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analogues thereof†
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Opantimycin A, a rare antimycin-class antibiotic without the macrolide core, was isolated from

Streptomyces sp. RK88-1355 in 2017. In this study, we explored the total synthesis and stereochemical

assignment of opantimycin A. The synthesis of all potential diastereomers has been accomplished via tra-

celess Staudinger ligation. A comparison of the spectroscopic data of the synthesized compounds with

that reported for the natural product confirmed that the absolute configuration of the natural product was

(14S,17R,21R). Two analogous compounds were prepared, where the Dhb ((Z)-dehydrobutyrine) moiety

was replaced with Dha (dehydroalanine) or ΔVal moieties, respectively. The inhibitory activities of these

synthetic compounds against the production of the anti-inflammatory cytokine IL-6 were evaluated, and

two potential candidates for further development as anti-inflammatory agents were identified.

Introduction

Opantimycin A (1) was isolated from Streptomyces sp. RK88-
1355 by Osada and co-workers in 2017.1 This metabolite
showed weak antimalarial activity against Plasmodium falci-
parum 3D7 (IC50: 13 µg mL−1). The planar structure of 1 was
determined based on 2D NMR analyses and MS/MS experi-
ments, as shown in Fig. 1. Opantimycin A could be classified
as an antimycin-type depsipeptide,2 one of the well-known
antifungal metabolites produced by Streptomyces sp., as it is
composed of γ-butyrolactone, lactate, (Z)-2,3-dehydro-2-amino-
butyric acid (Dhb), and 3-formylaminosalicylic acid. The
NOESY experiment suggested a cis-relative configuration for

C17 and C21 on the γ-butyrolactone ring; however, the absol-
ute configuration of the three stereogenic centers could not be
elucidated at that time.

Recently, we have achieved the total synthesis of isoneoanti-
mycin (2),3 the first reported acyclic antimycin-class antibiotic
with γ-butyrolactone. Considering that threonine residue could
be converted to Dhb by β-elimination of the α-hydroxy-
β-methyl-valeric acid moiety, the (14S,17R,21R) configuration
is the most likely for 1.

The diverse biological activities of antimycin antibiotics,
including anti-cancer, antifungal, and immunosuppressant
properties, have attracted significant attention from research-

Fig. 1 Structures of opantimycin A (1), isoneoantimycin (2a), antimycin
A (2b) and neoantimycin (2c).
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ers.4 In particular, neoantimycins and their homologues, the
ring-expanded antimycins, have been shown to be effective reg-
ulators of the oncogenic proteins GRP78/BiP and K-Ras.5

During our investigation of antimycin-type antibiotics,6 we
conducted studies aimed at the synthetic elucidation of the
stereochemistry of 1, with the objective of performing evalu-
ation of inhibitory activities against the production of the anti-
inflammatory cytokine IL-6. IL-6 initiated signalling plays a
crucial role in endothelial cell dysfunction during bacterial
and viral cytokine release syndromes. IL-6 inhibitors restrict-
ing the IL-6 signalling possibly reduce inflammation and help
the immune system fight the COVID-19 virus infection.7 In
this paper, we present the results of these studies.

Results and discussion

Our strategy involves the synthesis of four possible candidates
(3a–d); comparing the NMR data, optical rotation and chroma-

tographic profiles of synthetic compounds 3a–d to those
reported for natural sample 1 would verify the absolute con-
figuration of 1 (Fig. 2).

Previously, we have reported the preparation of (R,R)-
γ-butyrolactone 4a, as shown in Scheme 1.3 The use of mono-
dentate BF3·Et2O instead of bidentate SnCl4 as a Lewis acid in
the Mukaiyama aldol reaction of aldehyde 58 from
D-phenylalanine with silyl ketene acetal 6 switched syn–anti-
selectivity;9 anti-isomer 8 was preferentially obtained in 36%
yield. The removal of the benzyl ether protecting group of 8
was achieved with a catalytic amount of Pd(OH)2 in EtOH
under a hydrogen atmosphere, followed by spontaneous intra-
molecular transesterification. (S,R)-γ-Butyrolactone 4b was
thus obtained in 91% yield. The complementary enantiomers
(S,S)-4c and (R,S)-4d were also prepared from L-phenylalanine
accordingly (see details in the ESI†).

With γ-butyrolactones (4a–d) to access all possible candi-
dates in hand, we focused on the linear assembly of each frag-
ment. Bis-TBS protected 9, prepared from lithium L-lactate,10

was treated with oxalyl chloride and a catalytic amount of DMF
to produce the corresponding acid chloride 10.11 The conden-
sation of 4a with 10 and the following deprotection of the TBS
group by the HF–pyridine complex provided 12a in good yield
(Scheme 2).

The condensation of 12a and α-azido-α, β-unsaturated acid
13,12 prepared from ethyl 2,3-dibromobutyrate, with DCC and
DMAP provided the corresponding 14a in 84% yield
(Scheme 3). The preparation of 16 was achieved by the conden-
sation of commercially available (2-hydroxyphenyl) diphenyl-
phosphine with 3-formylaminosalicylic acid 1513 in a modest
yield. Finally, we found that the traceless Staudinger ligation14

of 14a with 16 in aqueous THF successfully furnished
(14S,17R,21R)-3a in 59% yield ([α]D +42, c 0.03, MeOH).15

Other stereoisomers (14S,17S,21R)-3b, (14S,17S,21S)-3c and
(14S,17R,21S)-3d were prepared in the same manner as shown
in the ESI.†

Fig. 2 Four possible candidates (3a–d).

Scheme 1 Preparation of γ-butyrolactones 4a–d.
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During the synthesis of target compounds 3a–d, the moder-
ate yield of the traceless Staudinger ligation would be attribu-
ted to the steric hindrance between phosphine 16 and azide
14, which slowed the elimination of N2 from the phosphazide
intermediate. This delay promoted side reactions and led to
the formation of a primary amide as a byproduct.14c

The spectral data of synthetic products 3a–d were compared
with those reported for natural product 1 (Tables S1–4†); the
1H NMR spectra of synthetic 3a were almost identical to those
of the natural product (Fig. S1†). The optical rotation of syn-
thetic product 3a ([α]D +42, c 0.03, MeOH) was in good agree-
ment with that of the natural sample ([α]D +60, c 0.03, MeOH).
Furthermore, HPLC analysis of natural product 1 and all syn-
thetic products 3a–d was performed. We found that the reten-
tion time (tR) of 3a was identical to that of natural product 1

(tR = 6.872 min, Fig. S3†). These data revealed that the absolute
configuration of natural opantimycin A (1) is 14S,17R,21R.

With both synthetic and natural opantimycin A in hand, we
evaluated their respiratory inhibitory and anti-malarial activi-
ties. Partial inhibition was observed at a concentration of
30 µM in a Mito Stress assay using HeLa cells for both com-
pounds 1 and 3a. Synthetic compound 3a exhibited similar
activity to natural compound 1 against Plasmodium falciparum
strain 3D7.

Then we focused on the evaluation of inhibitory activities
against the production of the anti-inflammatory cytokine IL-6.
Two analogous compounds 17 and 18 were prepared. The Dhb
((Z)-dehydrobutyrine) moiety was replaced by Dha (dehydroala-
nine) and ΔVal moieties, respectively (Fig. 3).

The effects on the cytokine IL-6 gene suppression and
RAW264 cell viability of compounds 3a–d, 17 and 18 were eval-
uated. The gene expression of IL-6 was induced by lipopolysac-
charide. Significant gene suppression was observed for com-

Scheme 3 Completion of the synthesis of 3a.

Scheme 2 Synthesis of fragment 12.

Fig. 3 Two analogous compounds (17 and 18).
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pounds 3b and 17 at 20 µM, but not for the others (3b: 66 ±
2.5% and 17: 67 ± 2.0%; relative to the control (p < 0.05),
Fig. S4†). In contrast, the gene expression slightly increased
for antimycin A (2b), 3a and 3d, supported by a previous report
on antimycin A.16 The typical results of cell viability tests
against RAW264 cell lines were 2b: 69 ± 1.9%, 3b: 82 ± 0.9%,
3d: 72 ± 2.1%, and 17: 82 ± 1.6% at 20 µM (Fig. S5†). These
results suggest that cytotoxicity and gene suppression are not
correlated.

Conclusions

In summary, syntheses of four possible candidates 3a–d have
been achieved. A comparison of the spectroscopic data
between 3a–d and natural product 1 verified that the absolute
configuration of 1 is (14S,17R,21R). Compounds 3b and 17 are
potential candidates for further development of anti-inflam-
matory agents. Further biological activity studies are ongoing,
and results will be reported in due course.

Experimental
General information and materials
1H NMR and 13C NMR spectra were recorded on a Bruker
BioSpin AVANCE III HD 400 (400 MHz) or JEOL JNM-ECZ400S
(400 and 100 MHz) or Bruker Avance III 600 (600 and
150 MHz) instrument. 31P NMR spectra were recorded on a
Bruker BioSpin AVANCE III HD 400 (121 MHz) instrument.
Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet and
br = broad), coupling constant in Hz, and integration.
Coupling constants were determined directly from 1H NMR
and 13C NMR spectra. The chemical shifts are reported in δ

(ppm) values relative to CHCl3 (δ 7.26 ppm for 1H NMR and δ

77.0 ppm for 13C NMR), Me4Si (δ 0.00 ppm for 1H NMR) and
H3PO4 (δ 0.00 ppm for 31P NMR). Mass spectra were obtained
on a JEOL AccuTOF LC-plus JMS-T100LP (DART, ESI) spectro-
meter. Infrared absorption spectra (IR) were recorded using a
JASCO FT/IR-4600 Fourier transform infrared spectrometer.
Optical rotations were measured on a JASCO P-2200 with a
path length of 0.1 dm at ambient temperature; the concen-
trations are reported in g dL−1.

All air- and moisture-sensitive reactions were carried out in
an argon-flushed 2-necked flask sealed with rubber septa, and
dried solvents and reagents were introduced using a syringe.
Tetrahydrofuran (THF) was freshly distilled under an argon
atmosphere from sodium benzophenone ketyl. Flash column
chromatography was carried out on a Kanto Chemical silica
gel 60 N (spherical, neutral, 40–50 µm), and pre-coated Merck
silica gel plates (Art 5715 Kieselgel 60 F254, 0.25 mm) were
used for thin-layer chromatography (TLC). TLC visualization
was performed using UV (254 nm) or a charring solution (etha-
noic p-anisaldehyde and ethanoic phosphomolybdic acid).

Methyl (4R,3S)-4-benzyloxy-3-hydroxy-2,2-dimethyl-5-phenyl-
pentanoate (8). To a solution of 57 (180 mg, 0.749 mmol) in
CH2Cl2 (4 mL) was added BF3·Et2O (110 µL, 1.05 mmol) drop-
wise at −78 °C. After being stirred for 15 min at −78 °C, com-
mercially available dimethylketene methyl trimethylsilyl acetal
6 (180 µL, 0.886 mmol) was added and then the mixture was
stirred at −78 °C for 4 h. The reaction mixture was allowed to
warm up to room temperature and quenched with sat. aq.
NaHCO3 (6 mL). The aqueous layer was extracted with CH2Cl2
(4 mL × 5). The combined organic layers were washed with
brine, dried over Na2SO4, filtered and concentrated. The
residue was purified by flash column chromatography (10%
AcOEt in n-hexane) to obtain colorless oil 73 (69.0 mg,
0.201 mmol, 27%) and 8 (80.7 mg, 0.236 mmol, 31%). Data for
8: 1H NMR (400 MHz, CDCl3) δ 7.37–7.06 (m, 10H), 4.29 (d, J =
1.7 Hz, 2H), 3.83 (t, J = 6.8 Hz, 1H), 3.66 (td, J = 6.9, 3.7 Hz,
1H), 3.40 (s, 3H), 3.11 (dd, J = 14.3, 3.7 Hz, 1H), 2.91 (dd, J =
14.3, 7.1 Hz, 1H), 2.29 (d, J = 6.8 Hz, 1H), 1.23 (s, 3H), 1.22 (s,
3H). 13C NMR (150 MHz, CDCl3) δ 177.5, 139.0, 137.9, 129.8,
128.4, 128.3, 128.2, 127.6, 126.3, 81.6, 77.4, 72.3, 51.6, 45.4,
37.9, 23.8, 20.0. HRMS (DART+) m/z calcd for C21H27O4 [M +
H]+ 343.19093, found 343.19075. IR (KBr): 3467, 2947, 1719,
1266, 1135, 1069, 748, 699 cm−1. [α]25D = +20.2 (c 0.26 CHCl3).

(4S,5R)-5-Benzyl-4-hydroxy-3,3-dimethylhydrofuran-2-one
(4b). To a solution of 8 (1.21 g, 3.53 mmol) in 99.5% EtOH
(25 mL) was added 20% Pd(OH)2 (119 mg). The inner atmo-
sphere was purged with H2. After being stirred at room temp-
erature for 20 h, the resulting mixture was filtered through a
Celite® pad and the filtrate was concentrated. The residue was
purified by flash column chromatography (30% AcOEt in
n-hexane) to obtain white solid 4b (729 mg, 3.31 mmol, 93%).
1H NMR (400 MHz, CDCl3) δ 7.38–7.25 (m, 5H), 4.32 (ddd, J =
7.9, 6.8, 5.7 Hz, 1H), 3.87 (dd, J = 8.0, 5.3 Hz, 1H), 3.15–3.00
(m, 2H), 1.63 (d, J = 5.3 Hz, 1H), 1.23 (s, 3H), 1.16 (s, 3H). 13C
NMR (100 MHz, CDCl3) δ 179.5, 136.1, 129.5, 129.0, 127.3,
81.8, 79.6, 43.8, 39.1, 22.9, 17.9. HRMS (ESI+) m/z calcd for
C13H16NaO3 [M + Na]+ 243.09971, found 243.10111. IR (KBr):
3404, 3026, 2980, 2915, 1735, 1112, 997, 757, 698 cm−1. [α]26D =
+74.3 (c 0.38 CH2Cl2).

(S)-2-(tert-Butyldimethylsilyloxy) propanoic acid [(4R,5R)-5-
benzyl-3,3-dimethylhydrofuran-2-one-4-yl] ester (11a). To a
solution of lithium L-lactate (602 mg, 6.27 mmol) in DMF
(6 mL) were added TBSCl (1.95 g, 12.9 mmol) and imidazole
(1.76 g, 25.9 mmol). After being stirred at room temperature
for 17 h, the resulting mixture was diluted with sat. aq.
NaHCO3 (25 mL) and extracted with n-hexane (15 mL × 3). The
combined organic layers were washed with brine, dried over
Na2SO4, filtered and concentrated to obtain colorless oil 9
(1.66 g, 5.21 mmol, 83%). This was used for the next reaction
without further purification. 1H NMR (400 MHz, CDCl3) δ 4.26
(q, J = 6.8 Hz, 1H), 1.39 (d, J = 6.8 Hz, 3H), 0.94 (s, 9H), 0.90 (s,
9H), 0.27 (s, 6H), 0.10 (s, 3H), 0.07 (s, 3H). HRMS (ESI+) m/z
calcd for C15H34NaO3Si2 [M + H]+ 341.19442, found 341.19446.
To a solution of 9 (867 mg, 2.72 mmol) in CH2Cl2 (3.2 mL)
were added oxalyl chloride (300 µL, 3.82 mmol) and DMF
(36 µL, 0.46 mmol). The solution was stirred for 1 h at 0 °C
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and then stirred at room temperature for 3 h. The resulting
mixture was concentrated to obtain the corresponding acid
chloride 10 quantitatively. To the acid chloride above prepared
were added a solution of 4a (299 mg, 1.36 mmol) in CH2Cl2
(3.2 mL) and pyridine (1.15 mL) at 0 °C. After being stirred at
room temperature for 13 h, the reaction mixture was quenched
with sat. aq. NaHCO3 (10 mL) and extracted with AcOEt
(17 mL × 5). The combined organic layers were washed with
sat. aq. NH4Cl and brine, dried over Na2SO4, filtered and con-
centrated. The residue was purified by flash column chromato-
graphy (30% AcOEt in n-hexane) to obtain colorless oil 11a
(448 mg, 1.10 mmol, 81%). 1H NMR (400 MHz, CDCl3) δ

7.36–7.20 (m, 5H), 5.28 (d, J = 3.7 Hz, 1H), 4.79 (ddd, J = 8.6,
5.2, 3.7 Hz, 1H), 4.44 (q, J = 6.7 Hz, 1H), 3.09 (dd, J = 14.3, 8.5
Hz, 1H), 2.90 (dd, J = 14.3, 5.2 Hz, 1H), 1.47 (d, J = 6.7 Hz, 3H),
1.32 (s, 3H), 1.18 (s, 3H), 0.92 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H).
13C NMR (100 MHz, CDCl3) δ 179.4, 173.2, 136.3, 129.2, 128.9,
127.2, 80.1, 77.9, 68.3, 45.0, 35.2, 25.8, 22.8, 21.6, 18.4, 18.2,
−4.7, −5.0. HRMS (DART+) m/z calcd for C22H35O5Si [M + H]+

407.22537, found 407.22540. IR (KBr) 2931, 2858, 1783, 1137,
833 cm−1. [α]25D = +53.9 (c 0.54 CHCl3).

(S)-2-Hydroxypropanoic acid [(4R,5R)-5-benzyl-3,3-dimethyl-
hydrofuran-2-one-4-yl] ester (12a). To a solution of 11a
(538 mg, 1.32 mmol) in THF (10 mL) were added pyridine
(3.1 mL) and HF–pyridine (5.1 mL). After being stirred at room
temperature for 15 h, the reaction mixture was quenched with
sat. aq. NaHCO3 (130 mL) and extracted with AcOEt (45 mL ×
5). The combined organic layers were washed with brine, dried
over Na2SO4, filtered and concentrated. The residue was puri-
fied by flash column chromatography (40% AcOEt in n-hexane)
to obtain white solid 12a (307 mg, 1.05 mmol, 80%). 1H NMR
(400 MHz, CDCl3) δ 7.50–7.07 (m, 5H), 5.31 (d, J = 3.8 Hz, 1H),
4.83 (ddd, J = 8.9, 5.4, 3.8 Hz, 1H), 4.41 (p, J = 6.8 Hz, 1H), 3.10
(dd, J = 14.3, 8.4 Hz, 1H), 2.87 (dd, J = 14.4, 5.4 Hz, 1H), 2.65
(d, J = 5.6 Hz, 1H), 1.49 (d, J = 6.9 Hz, 3H), 1.34 (s, 3H), 1.19 (s,
3H). 13C NMR (100 MHz, CDCl3) δ 179.1, 174.8, 136.0, 129.1,
128.9, 127.3, 79.8, 78.7, 66.9, 44.9, 35.2, 22.8, 20.6, 18.1. HRMS
(DART+) m/z calcd for C16H21O5 [M + H]+ 293.13890, found
293.13906. IR (KBr) 2987, 2938, 1774, 1742, 1195, 1130, 1058,
722, 599 cm−1. [α]D = +80.3 (c 0.44 CHCl3).

(Z)-2-Azido-2-butenoic acid [(2S)-propanoic acid [(4R,5R)-5-
benzyl-3,3-dimethylhydrofuran-2-one-4-yl]] ester (14a). To a
solution of 1311 (15.7 mg, 0.124 mmol) and 12a (29.5 mg,
0.100 mmol) in CH2Cl2 (1.0 mL) were added DCC (25.0 mg,
0.121 mmol) and DMAP (7.7 mg, 0.063 mmol) in this order.
After being stirred overnight at room temperature, the result-
ing mixture was filtered through a Celite® pad and the filtrate
was concentrated. The residue was purified by flash column
chromatography (15% AcOEt in n-hexane) to obtain colorless
amorphous 14a (33.7 mg, 0.0840 mmol, 84%). 1H NMR
(400 MHz, CDCl3) δ 7.35–7.25 (m, 5H), 6.40 (q, J = 9.6 Hz, 1H),
5.30 (d, J = 4.7 Hz, 1H), 5.29 (q, J = 9.7 Hz, 1H), 4.79 (ddd, J =
11.4, 6.6, 4.9 Hz, 1H), 3.11 (dd, J = 19.3, 11.3 Hz, 1H), 2.94 (dd,
J = 19.4, 6.6 Hz, 1H), 1.84 (d, J = 9.6 Hz, 3H), 1.63 (d, J = 9.5 Hz,
3H), 1.32 (s, 3H), 1.18 (s, 3H). 13C NMR (100 MHz, CDCl3) δ
178.9, 169.5, 161.8, 136.1, 129.1, 128.7, 128.4, 127.8, 127.0,

80.0, 78.7, 69.3, 44.7, 35.0, 22.6, 18.0, 17.0, 13.1. HRMS (ESI+)
m/z calcd for C20H23N3NaO6 [M + Na]+ 424.14845, found
424.14479. IR (KBr): 2988, 2941, 2132, 1783, 1720, 1638, 1131,
745 cm−1. [α]D = +21.9 (c 0.79, CHCl3).

3-Formylaminosalicylic acid [(2-hydroxyphenyl)diphenyl-
phosphine] ester (16). To a solution of 3-formylaminosalicylic
acid 1512 (109.7 mg, 0.606 mmol) and commercially available
(2-hydroxyphenyl)diphenylphosphine (99.6 mg, 0.358 mmol)
in CH2Cl2 (1.8 mL) were added DCC (125.3 mg, 0.600 mmol)
and DMAP (10.0 mg, 0.082 mmol). The inner air was purged
with Ar. After being stirred at room temperature overnight, the
resulting mixture was filtered using a Celite® pad and the fil-
trate was concentrated. The residue was purified by flash
column chromatography (30% AcOEt in n-hexane) to obtain
white solid 16 (90.6 mg, 0.205 mmol, 57%). 1H NMR
(400 MHz, CDCl3) δ 10.75 (s, 1H), 7.85 (s, 1H), 7.33–7.29 (m,
10H), 7.25–7.20 (m, 3H), 6.91 (ddd, J = 7.7, 4.3, 1.6 Hz, 1H),
6.79 (t, J = 8.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 168.2,
158.9, 151.7 (d, 1JCP = 16.8 Hz), 150.5, 134.8 (d, 1JCP = 9.6 Hz),
134.1 (d, 2JCP = 20.7 Hz), 133.7(d, 3JCP = 2.3 Hz), 131.1 (d, 2JCP =
16.0 Hz), 129.9, 129.2, 128.6 (d, 3JCP = 7.5 Hz), 126.8, 126.3,
126.2, 124.9, 122.4, 119.2, 111.1. 31P NMR (121 MHz, CDCl3) δ
−15.4. HRMS (ESI+) m/z calcd for C26H20NNaO4P [M + Na]+

464.09421, found 464.09858. IR (KBr): 3384, 3068, 2879, 1686,
1525, 1435, 1338, 1294, 1249, 1189, 1131, 1115, 747, 697 cm−1.

2-(3-Formylamino-2-hydroxy benzoylamino)-(Z)-2-butenoic
acid [(2S)-propanoic acid [(4R,5R)-5-benzyl-3,3-dimethyl-
hydrofuran-2-one-4-yl] ester-2-yl] ester (3a). To 14a (33.7 mg,
0.0840 mmol) in a two-necked flask were added 16 (43.4 mg,
0.0983 mmol) in THF (3.4 mL) and water (1.2 mL). After being
stirred overnight at room temperature, the resulting mixture
was diluted with brine (20 mL). The aqueous layer was
extracted with AcOEt (10 mL × 2). The combined organic layer
was dried over Na2SO4, filtered and concentrated. The residue
was purified by flash column chromatography (40% AcOEt in
n-hexane) to obtain pale yellow amorphous 3a (26.5 mg,
0.0493 mmol, 59%) as a 6.5 : 1 mixture of rotamers. 1H NMR
(600 MHz, CDCl3); major δ 12.56 (s, 1H), 8.52 (dd, J = 8.0, 1.3
Hz, 1H), 8.47 (d, J = 1.8 Hz, 1H), 7.98 (brs, 1H), 7.85 (brs, 1H),
7.32 (d, J = 8.4 Hz, 1H), 7.29 (t, J = 7.5 Hz, 1H), 7.25–7.22 (m,
2H), 7.10 (q, J = 7.1 Hz, 1H), 6.89 (t, J = 8.1 Hz, 1H), 5.30 (d, J =
3.0 Hz, 1H), 5.29 (q, J = 7.2 Hz, 1H), 4.78 (dt, J = 8.6, 4.2 Hz,
1H), 3.07 (dd, J = 14.5, 8.9 Hz, 1H), 2.89 (dd, J = 14.5, 4.5 Hz,
1H), 1.89 (d, J = 7.2 Hz, 3H), 1.61 (d, J = 7.1 Hz, 3H), 1.31 (s,
3H), 1.17 (s, 3H); minor (diagnostic peaks only) δ 12.42 (s, 1H),
8.76 (d, J = 11.5 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ 179.0,
169.7, 168.5, 163.4, 159.1, 150.7, 137.4, 136.2, 129.1, 128.7,
127.3, 127.0, 124.8, 124.7, 120.7, 118.9, 113.1, 80.0, 78.7, 69.3,
44.8, 35.1, 22.6, 18.0, 17.0, 14.9. HRMS (ESI+) m/z calcd for
C28H30N2NaO9 [M + Na]+ 561.18490, found 561.18406. IR
(KBr): 3354, 2985, 2924, 1763, 1686, 1527, 1262, 1133,
744 cm−1. [α]D = +42 (c 0.03, MeOH).

Cytotoxicity assay

RAW264 cells were seeded on 96-well plates at an initial
density of 5 × 104 cells per well and incubated under 5% CO2
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at 37 °C for 24 h. After incubation, the cells were further incu-
bated in Dulbecco’s modified Eagle’s medium containing 10%
inactivated fetal bovine serum with or without each compound
for 5 h. After incubation, the supernatant was removed and a
Cell Counting Kit-8 (Dojindo Molecular Technologies) solution
diluted with the medium was added. After a further 1 h incu-
bation, the cell proliferation rate was estimated against the
control by measuring the absorbance at 450 nm. Data rep-
resent the mean ± SE of at least three independent
experiments.

Evaluation of IL-6 gene suppression

RAW264 cells were inoculated into a 24-well plate (2.5 × 105

cells per well) and cultured overnight. After cultivation, the
supernatant was removed and the medium with 100 ng mL−1

lipopolysaccharide and test compounds was added. The cells
were further incubated for 5 h. Incubation without test com-
pounds was performed in the same manner as the control.
Quercetin (25 μM) was used as a positive control.17 A blank
was also prepared by adding only the medium. After incu-
bation, total RNA was extracted from the cells using RNeasy
(Qiagen) and cDNA was synthesized using a random primer
(TaKaRa) and PrimeScript Reverse Transcriptase (TaKaRa).
Using cDNA obtained as a template, Fast SYBR Green Master
Mix (Applied Biosystems) and IL-6 and GAPDH specific
primers (TaKaRa), real-time PCR was performed to quantify
the mRNA expression levels of IL-6. The ratio of the gene
expression of IL-6 to GAPDH, which was used as an internal
standard, was calculated to estimate the relative expression
level to the control. Data represent the mean ± SE of at least
three independent experiments.

Statistical analysis

Statistical analysis was performed using Student’s t-test and p
< 0.05 was considered to represent statistical significance.
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