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ABSTRACT: The inhibitory activities of the antimycin-class
antibiotics UK-2A, antimycin A, and splenocin B against the
production of anti-inflammatory cytokine IL-4, which is related to
IgE-mediated allergic responses in rat basophilic leukemia (RBL-
2H3) cells, were evaluated. Although antimycin A and splenocin B
showed cytotoxicity at concentrations at which IL-4 release from
the cells was restricted, UK-2A was found to restrict IL-4 release
without cytotoxicity. Three UK-2A analogues (4—6) were then
synthesized and assessed. Compound $ restricted IL-4 release
dose-dependently without cytotoxicity, and its effect was more
potent than that of UK-2A.

Anti-allergic effects in DNP-IgE-stimulated RBL-2H3 cells
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K-2A (1), an antifungal antibiotic produced by

Streptomyces sp. 517-02, which was first isolated in
1996 from a soil sample collected at Sugimoto campus of
Osaka City University, is similar to antimycin A (2) in its
structure and inhibitory activity against electron transport in
mitochondrial complex L' Splenocin B (3), another
antimycin-type depsipeptide, has recently been found to
demonstrate a potent anti-inflammatory effect at low nano-
molar concentrations owing to the suppression of the
production of Th-2 cytokines, such as interleukin (IL)-S and
IL-13, by OVA-stimulated splenocytes.” This discovery
highlights the potential of the antimycin subfamily as anti-
inflammatory agents related to the suppression of Th-2
cytokine release and as research probes for analyzing the
function of mitochondrial electron transport chains.”’

Molecules of the antimycin subfamily comprise nine-
membered dilactone rings linked via an amide bond to an
aromatic acid moiety (Figure 1). Splenocins and antimycins
contain 3-formamido salicylic moieties, whereas UK-2A
possesses a 3-hydroxy-4-methoxypicolinic moiety.

Splenocin B (3) is as effective as dexamethasone in
inhibiting the production of Th-2 cytokines and may be
regarded as a hybrid molecule combining some of the
structural features of UK-2A and antimycin A (the benzyl
group at the C2 position in compound 3 has not been reported
in antimycins).” As an extension of our continuing studies on
UK-2A,""" we have previously accomplished total synthesis of
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compound 3."” This achievement prompted our interest in the
biological evaluation of antimycin-class antibiotics.

In addition to IL-5 and IL-13, IL-4 is a B-cell growth factor
and stimulates B-cell differentiation.”> IL-4 and IL-5 are
essential for the production of IgE and eosinophilia,
respectively.'* Conversely, IL-13 works together with IL-4 in
producing biologic effects associated with allergic inflammation
and defense against parasites.'> Therefore, this study focuses
on inhibitory activities of these antimycin-class antibiotics
against the production of anti-inflammatory cytokine IL-4,
which is related to IgE-mediated allergic responses. Herein, we
report our results from these endeavors.

We first examined the effects of compounds 1—3 on levels of
anti-inflammatory cytokine IL-4 in mouse monoclonal anti-
dinitrophenyl (DNP)-IgE-stimulated rat basophilic leukemia
(RBL-2H3) cells, largely based on a previously reported
method."® IL-4 release from RBL-2H3 cells was restricted in
cells treated with antimycin A and splenocin B at
concentrations > 20 nM (Figure 2A). To the best of our
knowledge, this is the first report on the inhibitory activity of
antimycin A against the production of IL-4. Conversely, UK-
2A significantly restricted this release at concentrations > 2000
nM. These results indicate that the inhibitory effect of UK-2A
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Figure 1. Structures of UK-2A, antimycin A, and splenocin B.
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Figure 2. Effects of compounds 1—3 on anti-inflammatory cytokine IL-4 release (A) and RBL-2H3 cell viability (B). The release levels of IL-4 (A)
were evaluated using DNP-IgE-stimulated RBL-2H3 cells. Results are expressed as a mean value + standard error of the mean (n = 3). Cell viability
(B) was evaluated after the cells were incubated in Dulbecco’s modified Eagle’s medium containing each drug at 37 °C for 24 h. Results are
expressed as a mean value + standard error of the mean (n = 4). The asterisk indicates significant differences against the control based on Student’s
t-test, where data with p < 0.05 were considered to be statistically significant.

Figure 3. Structures of synthesized hybrid molecules (4—6) combining some structural features of UK-2A and antimycin A;. The moiety from

antimycin Aj; is indicated in red.

against IL-4 release is weaker than that of antimycin A and
splenocin B.

Cell viability was also assayed for evaluating cytotoxicity of
compounds 1—3 on RBL-2H3 cells after drug exposure for 24
h using a protocol previously reported.'® Antimycin A and
splenocin B significantly inhibited cell proliferation at
concentrations of >S and >40 nM, respectively (Figure 2B).
However, UK-2A did not exhibit any growth inhibitory effect
up to 4000 nM. Cytotoxicities of antimycin A and UK-2A
established herein are similar to those previously established
using other cell lines, including mouse leukemia P-388, mouse
melanoma B-16, human oral epidermoid carcinoma KB, and
human colon adenocarcinoma COLO201 cells." Specifically,
although antimycin A and splenocin B showed cytotoxicity at

concentrations at which IL-4 release was restricted, UK-2A
restricted IL-4 release without cytotoxicity.

To explore the structure—activity relationship among UK-2A
analogues, three hybrid molecules (4—6) with combined
structural features of UK-2A and antimycin A; were prepared
by methods described previously (Figure 3).” The effects of
compounds 4—6 on release levels of anti-inflammatory
cytokine IL-4 in DNP-IgE-stimulated RBL-2H3 cells were
evaluated by the above-described methods. IL-4 release from
RBL-2H3 cells was dose-dependently restricted in cells treated
with compound § at concentrations of <125 nM (Figure S1).
Maximum restriction was observed at 125—4000 nM. The IC,
value was calculated to be 41.32 nM (Table 1) based on the
data of Figure SI1. These results indicate that the inhibitory
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Table 1. Effects of Compounds 4—6 on Anti-inflammatory
Cytokine IL-4 Release”

compound ICyo (nM) for IL-4 release
4 4386
5 413
6 N.C.

“The release levels of IL-4 were evaluated using DNP-IgE-stimulated
RBL-2H3 cells. Statistical analyses and the calculation of IC, values
were performed using GraphPad Prism 5.02 (GraphPad Software, San
Diego, CA, USA) based on the data in Figure S1. N.C. indicates that
the IC, value could not be calculated, but the maximum restriction
was observed at 1000 nM (Figure S1).

effect of compound S on IL-4 release is ca. 30 times stronger
than that of UK-2A (ICy, = 1377 nM, Figure S1), suggesting
that the 3-formamido salicylic moiety significantly contributes
to restriction of IL-4 release from RBL-2H3 cells. Furthermore,
the restriction levels of compound § were almost constant at
concentrations of >125 nM, possibly indicating that the limited
number of target molecules were saturated by excess S.
Although similar results were reported previously,'” the
mechanism was not provided. Possible targets for compound
S include intracellular signaling molecules or protein kinases in
cascades inducing IL-4 release, IgE antibodies on cell
membrane, or antigens to be bound to the antibodies.
Compound 4 significantly and dose-dependently restricted
the release of IL-4, and maximum inhibition was observed at
4000 nM (Figure S1), indicating that the activity of compound
4 was similar to that of UK-2A. Compound 6 dose-
dependently restricted the release at lower concentrations,
i.e, <1000 nM. As the restrictive effects were weak, ICs, value
was not determined. However, the maximum restriction was
observed at 1000 nM. The restriction was slightly weakened at
higher concentrations, >2000 nM (Figure S1). This indicates
that the substituent at the C2 position on the nine-membered
dilactone ring moiety itself affects restriction of IL-4 release
from RBL-2H3 cells.

Cytotoxicity of compounds 4—6 on RBL-2H3 cells after
drug exposure for 24 h was also evaluated.'® Compounds 4, §,
and 6 did not exhibit any growth inhibitory effect up to 4000
nM (Figure S2). These results indicate that the methyl group
at the C8 position on the nine-membered dilactone ring
moiety contributes to the potency of cytotoxic activities, as
reported previously."" It is notable that compound § restricted
IL-4 release without cytotoxicity.

The lack of the methyl group at the C8 position of antimycin
A did not affect the inhibitory activity against mitochondrial
respiration or cellular production of reactive oxygen species
(ROSs)."" Although respiratory inhibition and ROSs have
been suggested to contribute to the cytotoxicity of antimycins,
little correlation between respiratory inhibition and cytotox-
icity has been reported. For example, the 2-methoxy derivative
at the 3-formamido salicylic moiety has been reported to be
inactive as an inhibitor of cellular respiration but still exhibits
cytotoxicity for anti-apoptotic Bcl-xL-overexpressing cells and
their mitochondria."® Antimycin A interacts with the Bcl-2
homology domain 3-binding hydrophobic groove of Bcl-xL.'®
These factors indicate the existence of another target for
antimycin A. Further investigations are needed for revealing
the role of the methyl group at the C8 position in antimycin

cytotoxicity.

Respiratory inhibition caused by antimycin A was approx-
imately 2.5-fold greater than in the case of UK-2A in porcine
renal proximal tubule LLC-PK1 cells."' On the other hand,
antimycin A induced cellular ROS generation, whereas UK-2A
did not when tested at similar concentrations.'' Although there
seemed to be differences in the harmful effect of antimycin A
and UK-2A toward mitochondria, UK-2A is also expected to
induce cellular ROS generation when tested at extremely high
concentrations of 4000 nM. Mitochondria-derived ROS
generation dependent on partial ATP-synthase inhibition was
reported to act as signal-transducing molecules that trigger
NFkB-guided anti-inflammatory responses in the intestine of
transgenic mice.'® Furthermore, the detection of live bacteria
by macrophages was suggested to remodel and alter the
activity of complexes in the mitochondrial electron transport
chain, which is required for an optimal inflammatory
response.”””" However, these seemed to be different from
the results obtained in this study. Namely, antimycin-class
antibiotics might affect mitochondrial function related to the
electron transport chain, thereby restricting the release of anti-
inflammatory cytokines. As the ROS levels induced by
antimycin A are possibly higher than those triggered in innate
anti-inflammatory responses originating from Toll-like recep-
tors, physiological significance might differ between cytotoxic
agent- and innate stimulation-induced ROS productions.
Similar effects were reported in plant-derived polyphenol
myricetin-induced oxidative stress.”” Myricetin-induced ROS
generation inhibited IL-2, IL-4, and IL-17 cytokine synthesis in
murine T lymphocytes.”> However, in the case of compound 5,
cytotoxicity was not observed up to 4000 nM. ROS generation
by antimycin-class antibiotics depends on the respiratory
inhibition at mitochondrial complex III as described above.
Therefore, compound $-induced ROS generation is expected
to be relatively lower compared with antimycin A. This result
suggests the existence of unknown targets of antimycin-class
antibiotics for the restriction of IL-4 release, rather than ROS
generation-dependent inhibition of the cytokine’s release,
observed in the case of the myricetin treatment.*”

The present study demonstrates that compound S has
antiallergic effects in DNP-IgE-stimulated RBL-2H3 cells.
Compound § showed no cytotoxicity on RBL-2H3 cells up
to 4000 nM, which is far higher than the concentration
required for its IL-4 inhibitory activity. These results indicate
that compound S has potential for further use in anti-
inflammatory drug development. The mechanism of action of
compound § is currently being studied in our laboratories.

B EXPERIMENTAL SECTION

General Experimental Procedures. 'H and *C NMR spectra
were recorded on either Bruker Avance 300 (300 and 75 MHz),
Bruker Avance 400 (400 and 100 MHz), JEOL ECZ-400S (400 and
100 MHz), or Bruker Avance III 600 (600 and 150 MHz)
instruments. Data were reported as follows: chemical shift, multi-
plicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
and br = broad), coupling constant in Hz, integration. Coupling
constants were determined directly from 'H and *C NMR spectra.
Chemical shifts were reported in § (ppm) values relative to CHCL; (6
7.26 ppm for '"H NMR and § 77.0 ppm for *C NMR) and to Me,Si
(6 0.00 ppm for 'H NMR). Mass spectra were obtained on a JEOL
JMS-T100LP (DART, ESI) spectrometer. Infrared absorption spectra
(IR) were measured by a JASCO FT/IR-4600 Fourier transform
infrared spectrometer. Optical rotations were measured on a JASCO
P-2200 with a path length of 1 dm at ambient temperature; the
concentrations are reported in g/dL.
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All air- and moisture-sensitive reactions were carried out in a flame-
dried, argon-flushed, two-necked flask sealed with rubber septa, and
the dry solvents and reagents were introduced using a syringe.
Tetrahydrofuran (THF) was freshly distilled under an argon
atmosphere from sodium benzophenone ketyl. Dichloromethane
(CH,Cl,) was freshly distilled from phosphoric pentaoxide (P,Os).
Flash column chromatography was carried out on a Kanto Chemical
silica gel 60N (spherical, neutral, 40—50 ym), and precoated Merck
silica gel plates (ArtS71S Kieselgel 60F,s,, 0.25 mm) were used for
thin-layer chromatography (TLC). TLC visualization was accom-
panied using a UV lamp (254 nm) or a charring solution (ethanolic p-
anisaldehyde, ethanolic phosphomolybdic acid).

Analytes. Commercially available antimycin A (Sigma-Aldrich, a
mixture of A;—A,) was submitted to the evaluation. UK-2A was a
generous gift from Meiji Seika Pharma Co., Ltd. Splenocin B was
prepared as we have recently reported.'” Compounds 4—6 were
synthesized by the methods described in our previous report’ as
shown in Scheme S1.

Isovaleric acid (3S,4R,7R,8R,95)-[3-(3-hydroxy-4-methoxy-
piridine-2-carbonyl)-amino-7-benzyl-9-methyl-2,6-dioxo-
[1,5]dioxonan-8-yl] ester (4): '"H NMR (600 MHz, CDCL) &
11.78 (s, 1H), 8.59 (d, ] = 8.2 Hz, 1H), 7.99 (d, ] = 5.2 Hz, 1H), 7.25
(t,J = 7.0 Hz, 2H), 7.20 (t, ] = 7.3 Hz, 1H), 7.13 (d, ] = 7.3 Hz, 2H),
6.87 (d, ] = 5.2 Hz, 1H), 5.35 (m, 1H), 5.23 (t, ] = 9.8 Hz, 1H), 5.17
(m, 1H), 4.97 (m, 1H), 3.94 (s, 3H), 3.62 (m, 1H), 3.00 (t, ] = 12.6
Hz, 1H), 2.93 (td, ] = 2.9, 11.4 Hz, 1H), 2.74 (d, ] = 13.0 Hz, 1H),
226 (d, J = 7.1 Hz, 2H), 2.16 (sept, ] = 6.8 Hz, 1H), 1.34 (d, ] = 6.4
Hz, 3H), 1.00 (d, ] = 6.6 Hz, 6H); *C NMR (150 MHz, CDCl;) §
171.79, 171.72, 169.73, 168.95, 155.42, 148.83, 140.70, 137.81,
129.94, 128.75, 128.59, 126.68, 109.70, 75.20, 74.77, 65.25, 56.10,
51.85, 49.98, 43.16, 34.63, 25.46, 22.45, 17.90; HRMS (ESI*) m/z
caled for C,,H;,N,NaO, [M + Na]* §51.20058, found 551.20308; IR
(KBr) 3369, 2966, 1749, 1369, 1241, 849, 760 cm™; [a], +83.2 (¢
0.223, CHCL,).

Isobutyric acid (3S,4R,7R,8R,9S)-7-benzyl-3-(3-formylami-
no-2-hydroxybenzoylamino)-9-methyl-2,6-dioxo-[1,5]-
dioxonan-8-yl ester (5). S was prepared as a 6:1 mixture of
rotamers. Major: "H NMR (600 MHz, CDCl,) 6 12.57 (s, 1H), 8.65
(d,J =8.1 Hz, 1H), 8.53 (dd, J = 1.1, 8.0 Hz, 1H), 8.49 (d, J = 1.1 Hz,
1H), 7.92 (s, 1H), 7.26 (t, ] = 6.9 Hz, 2H), 7.21 (t, ] = 7.8 Hz, 1H),
7.18 (dd, J = 1.1, 8.1 Hz, 1H), 7.12 (d, ] = 6.3 Hz, 2H), 6.89 (t, ] =
8.1 Hz, 1H), 5.46 (m, 1H), 5.24 (t, ] = 9.7 Hz, 1H), 5.16 (m, 1H),
5.02 (m, 1H), 3.60 (m, 1H), 3.03—2.90 (m, 2H), 2.72 (d, ] = 12.1 Hz,
1H), 2.63 (sept, J = 7.0 Hz, 1H), 1.34 (d, ] = 6.4 Hz, 3H), 1.252 (d, ]
= 6.9 Hz, 3H), 1.246 (d, ] = 6.9 Hz, 3H); *C NMR (150 MHz,
CDCLy) & 175.62, 171.89, 170.06, 169.47, 158.97, 150.58, 137.73,
128.74, 128.63, 127.37, 126.76, 124.76, 120.11, 118.93, 112.45, 75.13,
74.91, 65.88, 52.03, 50.90, 34.53, 34.10, 18.97, 18.96, 17.82; HRMS
(ESI*) m/z caled for C,;H;0N,NaOy [M + Na]* 549.18490, found
549.18644; IR (KBr) 3369, 2978, 2937, 1752, 1364, 1242, 740 cm™;
[alp +79.6 (c 6.54 X 107, CHCl,). Minor (diagnostic peaks only):
'H NMR (600 MHz, CDCl,) § 12.41 (s, 1H), 8.77 (d, J = 11.5 Hg,
1H), 7.74 (d, J = 11.2 Hz, 1H), 6.87 (t, J = 8.0 Hz, 1H), 523 (t, ] =
9.0 Hz, 1H); *C NMR (150 MHz, CDCl;) § 160.84, 118.78.

Isobutyric acid (3S,4R,7R,8R,95)-[3-(3-hydroxy-4-methoxy-
piridine-2-carbonyl)-amino-7-butyl-9-methyl-2,6-dioxo-[1,5]-
dioxonan-8-yl] ester (6). 6 was prepared as a 4:1 mixture of
rotamers. Major: "H NMR (600 MHz, CDCl;) 6 11.09 (s, 1H), 8.65
(d,J=8.1 Hz, 1H), 8.01 (d, ] = 5.2 Hz, 1H), 6.89 (d, ] = 5.2 Hz, 1H),
5.48 (brs, 1H), 5.19 (m, 1H), 5.07 (t, ] = 9.9 Hz, 1H), 4.94 (m, 1H),
3.95 (s, 3H), 3.76 (m, 1H), 2.61 (sept, J = 7.0 Hz, 1H), 2.58 (td, ] =
2.9, 13.0 Hz, 1H), 1.72 (m, 1H), 1.28 (d, J = 8.3 Hz, 3H), 1.38—1.09
(m, SH), 1.217 (d, ] = 6.9 Hz, 3H), 1.211 (d, ] = 6.9 Hz, 3H), 0.86 (t,
J = 7.0 Hz, 3H); 3C NMR (150 MHz, CDCL,) § 175.55, 172.67,
169.73, 168.98, 155.43, 148.84, 140.71, 129.97, 109.71, 75.17, 74.90,
65.12, 56.10, 52.06, 50.03, 34.09, 29.17, 28.06, 22.33, 18.93, 18.91,
17.77, 13.73; HRMS (ESI™) m/z caled for C,3H;N,Oy [M — H]™
479.20295, found 479.20270; IR (KBr) 3100, 2937, 1751, 1284, 1240,
810 cm™; [a]p +71.1 (¢ 2.73 X 107", CHCl,). Minor (diagnostic
peaks only): "H NMR (600 MHz, CDCl,) 6 5.14 (br s, 1H), 4.80 (m,

1H), 3.41 (m, 1H), 2.51 (td, J = 2.9, 11.2 Hz, 1H); '3C NMR (150
MHz, CDCl,) § 75.24, 74.20, 66.99, 49.85.

Cell Culture. RBL-2H3 cells (Health Science Resources Bank,
Osaka, Japan) were cultured in Dulbecco’s modified Eagle’s medium
(Sigma, St. Louis, MO, USA) supplemented with 10% fetal bovine
serum (Life Technologies, CA, USA), 100 U/mL penicillin, and 100
ug/mL streptomycin (Sigma) as a growth medium at 37 °C under 5%
CO,.

Measurement of IL-4 Released from Cells. RBL-2H3 cells
were inoculated into a 96-well plate (2.5 x 10* cells/well) and
cultured overnight. The cells were further incubated in a growth
medium containing S0 ng/mL of DNP-IgE (Sigma) for 2 h. After
washing with the growth medium, each drug in N,N-dimethylforma-
mide (0.05% final concentration) was added to the culture. After
incubation for 10 min, DNP-labeled human serum albumin (50 ng/
mL final concentration, Sigma) was added, and the culture was
incubated for 1 h. The release levels of IL-4 in the supernatant were
measured using rat IL-4 platinum ELISA (Invitrogen BMS628) and
the multiplex immunoassay Luminex 200 system (Luminex Co., TX,
USA).

Cytotoxicity Assay. RBL-2H3 cells were seeded on 96-well plates
at an initial density of 10° cells per well and incubated under 5% CO,
for 12 h at 37 °C. After incubation, RBL-2H3 cells were further
incubated in Dulbecco’s modified Eagle’s medium with each drug for
24 h. The medium was then replaced with 100 uL of the culture
medium containing serum. For the detection of relative cell viability, a
Cell Counting Kit-8 (Dojindo Molecular Technologies, 10 uL)
solution was added into each well of the 96-well plate containing a
completely water-soluble tetrazolium salt, WST-8 [2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt], which is reduced by dehydrogenase in living cells
to give an orange-colored outcome, WST-8 formazan, which was also
soluble in the cell medium. The quantity of the formazan was directly
proportional to the amount of living cells after 1 h of incubation, and
results were obtained by a microplate reader at 450 nm.
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