreventive
drugs.

Experimental

Preparation of Yakuchinone Analogues The general synthetic route to
yakuchinone A, B, and their analogues is outlined in Chart 1. The commer-
cially available cinnamaldehyde I was protected with ferz-butyldimethylsilyl



March 2006

(TBS) chloride to give the TBS ether II. The alkylation of II with Grignard
reagent, followed by oxidation of allylic alcohol functionality with MnO,
gave the enone IV. Deprotection of compound IV with tetrabutylammonium
fluoride (TBAF) in THF gave the enones 1,>¥ 3, 4, 6°® and 7,%” which
were further reduced to the ketones 2,2 5 and 8 by catalytic hydrogena-
tion. Reaction progresses were checked by TLC and the structures of final
products were confirmed by the analyses of NMR spectra.

Measurements of NO in LPS-Induced Murine Macrophages Murine
macrophage cell line, RAW 264.7 cells, in 10% fetal bovine serum (FBS)-
DMEM, were plated in 48-well plates (1.5X10° cells/ml), and then incu-
bated for 24 h. The cells were replaced with fresh media containing 1% FBS,
and then incubated in the presence or absence of test samples with 1 tg/ml
of LPS for 20 h. NO production in each well was assessed by measuring the
accumulation of nitrite in culture supernatant. Samples (100 ul) of media
were incubated with Griess reagent (150 ul)*® at room temperature for
10min in 96 well microplate. Absorbance at 570nm was read using an
ELISA plate reader. A standard calibration curve was prepared using sodium
nitrite as standard. Dose—response curves were prepared, and the results typ-
ically expressed as the ICs, values. ICy, represents the concentration re-
quired for 50% inhibition of NO production in LPS-activated RAW 264.7
cells. Percentage inhibition of NO production was calculated as followed
equation; 100X [OD; pg—OD,,./[OD; ps—OD, . 4;,]-

Western Blot Analysis of iNOS Protein Expression RAW 264.7 cells
(1.6X10° cells/60 mm dish) were stimulated with LPS (1 ug/ml) in the pres-
ence or absence of test compounds. After incubation for 20 h, the cells were
washed and lyzed with lysis buffer. Sixty ug protein of cell lysates was ap-
plied on 8% SDS-polyacrylamide gels and transferred to PVDF membrane
by standard method. The membrane was probed with antibody for anti-
mouse iNOS (Transduction Laboratories, Lexington, KY, U.S.A.) and anti-
B-actin (Sigma, St. Louis, MO, U.S.A.). The Western blot was visualized
using an enhanced chemiluminescence (ECL) detection kit (Amersham Bio-
science, Piscataway, NJ, U.S.A.) according to the manufacturer’s instruction.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analy-
sis of iNOS mRNA Expression RAW 264.7 cells (1.8X10° cells/60 mm
dish) were pre-treated with test compounds for 30 min and stimulated with
LPS (1 ug/ml) for 6h. After washing twice with PBS, total RNA was iso-
lated from cell pellet, using an RNA isolation reagent (Trizol, Invitrogen,
Carlsbad, CA, U.S.A.). Two microgram of RNA was reverse transcribed into
cDNA using reverse transcriptase and random hexamer. The PCR samples,
contained in the reaction mixture, were comprised of mixture buffer, ANTP,
Taq DNA polymerase (Promega, Madison, WI, U.S.A.) and primers (sense
and antisense). The sense and antisense primers for iNOS were 5'-ATGTC-
CGAAGCAAACATCAC-3" and 5'-TAATGTCCAGGAAGTAGGTG-3', re-
spectively. The sense and antisense primers for B-actin were 5'-TGTGATG-
GTGGGAATGGGTCAG-3" and 5'-TTTGATGTCACGCACGATTTCC-3’,
respectively. The PCR amplification was performed under following condi-
tions; 25 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30's
and extension at 72 °C for 30s, using thermal cycler (Gene Amp PCR sys-
tem 2400: Applied Biosystems, Foster City, CA, U.S.A.). The amplified
PCR products were separated on 1% agarose gel.

Acknowledgements This work was supported by the Korea Research
Foundation grant funded by the Korean Government (Grant No. R06-2002-
015-01001-0) and grant of the Research Center for Women'’s Diseases from
the Korea Science and Engineering Foundation (KOSEF).

References and Notes

1) Surh Y.-J., Mutat. Res., 428, 303—325 (1999).

2) Ishida J., Kozuka M., Tokuda H., Nishino H., Nagumo S., Lee K. H.,
Nagai M., Bioorg. Med. Chem., 10, 3361—3365 (2002).

3) Jolad S. D., Lantz R. C., Solyom A. M., Chen G. J., Bates R. B., Tim-
mermann B. N., Phytochemistry, 65, 1973—1954 (2004).

4) Tao J., Morikawa T., Toguchida I., Ando S., Matsuda H., Yoshikawa
M., Bioorg. Med. Chem., 10, 4005—4012 (2002).

5)
6)

7

8)
9)
10)

11)

12)

13)

14)
15)

16)

17)

18)

19)

20)
21)
22)

23)

24)
25)

26)
27)
28)
29)

30)

379

Mohamad H., Lajis N. H., Abas F., Ali A. M., Sukari M. A., Kikuzaki
H., Nakatani N., J. Nat. Prod., 68, 285—288 (2005).

Lee W. S., Kim J. R,, Im K. R, Cho K. H., Sok D. E., Jeong T. S.,
Planta Med., 71, 295—299 (2005).

Hikino H., Kiso Y., Kato N., Hamada Y., Shioiri T., Aiyama R.,
Itokawa H., Kiuchi E, Sankawa U., J. Ethnopharmacol., 14, 31—39
(1985).

Takahashi M., Fuchino H., Hiroyuki S., Setsuko S., Satake M., Phy-
totheraphy Res., 18, 573—578 (2004).

Alves L. V,, do Canto-Cavalheiro M. M., Cysne-Finkelstein L., Leon
L., Biol. Pharm. Bull., 26, 453—456 (2003).

Rao C. V, Rivenson A., Simi B., Reddy B. S., Cancer Res., 55, 259—
266 (1995).

Huang M.-T., Ma W, Lu Y.-P,, Chang R. L., Fisher C., Manchand P. S.,
Newmark H. L., Conney A. H., Carcinogenesis, 16, 2493—2497
(1995).

Huang M.-T., Lysz T., Ferraro T., Abidi T. E, Laskin J. D., Conney A.
H., Cancer Res., 51, 813—819 (1991).

Gafner S., Lee S. K., Cuendet M., Barthelemy S., Vergnes L.,
Labidalle S., Mehta R. G., Boone C. W., Pezzuto J M.,
Phytochemistry, 65, 2849—2859 (2004).

Chun K.-S., Park K.-K., Lee J., Kang M., Surh Y.-J., Oncol. Res., 13,
37—45 (2002).

Chun K.-S., Kang J.-Y., Kim O. H., Surh Y.-J., J. Environ. Pathol. Toxi-
col. Oncol., 21, 131—139 (2002).

Ohishi K., Aiyama R., Hatano H., Yoshida Y., Wada Y., Yokoi W.,
Sawada H., Watanave T., Yokokura T., Chem. Pharm. Bull., 49, 830—
839 (2001).

Shirota S., Miyazaki K., Aiyama R., Ichioka M., Yokokura T., Biol.
Pharm. Bull., 17, 266—269 (1994).

Forstermann U., Schmidt H. H., Pollock J. S., Sheng H., Mitchell J. A.,
Warner T. D., Nakane M., Murad F., Biochem. Pharmacol., 42, 1849—
1857 (1991).

Moncada S., Palmer R. M., Higgs E. A., Pharmacol. Rev., 43, 109—
142 (1991).

Nathan C., Xie Q. W., J. Biol. Chem., 269, 13725—13728 (1994).
Cook H. T., Cattell V., Clin. Sci., 91, 375—384 (1996).

Thiemermann C., Szabo C., Mitchell J. A., Vane J. R., Proc. Natl.
Acad. Sci. US.A., 90, 267—271 (1993).

Halliwell B., Lancet, 344, 721—724 (1994).

Ttokawa H., Ajyma R., Ikuta A., Phytochemistry, 21, 241—243 (1982).
1-(4-Hydroxy-3-methoxyphenyl)-6-phenylhex-1-en-3-one (>B>3): 'H-
NMR (300 MHz, CDCL,) 6 7.36 (1H, d, J=16.1), § 7.24—7.10 (5H,
m), 6 7.00 (1H, dd, J=8.1, 1.8), § 6.96 (1H, d, J=1.8), § 6.84 (1H, d,
J=8.1), § 582 (IH, s), 0 3.86 (3H, s), § 2.64—2.56 (4H, m), &
2.00—1.90 (2H, m).
(E)-1-(4-Hydroxy-3-methoxyphenyl)-5-phenylpent-1-en-3-one (4):
'H-NMR (300 MHz, CDCl,) § 7.48 (1H, d, J=16.1), § 7.32—7.18
(5H, m), 6 7.07 (1H, dd, J=8.2, 1.9), 6 7.03 (1H, d, J=1.9), § 6.92
(1H, d, J=8.2), 6 6.59 (1H, d, J=16.1), 6 5.90 (1H, s), 6 3.93 (3H, s),
6 3.00 (4H, m).
1-(4-Hydroxy-3-methoxyphenyl)-5-phenylpentan-3-one (5): "H-NMR
(300 MHz, CDCl,) 6 7.20—6 7.06 (5H, m), 6 6.74 (1H, d, J=7.9), &
6.59 (1H, d, J=1.9), 6 6.56 (1H, dd, J=7.9, 1.9), § 5.41 (lH, s),
3.78 (3H, s), 6 2.81 (2H, t, J=7.4), 6§ 2.74 (2H, t, J=T7.1), 6 2.66—
2.58 (4H, m).

Arty L. S., Timmerman H., Samhoedi M., Sastrohamidjojo, Sugiyanto,
van der Goot H., Eur. J. Med. Chem., 35, 449—457 (2000).

Elias G., Rao M. N. A., Eur: J. Med. Chem., 23, 379—380 (1988).
Itokawa H., Ajyma R., Ikuta A., Phytochemistry, 20, 769—771 (1981).
Sanz J. E, Barbera O., Marco J. A., Phytochemistry, 28, 2163—2167
(1989).

Green L. C., Wagner D. A., Glogowski J., Skipper P. L., Wishnok J. S.,
Tannenbaum S. R., Anal. Biochem., 126, 131—138 (1982).



