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Three new compounds, 3-hydroxyhericenone F (1), hericenone I (2), and hericenone J (3), were isolated
from the mushroom Hericium erinaceum. The structures of 1-3 were determined by the interpretation of
spectral data. Compound 1 showed the protective activity against endoplasmic reticulum (ER) stress-
dependent Neuro2a cell death, however, compounds 2 and 3 did not.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of the endoplasmic reticulum (ER) in triggering
a specific program of cell death has been recently reported.'? The
ER is the major organelle for Ca%* acquisition and signaling, and its
main role controlled by Ca?*-dependent proteins is the regulation
of synthesis, folding, and export of proteins.? Sustained Ca?* deple-
tion in the ER impaired their functions, which is so-called ER
stress. ER stress induces apoptotic pathways with a signaling be-
tween ER and mitochondria.® By triggering apoptosis on neural
cells, the stress is a major cause of degenerative diseases such as
Alzheimer disease. The protective compounds against ER stress-
dependent cell death are required not only to cure or prevent the
diseases but also to investigate the complex system of apoptosis.
The demand for new protective substances to the ER-stress-depen-
dent cell death prompted us to screen the protective activity of
mushroom extracts. Recently, we found dilinoleoyl-phosphatidyl-
ethanolamine as one of protective principles from the mushroom
Hericium erinaceum.® In the course of the further extensive screen-
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ing, we found a new active compound. Here, we describe the isola-
tion of the new protective compound and two related ones from
the mushroom H. erinaceum.

2. Results and discussion
2.1. Extraction and isolation of 1-3

Fresh fruiting bodies of H. erinaceum were extracted with EtOH
and acetone, successively. The combined extract was subjected to
two-layer-partitioning using H,O and CHCl;. The CHCl; extract
was separated using silica gel column chromatography, followed
by reversed-phase MPLC and HPLC to afford compound 1
(3-hydroxyhericenone F). On the other hand, dried fruiting bodies
were extracted with hexane, EtOAc, and EtOH, successively. The
hexane extract was subjected to silica gel column chromatography
twice, followed by HPLC to give compounds 2 (hericenone I) and 3
(hericenone J).

2.2. Structure determination of 1-3

3-Hydroxyhericenone F (1) was isolated as brown oil. Its molec-
ular formula was determined as CssHs40; by HRESIMS my/z
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609.3782 [M+Na]* (calcd for C35Hs54Na07, 609.3767). The complete
assignment of all the protons and carbons was accomplished by
DEPT, HMQC, COSY, and HMBC experiments as shown in Table 1.
The HMBC correlations are illustrated in Figure 1. The chroman
skeleton was elucidated by the HMBC correlations (H6/C8, C7-
CH,, C5, C4a; H4/C8a, C4a, C3, C2; C7-CH,/C8, C7, C6; H1'/C3, C2,
C2-Me; C2-Me/C3, C2, C1’). The position of the formyl group at
the chroman was elucidated by the HMBC correlations from the
formyl proton to C8 and C7. The position of the methoxy group
was also assigned by the HMBC correlation from the methoxy to
C5. The presence of the ketone (C2’) was indicated by the charac-
teristic chemical shift at éc 201.8. The side chain moiety attached
to C2 was elucidated by the HMBC correlations (H1’/C2’; H3'/C5/,
C4'-Me, C2'; H5'[/C4, C4'-Me, C3'; C4’-Me/C5', C'4, C3'). Since the al-
kyl protons, H2” (64 2.36), H3” (64 1.64), H4” to H15” (overlapped
from Jy 1.20 to1.30 and estimated as 24 protons) and the terminal
methyl (64 0.86) were observed, the presence of palmitate was
suggested. The ester bond between the chroman and the palmitate
was determined by the HMBC correlations from C7-CH,, H3” and
H2" to the carboxy carbon (¢ 173.2). The relative stereochemistry
was determined by 1D NOE difference and NOESY experiments;
NOEs were observed between H3 and C2-Me. As a result, the struc-
ture of 1 was elucidated as (2S",3S")-8-formyl-3-hydroxy-5-meth-
oxy-2-methyl-2-(4-methyl-2-oxopent-3-enyl)chroman-7-ylmethyl
palmitate. Its dehydroxy analogue, hericenone F, has been already
reported as an NGF stimulator.” Compound 1 was suggested to be
racemic by the CD spectrum data.

Hericenone I (2) was purified as colorless crystals. Its molecular
formula was determined as C;9H;,05 by HRESIMS m/z 353.1328
[M+Na]" (calcd for CygH2;Na0s, 353.1365). The structure elucida-
tion using NMR was accomplished in the same manner as 1
(Fig. 1 and Table 1). The chroman skeleton was determined by
the COSY correlations between H3/H4 and the HMBC correlations
as shown in Figure 2 (H6/C9a, C5, C4a; H4/C10, C5, C4a, C3; H3/
C4, C2; C2-Me/C3, C2, C1’; C5-OMe/C5). The structure of the side
chain (position 1’-5’, 4-Me) was elucidated as identical with that
of 1 in the similar manner. The y-lactone moiety was determined

Table 1
Chemical shifts values of 1-3 in CDCls
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Figure 1. COSY and HMBC correlations of 1-3.

by the HMBC correlations (H9/C10, C9a, C7, C6a; H6/C7). As a re-
sult, the plane structure of 2 was determined as 5-methoxy-2-
methyl-2-(4-methyl-2-oxopent-3-enyl)-3,4-dihydro-2H-furo|[ 3,4-
h]chromen-7(9H)-one. The CD spectrum of 2 also indicated that
this compound was racemic (Scheme 1).

Hericenone ] (3) was purified as colorless crystals. Its molecular
formula was determined as C;9H»404 by HRESIMS m/z 339.1549
[M+Na]* (calcd for Cy9H4NaQy4, 339.1572). The structure elucida-
tion using NMR was accomplished in the same manner as 1 and
2 (Fig. 1 and Table 1). The structure of the side chain (position
1’-8") was determined by the COSY cross-peaks (C7'-Me/H6', H6'/
H5’, H5'[H4', C3'-Me[/H2', C3'-Me[/H1’, H2'/H1’) and the HMBC cor-
relations (H1’/C3’, C2’; H2'/C4, C3'-Me, C1’; H4'/C6/, C5', C3', C3'-
Me, C2'; H5'/C7', C6', C4', C3'; HE'/C8, C7'-Me; H8'/C7', C7'-Me,

3-Hydroxyhericenone F (1)

Hericenone I (2)

Hericenone ] (3)

Position H e Position H 3¢ Position H Be
& (multiplicity, J in Hz) ) & (multiplicity, J in Hz) ) & (multiplicity, J in Hz) B
2 733 2 76.5 1 172.8
3 491 (dd, 7.6, 9.8) 89.2 3 1.94 (m) 30.3 3 5.21 (s) 70.3
4 3.10 (dd, 16.4, 9.8) 27.0 2.04 (m) 3a 145.9
3.16 (dd, 16.4, 7.6) 4 2.70 (m) 17.6 4 6.46 (s) 96.0
4a 114.0 4a 116.8 5 164.8
5 160.3 5 159.3 6 117.0
6 6.49 (s) 103.6 6 6.88 (s) 97.0 7 154.5
7 140.3 6a 125.1 7a 104.3
8 1114 7 171.8 5-OCH3 3.88 (s) 56.1
8a 165.9 9 5.11 (d, 15.1) 68.0 1 334 (d, 7.0) 21.6
2-CH; 1.15 (s) 215 5.15(d, 15.1) 2 5.16 (t, 7.0) 1213
5-OCHj; 3.87 (s) 55.6 9a 128.0 3 135.8
7-CH, 5.45 (s) 64.2 10 148.5 4 1.94 (t, 7.6) 39.7
8-CHO 10.22 (s) 187.6 2-CH3 1.41 (s) 24.7 5 2.03 (m) 26.7
1 2.63 (d, 16.8) 49.2 5-OCH3 3.87 (s) 56.0 6 5.04 (t, 6.7) 1243
2.85 (d, 16.8) 1 2.65 (d, 14.4) 52.3 7 131.2
2 201.8 2.76 (d, 14.4) 8 1.62 (s) 25.6
3 6.04 (d, 1.2) 1244 2 197.7 3'-CH3 1.75 (s) 16.1
4 158.9 3 6.05 (s) 125.0 7'-CH; 1.55 (s) 17.6
5 1.89 (s) 279 4 156.2
4'-CH3 2.16 (s) 21.2 5 1.87 (s) 27.9
17 173.2 4' -CH3 2.14 (s) 20.9
2" 2.36 (t, 7.5) 344
3" 1.64 (m) 25.1
4"-15" 1.20-1.30 (m) 22.7-32.0

16" 0.86 (t, 6.9) 14.1
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Figure 2. Protective activity of 1 against ER stress-dependent cell death. The cell
viabilities were analyzed by MTT assay, and the values were represented as
means + SD of the relative percentage of surviving cells compared with the
untreated cells (n=8). 'p <0.05, "p < 0.01, non-paired t-test.

Scheme 1.

C6’; C7'-Me|C8’, C7’, C6'). The benzolactone was constructed by the
HMBC correlations (H3/C7a, C4, C3a, C1; H4/C7a, C6, C5, C3). The
position of the methoxy was elucidated by the HMBC correlation
from H5-OMe to C5. The junction between the side chain and the
benzolactone ring was determined by the HMBC correlations
(H1” to C7, C6, C5). All the dates allowed us to conclude that 3
was (E)-6-(3,7-dimethylocta-2,6-dienyl)-7-hydroxy-5-methoxyiso-
benzofuran-1(3H)-one.

2.3. Protective activity of 1-3 against ER stress-dependent cell
death

Compounds 1-3 were subjected to the protection assay against
ER stress-dependent cell death.® The ER stress was induced by
addition of tunicamycin or thapsigargin into the culture medium
of Neuro2a cells in the presence or in the absence of these com-
pounds. Tunicamycin is an inhibitor of N-glycosylation to glyco-

proteins in the ER and causes protein-misfolding in the ER.
Thapsigargin is an ER Ca?"-ATPase inhibitor that causes Ca®* deple-
tion in the ER. Compound 1 showed significant protective activity
against both of tunicamycin- and thapsigargin-toxicity dose-
dependently (Fig. 2). On the other hand, 2 and 3 did not have
any activity even at the concentrations up to 10 pg/ml (data not
shown). These results indicated that 1 could protect the neuronal
cells by attenuating the ER stress. However, the detailed mecha-
nism of the effects of the compound remains unsolved.

3. Experimental
3.1. General

'H NMR spectra (one- and two-dimensional) were recorded on
a JEOL lambda-500 spectrometer at 500 MHz, while '3C NMR
spectra were recorded on the same instrument at 125 MHz. The
HRESIMS spectra were measured on a JMS-T100LC mass spectrom-
eter. A JASCO grating infrared spectrophotometer was used to re-
cord the IR spectra. The CD spectra were measured on a J-820
spectrometer. MPLC was done with a Yamazen MPLC system and
UltraPak ODS-S50D column (50 x 300 mm, Yamazen, Japan). HPLC
separations were performed with a JASCO Gulliver system using a
reverse-phase column (Wakopak Navi C30-5, Wako, Japan, CAP-
CELL PAK C18 AQ, Shiseido, Japan, Develosil C30-UG-5, Nomura
chemistry, Japan). Silica gel plate (Merck F,s4) and silica gel 60 N
(Merck 100-200 mesh) were used for analytical TLC and for flash
column chromatography, respectively.

3.2. Fungus materials and cultivation

The strain of H. erinaceum was isolated from the fruiting body col-
lected in Nagano Prefecture. Voucher material has been deposited in
the research laboratory of Kubo Industry, Nagano prefecture, Japan.

The culture medium (520 g) was prepared by mixing soybean
peel (35 g), corn powder (36 g), dried tofu refuse (10 g), activated
carbon (2 g), and Japanese beech sawdust and adjusted to 62%
moisture by using a moisture meter FD600 (Kett electric laboratory
Co., Ltd, Japan). The medium was packed in each polypropylene
bottle (520 g/bottle) and autoclaved. The pre-cultured mycelium
was inoculated to the bottle. After cultivation under the condition
(21 °C, 65% humidity, in the dark) for 2 weeks, fruiting body induc-
tion and further cultivation were done under the condition (15 °C,
68% humidity, in the light) for 4 days in an incubator (USC3004,
Mikuni Co., Ltd, Japan). The humidity was controlled by a humidity
adjuster (H3CR, Omron Co., Ltd, Japan).

3.3. Extraction and isolation

The fresh fruiting bodies of H. erinaceum (4.0 kg) were extracted
with EtOH (15 L, four times) and then acetone (15 L). The combined
solution was concentrated under reduced pressure and partitioned
between CHCl; and H,0 and then the aqueous layer was further
extracted with EtOAc. The CHCls-soluble part (186.3 g) was frac-
tionated by silica gel flash column chromatography (100%, 90%,
70% CHCls/acetone, 90%, 70%, 50%, 30% CHCl3/MeOH, MeOH) to ob-
tain fourteen fractions, and the fourth fraction (2.5 g) was sepa-
rated by reversed-phase MPLC (99% MeOH) to obtain 215
fractions. The 13th fraction (82.3 mg) was further separated by re-
versed-phase HPLC (95% MeOH) to afford compound 1 (1.5 mg).

Powder of the dried fruiting bodies of H. erinaceum (1.9 kg) was
successively extracted with hexane (1.75 L, four times) and then
EtOAc (2.4 L, three times). The hexane-soluble part (30.3 g) was
fractionated by silica gel flash column chromatography (95%,
90%, 80%, 50% n-hexane/acetone, acetone, EtOH, 80% EtOH, 70%,
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2-5L each) to obtain seventeen fractions. The ninth fraction
(977.6 mg) was further separated by silica gel flash column chro-
matography (95%, 90%, 70%, 50% n-hexane/acetone, acetone, EtOH,
1-2 L each) and nine fractions were obtained. The seventh fraction
(30.4 mg) was separated by reversed-phase HPLC (99% MeOH) to
afford compounds 2 (0.8 mg) and 3 (1.5 mg).

3.3.1. Compound 1
HRESIMS m/z 609.3782 [M+Na]® (calecd for CssHs4NaO,
609.3767). IR vimax (NaCl) cm™!: 3446, 2916, 2833, 1750.

3.3.2. Compound 2
HRESIMS m/z 353.1328 [M+Na]* (calcd for C;9Hz;NaOs,
353.1365). Mp 90-92 °C. IR Vimax (NaCl) cm~': 1768, 1682.

3.3.3. Compound 3
HRESIMS m/z 339.1549 [M+Na]" (caled for C;9H4NaOQy,
339.1572). Mp 85-90 °C. IR Viax (NaCl) cm™': 3426, 1732.

3.4. Cell viability

Cell viability analysis was performed by 3-(4,5-dimethyl-2-
thiazolyl) 2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.

Cell protection assay on ER stress by MTT assay was performed
as follows. Neuro2a cells were cultured in 96-well plates at cell
density 5000 cells/well. After one-day cultivation, the cells were
cultured in b-MEM without FBS, and 0.5 pg/ml of tunicamycin
(or thapsigargin) and varying concentrations of compounds 1-3

were applied to the medium. The cells were incubated for 24 h,
and then the viability was measured by MTT assay, as described
previously.® Briefly, 0.25 mg/ml of MTT in D-MEM without FBS
were added onto the cells and incubated for 2 h. The incubation
was terminated by addition of 20% SDS (v/w) and 50% dimethyl-
formamide (v/v) in water. The absorbance at 570 nm of the reac-
tion mixture was measured by a microplate reader (Molecular
Devices, USA).
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