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Erinarols G-J and 10 known ergostane-type sterols were isolated from a methanol extract of the dried
fruiting bodies of Hericium erinaceum. Their chemical structures were elucidated using extensive spectro-
scopic analyses including 1D and 2D NMR experiments and HR-ESI-MS analysis, as well as through com-
parison with previously reported data. Anti-inflammatory effects of the isolated compounds were
evaluated in terms of inhibition of tumor necrosis factor o (TNF-ot) and nitric oxide (NO) production in
lipopolysaccharide (LPS)-stimulated murine RAW264.7 macrophage cells. The results showed that erina-
rols H and J, as well as 2 of the ergostane-type sterols exhibited inhibitory activity against TNF-o secre-
tion, with inhibition values ranging from 33.7% to 43.3% at 10 uM. Erinarols ] and three ergostane-type
sterols exhibited significant inhibitory effects against NO production, with inhibition values ranging from

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Fruiting bodies of Hericium erinaceum (Hericiaceae) are a
traditional herbal medicine widely used in China, Korea, and
Japan. H. erinaceum is also a well-known edible mushroom, known
as the Lion’s Mane Mushroom. Previous phytochemical investiga-
tions of H. erinaceum have established the presence of polysaccha-
rides (Mizuno et al., 1992), diterpenoids (Kenmoku et al., 2001),
diterpenoid glycosides (Kawagishi et al., 1994, 1996, 2006; Lee
et al., 2000), and aromatic compounds (Kawagishi et al., 1990,
1991, 1993; Alberto et al., 1995; Yaoita et al., 2005; Ueda et al,,
2008). However, few studies describing the sterol components of
H. erinaceum have been reported (Li et al., 2001).

Hericeones, which are typical aromatic compounds of
H. erinaceum, showed significant cytotoxicity against several
cancer cell lines (Kim et al., 2012). They also promote nerve growth
factor (NGF) synthesis (Kawagishi et al., 1991, 1993, 1994, 1996,
2006; Ma et al., 2010). Polysaccharides are also known to have
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immunomodulatory effects (Yaoita et al., 2005). In a previous
study, it was reported that aromatic compounds from this
mushroom significantly reduced HL-60 human acute promyelocy-
tic leukemia cell proliferation, and sterol fatty acid esters have
significant effects on peroxisome proliferator-activated receptor
(PPAR) transactivational activity (Li et al., 2015). In a continuing
search for unique structures and potent anti-inflammatory
metabolites from H. erinaceum, 14 sterols were isolated. These ster-
ols were evaluated for inhibitory activity against TNF-o. and NO
production in LPS-stimulated murine RAW264.7 macrophage cells.

2. Results and discussion
2.1. Structural elucidation

Fourteen sterols, comprising 4 new (1-4), and 10 known (5-14)
sterols, were isolated from the dried fruiting bodies of
H. erinaceum. Their structures were identified as erinarol G (1),
erinarol H (2), erinarol I (3), erinarol ] (4), (38,5%,22E) ergosta-
6,8(14),22-triene-3,5-diol (5), fomentarol A (6) (Zang et al,
2013), (3B,70,22E) ergosta-8(14),22-diene-3,7-diol (7) (Notaro
et al., 1992b), 7-ketobrassicasterol (8) (Notaro et al., 1992a),
(3B,22E) ergosta-5,8(14),22-triene-7-one (9) (Lin et al., 1999),
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50,60-epoxy-34-hydroxy ergosta-22-ene-7-one (10) (Lee et al,
2008), 5a,60-epoxy-(22E,24R)-ergosta-8(14),22-diene-34,7p-diol
(11) (Ishizuka et al., 1997), 5a,60-epoxy-(22E,24R)-ergosta-7,22-
diene-3p-ol (12) (Bok et al, 1999), 5a,60;8,90c-diepoxy-
(22E,24R)-ergosta-22-ene-33-7a-diol (13) (Yaoita et al., 1999),
and 50,60;80,90-diepoxy-(22E,24R)-ergosta-22-ene-33-7 -diol
(14) (Yaoita et al., 1999). Among them, compounds 1-4 were novel.
Compound 5 was isolated from nature for the first time but has
been synthesized previously. All of these compounds were isolated
for the first time from Hericium species (Fig. 1).

Compound 1 was isolated as a white powder. Its molecular for-
mula was established as C;gH4,0, using HR-ESI-MS (m/z 411.3254
[M+H]*; calcd. 411.3258). The 'H NMR spectrum (Table 1) had
resonances corresponding to six methyls [3y 0.63 (s, Me-18), 0.80
(d, J=6.5Hz, Me-26), 0.82 (d, J=6.5Hz, Me-27), 091 (d,
J=6.6 Hz, Me-28), 1.03 (d, J = 6.5 Hz, Me-21), 1.15 (s, Me-19)], an
oxymethine [6y 4.31 (m, H-3«)], and four olefinic protons [y
5.13 (dd, J=15.3, 7.7 Hz, H-22), 5.21 (dd, J=15.3, 7.0 Hz, H-23),
5.83 (s, H-7), 6.44 (brs, H-4)]. Its *C NMR spectrum (Table 2)
showed 28 resonances, which were assigned to six methyls [3c
12.8 (C-18), 17.6 (C-28), 19.7 (C-26), 20.0 (C-27), 20.9 (C-21),
21.1 (C-19)], six sp> methylenes [5c 21.7 (C-15), 22.6 (C-11), 27.9
(C-16), 28.5 (C-2), 34.7 (C-1), 38.6 (C-12)], one oxygenated sp>
methine [5¢ 67.4 (C-3)], four sp?> methines [5¢ 123.8 (C-7), 132.8
(C-23), 133.3 (C-4), 135.0 (C-22)], two sp? quaternary carbons [5¢
143.6 (C-5), 166.6 (C-8)], and a carbonyl carbon [5c 188.5 (C-6)].
The above data thus demonstrated that 1 was a A*’-ergostane
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derivative, similar to 63-hydroxyergosta-4,7,22-triene-3-one (1a),
a known sterol previously obtained from the mushroom
Ganoderma lucidum (Nishitoba et al., 1988). The difference between
these compounds was the replacement of a carbonyl group by a
hydroxy group. That is, the '3C NMR spectroscopic data of 1a
showed a carbonyl group (8¢ 199.7) at C-3 and a hydroxy group
(8¢ 71.3) at C-6, this being different from 1 [§¢ 67.4 (C-3) and
188.5 (C-6)]. Its COSY spectrum showed correlations between H-
1/H-2/H-3/H-4, which suggested that the hydroxyl group was
located at C-3. Key HMBC correlations between H-4 (8 6.44) and
C-6 (8¢ 188.5) indicated the carbonyl group was located at C-6
(Fig. 2). NOE correlations were observed between H-1u (8y 1.87)
and H-3a (8 4.31) and H-14 (84 1.57) and Me-19 (8y 1.15), indicat-
ing that the hydroxyl group was in the 3-orientation (Fig. 3). The
large coupling constant (15.3 Hz) between H-22 and H-23 in accor-
dance with an E configuration of the double bond. Therefore, com-
pound 1 was elucidated with the structure as shown in Fig. 1, and
named 3-hydroxy ergosta-4,7,22-triene-6-one (erinarol G).
Compound 2 was obtained as a white powder. Its molecular for-
mula was established as CogH4404 using HR-ESI-MS (m/z 467.3132
[M+Na]*; calcd. 467.3132). Its 'TH NMR spectrum (Table 1) had six
methyls [y 0.80 (d, J = 7.0 Hz, Me-26), 0.83 (d, J = 7.0 Hz, Me-27),
0.89 (d, J = 6.6 Hz, Me-28), 0.92 (s, Me-18), 1.02 (d, ] = 6.5 Hz, Me-
21), 1.10 (s, Me-19)], an oxymethine [3y 4.26 (m, H-3)], and four
olefinic protons [8y 5.17 (d, J=10.0Hz, H-7), 5.19 (dd,
J=15.3,7.7Hz, H-22), 5.24 (dd, J=15.3,7.0Hz, H-23), 5.95 (d,
J=10.0 Hz, H-6)]. Its '3C NMR spectrum (Table 2) also exhibited
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7 R=cOH A 10 R=0 13 R=aOH
8 R=0 A’ 11 R=B0H A% 14 R=/0OH
9 R=0 A>8014 12 R=H A7

Fig. 1. Structures of compounds 1-14 from H. erinaceum.
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Table 1
"H NMR spectroscopic NMR data of compounds 1-5 (600 MHz, ] in Hz).
Position 1% 2¢ 3° 4° 5%
1 1.87, m 2.28, m 1.82, m 1.95, m 1.88, m
1.57, m 1.44, m 1.36, m 151, m 1.46, m
2 2.04, m 1.93, m 2.06, m 1.86, m 1.96, m
1.54, m 1.53, m 1.77, m 1.30, m 1.60, m
3 431, m 4.26, m 3.79, m 4.05, m 4.06, m
4 6.44, brs 1.88, m 4.44,d,9.0 242, m 1.95, m
1.67, m 1.50, m 1.85, m
6 - 5.95, d, 6.60, m 5.58,d,9.8 5.34,d,9.9
10.0
7 5.83,s 5.17,d, 5.64, m 6.18,d,9.8 6.05,d,9.9
10.0
9 224, m - 2.04, m - 2.40, m
11 1.64, m 1.99, m 1.68, m 237, m 1.63, m
1.46, m 1.48, m 152, m 2.00, m 1.49, m
12 211, m 1.97, m 1.98, m 1.89, m 201, m
147, m 1.44, m 1.19, m 1.73, m 1.25, m
14 2.05, m - 1.86, m - -
15 1.71, m 1.85, m 1.65, m 2.35, m 233, m
1.66, m 151, m 1.40, m 227, m 224, m
16 133, m 1.45, m 1.72, m 1.40, m 1.40, m
17 133, m 1.57, m 1.20, m 1.28, m 1.18, m
18 0.63, s 0.92, s 0.63, s 0.99, s 0.89, s
19 1.15, s 1.10, s 1.03, s 1.29, s 0.75, s
20 2.03, m 2.09, m 2.02, m 2.09, m 2.09, m
21 1.03,d,6.5 1.02,d,65 1.03,d,66 1.01,d,6.5 1.03,d,6.5
22 5.13, dd, 5.19, dd, 5.17, dd, 5.16, dd, 5.16, dd,
15.3,7.7 15.3,7.7 15.3,7.7 15.3,7.7 15.3,7.7
23 5.21, dd, 5.24, dd, 5.22, dd, 5.20, dd, 5.20, dd,
15.3,7.0 15.3,7.0 15.3,7.0 15.3,7.0 15.3,7.0
24 1.84, m 1.84, m 1.85, m 1.83, m 1.84, m
25 1.46, m 1.45, m 1.44, m 143, m 1.45, m
26 0.80,d,6.5 0.80,d,7.0 0.83,d,6.5 0.81,d,6.5 0.82,d,6.5
27 0.82,d,6.5 0.83,d,70 0.83,d,6.5 0.81,d,6.5 0.82,d,6.5
28 091,d,6.6 0.89,d,6.6 093,d,6.7 090,d,6.7 091,d,6.7

Assignments were done by COSY, HMQC, and HMBC experiments.
@ Measured in CDCls.
b Measured in CDCls + pyridine-ds.

28 signals, which included six sp® methyls [5¢ 15.5 (C-18), 17.6
(C-28), 19.7 (C-26), 204 (C-27), 21.1 (C-21), 21.6 (C-19)], one
oxygenated sp> methine [5¢ 66.8 (C-3)], four sp? methines [5¢c 124.3
(C-7),132.9 (C-23), 134.6 (C-22), 140.8 (C-6)], and four oxygenated
quaternary carbons [d¢ 67.5 (C-8), 73.0 (C-5), 75.7 (C-9), 84.2
(C-14)]. Both 'H and '3C NMR spectroscopic data of 2 had some
similarity to compound 5, except for substituent groups at C-8, 9,
and 14 (Tables 1 and 2). A double bond between C-8 (¢ 123.9)
and C-14 (8¢ 149.0) was not observed, however, as it was oxidized
to form the 8,9-epoxy (8¢ 67.5 and 75.7) and 14-OH (8¢ 84.2) moi-
ety. Its HMBC spectrum displayed key correlations between: H-4
(84 1.88/1.67) and C-3 (3¢ 66.8), C-5 (8¢ 73.0), and C-6 (3¢ 140.8);
Me-19 (8y 1.10) and C-5 (8¢ 73.0) and C-9 (8¢ 75.7); H-6 (34
5.95) and C-8 (8¢ 67.5) and C-5 (8¢ 73.0); H-7 (8y 5.17) and C-8
(8¢ 67.5), C-9 (8¢ 75.7), and C-14 (8¢ 84.2); and Me-18 (3y 0.92)
and C-14 (3¢ 84.2), suggesting that the hydroxy groups were at
C-3, C-5, and C-14, and an epoxy group was at C-8 and C-9
(Fig. 2). The relative configuration of 3 was determined using both
a NOESY NMR experiment (Fig. 3) and empirical pyridine-induced
deshielding effects. NOE correlations were noted between H-4« (34
1.67) and H-3u (8y 4.26), and H-48 (64 1.88) and Me-19 (5 1.10).
These were indicative of the 3p-orientation of the hydroxy group
(Zang et al., 2013). Analysis of the NOE spectrum suggested that
the B-ring was in a boat-type conformation, resulting in an o-
orientation of its 8,9 epoxide moiety. Chemical shifts of H.y-3,
H.x-4, H-6, H-7, and H,x-12 measured in pyridine-ds were shifted
downfield, indicative of a 8a,90-epoxy-38,5x,140-trihydroxylated
system in 2 (Madaio et al.,, 1989; Migliuolo et al., 1990; Yue
et al., 2001). Thus, structural identification of compound 2 was

established and it was named 8«,9x-epoxy ergosta-6,22-diene-
3B8,5a,140-triol (erinarol H).

Compound 3 was isolated as a white powder and its molecular
formula was assigned as C,gH440, based on a pseudomolecular ion
peak at m/z 411.3265 [M-H]~; calcd. 411.3269) in the HR-ESI-MS
spectrum. Its 'H and 3C NMR spectroscopic data (Tables 1 and
2) of 3 closely resembled those of ergosterol (Li et al., 2001), the
only difference being that 3 possessed an «-OH group at C-4 (3¢
74.9), whereas ergsterol was a methylenic moiety (8¢ 39.8). This
interpretation was supported by HMBC correlations between H-
4B (8y 4.44) and C-3 (3¢ 75.1), C-5 (8¢ 143.8), and C-6 (3¢ 116.9),
as well as by comparison with reported data (Fig. 2). Its relative
configuration was determined using a NOESY NMR experiment
(Fig. 3), with key NOE correlations noted between H-3u (54 3.79)
and H-1o (8y 1.82), and H-4p8 (8y 4.44) and Me-19 (8y 1.03).
These were indicative of a 3,4c-orientation of the hydroxy groups.
Thus, compound 3 structure was established, and named ergosta-
5,7,22-triene-3p,4a-diol (erinarol I).

The molecular formula of compound 4 (yellowish powder) was
assigned CygH4,05 based on its pseudomolecular ion peak at m/z
427.3228 [M+H]*; calcd. 427.3207) in the HR-ESI-MS spectrum.
Its 'TH NMR spectrum (Table 1) had signals for six methyl protons
[64 0.81 (d, J= 6.5 Hz, Me-26, 27), 0.90 (d, ] = 6.7 Hz, Me-28), 0.99
(s, Me-18), 1.01 (d, J=6.5Hz, Me-21), and 1.29 (s, Me-19)], an
oxymethine [3y 4.05 (m, H-3a)], and four olefinic protons [5.16
(dd, J=15.3, 7.7 Hz, H-22), 5.20 (dd, J=15.3, 7.0 Hz, H-23), 5.58
(d,J=9.8 Hz, H-6), and 6.18 (d, ] = 9.8 Hz, H-7)]. The '*C NMR spec-
trum (Table 2) exhibited 28 resonances, which were assigned to six
sp> methyls [8¢ 17.2 (C-28), 17.7 (C-18), 19.7 (C-26), 19.9 (C-19),
20.0 (C-27), 21.3 (C-21)], seven sp> methylenes [5¢ 25.1 (C-15),
27.9 (C-16), 31.5 (C-11), 33.1 (C-2), 36.6 (C-1, 12), 39.5 (C-4)],
one oxygenated sp> methine [5c 66.5 (C-3)], four sp? methines
[3¢c 124.8 (C-7), 130.6 (C-6), 132.5 (C-23), 135.2 (C-22)], three oxy-
genated sp> quaternary carbons [3¢ 82.9 (C-10), 84.8 (C-5), 103.8
(C-9)], and two sp? quaternary carbons [5¢ 125.7 (C-8), 151.0
(C-14)]. The obvious down-field chemical shift of C-9 (¢ 103.8)
was suggestive of an acetal carbon. The above data was indicated
that 4 was a A®8%)_ergostane derivative similar to compound 5
(Tables 1 and 2), but contains an unusual 6,8-diox-
abicyclo[3.2.1]oct-2-ene ring instead of the B ring in 5. The connec-
tivities of 6,8-dioxabicyclo[3.2.1]oct-2-ene ring and A and C rings
of sterol were assembled based on correlations between H-6 (dy
5.58) and C-5 (8¢ 84.8) and C-10 (3¢ 82.9); Me-19 (84 1.29) and
C-5 (3¢ 84.8) and C-10 (3¢ 82.9); H-7 (84 6.18) and C-5 (3¢ 84.8),
C-8 (3¢ 125.7), C-9 (5¢ 103.8), and C-14 (5¢ 151.0); and H-12 (8y
1.89/1.73) and C-9 (5¢ 103.8) in the HMBC spectrum (Fig. 2).
Thus, structure of 4 was elucidated, and those relative config-
uration was determined using a NOESY NMR experiment (Fig. 3).
The NOE correlations between H-1a (84 1.95) and H-3o (84 4.05),
H-4o (8 1.50) and H-3a (8 4.05); and Me-19 (8y 1.29) and H-18
(84 1.51) implied that the A ring adopted a boat conformation,
and that the 3-OH group was in a p-orientation. The NOESY
cross-peak between Me-19 (8y 1.29) and H-4p8 (8y 2.42) and H-
118 (8y 2.37) suggested that the A ring and dioxolane ring were
cis-fused, and that the C-0 bonds of the dioxolane ring were ¢-ori-
ented (Zhu et al., 2014). Thus, the structure and relative stereo-
chemistry of compound 4 were determined, and it was named
50,9,10-dioxypentylcyclo ergosta 6,8(14),22-triene-3$-ol
(erinarol J).

2.2. Bioassays

The effects of compounds 1-14 on LPS-induced production of
the inflammatory mediators NO and TNF-o by RAW 264.7 cells
were evaluated. First, cell viability was measured using the 3-
(dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
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Table 2

13C NMR spectroscopic data of compounds 1-5 (150 MHz).
Position 1° 2¢ 3° 4° 52
1 34.7 CH, 25.0 CH, 383 CH, 36.6 CH, 244 CH,
2 28.5 CH, 29.7 CH, 29.6 CH, 331 CH, 284 CH,
3 67.4 CH 66.8 CH 751 CH 66.5 CH 67.5 CH
4 1333 CH 42.1 CH, 74.9 CH 39.5 CH, 39.7 CH,
5 143.6 C 73.0 C 143.8 C 84.8 C 75.7 C
6 188.5 C 140.8 CH 116.9 CH 130.6 CH 131.7 CH
7 123.8 CH 1243 CH 117.0 CH 124.8 CH 125.1 CH
8 166.6 C 67.5 C 140.6 C 125.7 C 1239 C
9 474 CH 75.7 C 46.9 CH 103.8 C 38.0 CH
10 38.0 C 423 C 38.5 C 82.9 C 40.1 C
11 22.6 CH, 25.7 CH, 21.2 CH, 315 CH, 20.0 CH,
12 38.6 CH, 283 CH, 39.1 CH, 36.6 CH, 36.3 CH,
13 444 C 423 C 429 C 440 C 43.5 C
14 56.1 CH 84.2 C 54.6 CH 151.0 C 149.0 C
15 21.7 CH, 28.4 CH, 23.1 CH, 25.1 CH, 25.0 CH,
16 279 CH, 267 CH, 285 CH, 279 CH, 27.9 CH,
17 56.0 CH 521 CH 55.6 CH 56.5 CH 56.0 CH
18 12.8 CH3 15.5 CH3 12.0 CH3 17.7 CH3 19.1 CH3
19 21.1 CH, 216 CH, 17.6 CH, 19.9 CH, 16.9 CH,
20 40.3 CH 39.5 CH 40.6 CH 39.0 CH 394 CH
21 20.9 CH3 211 CH3 21.0 CH3 213 CH3 21.2 CH3
22 135.0 CH 134.6 CH 135.9 CH 135.2 CH 135.3 CH
23 132.8 CH 132.9 CH 131.9 CH 132.5 CH 132.0 CH
24 42.8 CH 42.8 CH 429 CH 429 CH 429 CH
25 331 CH 331 CH 331 CH 32.9 CH 331 CH
26 19.7 CH, 19.7 CH; 19.7 CH; 19.7 CH; 19.7 CH;
27 20.0 CH3 204 CH3 203 CH3 20.0 CH3 199 CH3
28 17.6 CH3 17.6 CH3 17.7 CH; 17.2 CH; 17.7 CH3

Assignments were done by COSY, HMQC, and HMBC experiments.
2 Measured in CDCls.
> Measured in CDCl; + pyridine-ds.

Fig. 2. 'H-'H COSY and HMBC correlations of compounds 1-4.

assay. The results showed that compounds 1-14 did not affect cell
viability at the tested concentrations (data not shown). Bacterial
lipopolysaccharide (LPS), alone or in combination with interferon,
is the best-characterized stimulus for the induction of inflamma-
tory mediators, cytokines, and oxygen and nitrogen species

(MacMicking et al., 1997). Celecoxib, which is the cyclooxygenase
(COX)-2 specific inhibitor, has become a rapidly growing segment
of the prescription drug market, especially in patients with
osteoarthritis (OA) and rhematoid arthritis (RA), was used as a
positive control. The secretion of TNF-a decreased after treatment
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Fig. 4. Effects of isolated compounds on TNF-o (A) and NO (B) production in LPS-stimulated RAW 264.7 cells. LPS stimulation (1 pg/mL). Data represent the mean * S.D. of at

least three independent experiments performed in triplicate. Statistical significance was determined by one-way ANOVA followed by Dunnett’'s multiple comparison test.
LPS: lipopolysaccharide; PC: positive control. *Celecoxib (1 M) was used as a positive control.

with compounds 2 and 4-6 exhibited inhibitory activities at moderate effects (24.6-26.3%) at the same concentration
10 uM, with inhibition values of 37.5%, 43.3%, 36.7%, and 33.7%, (Fig. 4A). Other compounds had negligible effects. Based on the
respectively, which compared well with the positive control above data, compounds 2 and 4-6 may be used to treat abnormally

(52.5% at 1 uM). Moreover, compounds 1, 3, 7, and 9 showed increased TNF-a levels.
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NO production was measured using Griess reaction assays. At
the highest concentration (10 ptM), compounds 4 and 8-10 showed
potent inhibitory activities, with inhibition values of 38.4%, 50.5%,
71.5%, and 51.6%, respectively (Fig. 4B), which compared with
positive control (55.9% at 1 uM). By comparison compounds 5
and 11-14 exhibited moderate inhibitory activities. Interestingly,
compounds 8-10, which were not active at 0.4 and 2 puM, showed
strong inhibitory effects at 10 uM. In addition, only compound 4,
which contains a 6,8-dioxabicyclo[3.2.1]oct-2-ene moiety, showed
strong inhibition in both the nitric oxide and TNF-o secretion
assay.

When performing structure-activity relationship assays of iso-
lated sterols (1-14), it was found that compounds 2, 5, and 6,
which showed strong inhibitory activities against TNF-a produc-
tion, had similar structures. When a hydroxy group was linked to
C-5 of the aglycone, its inhibitory activity increased significantly,
and was comparable to those of compounds 1, 3, and 7-14.
Therefore, the hydroxy group at C-5 appears to be a key functional
element. In contrast, compounds 8-10, which contain a carbonyl
group at C-7 of aglycone, showed strongest inhibitory activities
against NO production. These results indicated that carbonyl group
at C-7 plays an important role in inhibition of NO production.

3. Concluding remarks

In the present report, 14 ergostane-type sterols were isolated
from the methanol extract of dried fruiting bodies of H. erinaceum.
Erinarols G-] (1-4) were novel compounds, while compound 5 was
isolated from nature for the first time. It had apparently been syn-
thesized previously, although no spectroscopic data was reported.
Here, the 'H and '3C NMR data of compound 5 are now reported
(Tables 1 and 2). The other compounds isolated are also reported
for the first time from Hericium species. All isolated compounds
were evaluated for their effects on LPS-induced production of NO
and TNF-a. These results indicated that sterol components from
H. erinaceum inhibited production of both NO and TNF-a in stimu-
lated RAW 264.7 cells. Overall, the results suggest that sterols from
H. erinaceum can possible be used to treat inflammatory diseases.

4. Experimental
4.1. General experimental procedures

Optical rotations were determined using a Jasco DIP-370 auto-
matic polarimeter. The FT-IR spectra were measured using a
Jasco Report-100 infrared spectrometer. The NMR spectra were
recorded using a JEOL ECA 600 spectrometer ('H, 600 MHz; '3C,
150 MHz). The LCQ advantage trap mass spectrometer (Thermo
Finnigan, San Jose, CA) was equipped with an electrospray ioniza-
tion (ESI) source, and high-resolution electrospray ionization mass
spectra (HR-ESI-MS) were obtained using an Agilent 6530
Accurate-Mass Q-TOF LC/MS system. Column chromatography
(CC) was performed using silica gel (Kieselgel 60, 70-230, and
230-400 mesh, Merck, Darmstadt, Germany), and YMC RP-18
resins, whereas thin layer chromatography (TLC) was performed
using pre-coated silica-gel 60 F,54 and RP-18 Fys45 plates (both
0.25 mm, Merck, Darmstadt, Germany).

4.2. Fungal material

Dried fruiting bodies of H. erinaceum were purchased from her-
bal market, Kumsan, Chungnam Province, Korea in August 2013. Its
scientific name was identified by one of the authors (Young Ho
Kim). A voucher specimen (CNU 13110) is deposited at the
Herbarium of College of Pharmacy, Chungnam National University.

4.3. Extraction and isolation

Dried fruiting bodies (2.5 kg) of H. erinaceum were extracted
with MeOH (5 L x 3) under conditions of reflux (70 °C). The com-
bined dried MeOH extract (320.0 g) of H. erinaceum was suspended
in H,O and partitioned with CHCls, yielding CHCI; (90.0 g) and
aqueous (220.0 g) fractions. The CHCl; fraction (90.0 g) was sub-
jected to silica gel (5.0 x 30 cm) CC with a gradient of n-hexane-
EtOAc-MeOH (25:1:0, 9:1:0, 5:1:0, 2.5:1:0, 1:1:0.1, 1:1:0.3,
0.5:1:0.5; 4 L for each step) to give 8 fractions (Fr. 1A-1H).
Fraction 1C was separated further by silica gel (2.0 x 80 cm) CC
with a gradient of n-hexane-EtOAc (20:1 to 10:1, 10 L) to give 11
sub-fractions (Fr. 1C-1-1C-11). Fraction 1C-6 was then subjected
to YMC (1.5 x 80 cm) CC with a MeOH-acetone-H,0 (3:3:1, 5:5:1,
8:8:1; 1.2 L for each step) elution solvent to give compound 5
(7.0 mg). Fraction 1C-8 was applied to YMC (2.0 x 80 cm) column,
eluted with MeOH-acetone-H,0 (3:3:1, 4:4:1, 6:6:1, 9:9:1; 2.0L
for each step) to give compounds 4 (18.0 mg) and 8 (22.0 mg).
Fraction 1C-11 was subjected to YMC (1.5 x 80 cm) CC, eluted with
MeOH-acetone-H,0 (3:3:1, 5:5:1, 7:7:1; 1.5 L for each step) to give
compounds 10 (29.0 mg) and 12 (9.6 mg). Fraction 1D was
separated using silica gel (2.0 x 80 cm) CC with a gradient of n-
hexane-EtOAc (8:1 to 1.5:1, 20L) to give 14 sub-fractions (Fr.
1D-1-1D-14). Fraction 1D-7 was subjected to an YMC
(1.0 x 80 cm) column chromatography with a MeOH-acetone-
H,0 (0.5:1:1, 1:2:1, 2:4:1, 3:6:1, 5:10:1; 1 L for each step) elution
solvent to give 8 sub-fractions (Fr. 1D-7-A-1D-7-H). Fraction 1D-7-
G was applied to a silica gel (1.0 x 80 cm) column with a CHCl3-
acetone (20:1; 1L) eluants to give compounds 1 (17.0 mg) and
14 (5.6 mg). Fraction 1D-8 was subjected to YMC (1.0 x 80 cm) col-
umn chromatography with a MeOH-acetone-H,0 (0.4:0.8:1, 1:2:1,
2:4:1, 3:6:1, 5:10:1; 1L for each step) eluants to give 5 sub-frac-
tions (Fr. 1D-8-A-1D-8-E). Fraction 1D-8-D was applied to a silica
gel (1.0 x 80 cm) column with a CHCl;-acetone (15:1; 1 L) eluants
to give compounds 7 (6.5 mg) and 9 (3.4 mg). Fraction 1D-8-E was
subjected to silica gel (1.5 x 80 cm) CC with a CHCl3-acetone (10:1;
1 L) eluants to give compound 3 (6.0 mg). Fraction 1D-11 was
applied to YMC (1.0 x 80 cm) column with MeOH-acetone-H,0
(0.6:1.2:1, 1:2:1, 2:4:1, 3:6:1, 5:10:1; 1 L for each step) as eluants
to give 7 sub-fractions (Fr. 1D-11-A-1D-11-G). Fraction 1D-11-D
was subjected to silica gel (1.0 x 80 cm) CC with CHCls-acetone
(10:1, 5:1, 3:1; 1 L for each step) eluants to give compounds 2
(12.0 mg), 6 (4.0 mg), and 13 (16.5 mg). Fraction 1D-11-F was sub-
jected to silica gel (1.0 x 80 cm) CC with a CHCl3-acetone (15:1; 1
L) eluants to give compound 11 (6.8 mg).

4.3.1. Erinarol G (1)

White powder; [0%: -13.2 (c 0.1, CHCls); IR (KBr) vmax 3328,
2920, 1651, 1452 cm™'; For 'H NMR (CDCl;, 600 MHz) and '3C
NMR spectroscopic data (CDCl;, 150 MHz), see Tables 1 and 2;
HR-ESI-MS m/z 411.3254 [M+H]* (calcd. 411.3258).

4.3.2. Erinarol H (2)

White powder; [o)Z’: —20.0 (c 0.1, CHCl3); IR (KBr) viax 3331,
2932, 2802, 1649, 1408 cm™'; For 'H NMR (CDCl3, 600 MHz) and
13C NMR spectroscopic data (CDCls, 150 MHz), see Tables 1 and
2; HR-ESI-MS m/z 467.3132 [M+Na]" (calcd. 467.3132).

4.3.3. Erinarol I (3)

White powder; [o]5: -9.6 (c 0.1, CHCl3); IR (KBr) vimax 3302,
2947, 2777, 1655, 1460 cm™!; For 'H NMR (CDCl; + pyridine-ds,
600 MHz) and '3C NMR spectroscopic data (CDCls + pyridine-ds,
150 MHz), see Tables 1 and 2; HR-ESI-MS m/z 411.3265 [M-H]~
(calcd. 411.3269).
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4.3.4. Erinarol ] (4)

Yellowish powder; [o%’: -27.6 (c 0.1, CHCl5); IR (KBr) Vpax
3338, 2941, 1662, 1457 cm™'; For 'H NMR (CDCls, 600 MHz) and
13C NMR spectroscopic data (CDCls;, 150 MHz), see Tables 1 and
2; HR-ESI-MS m/z 427.3228 [M+H]" (calcd. 427.3207).

4.4. Cell culture and stimulation

RAW 264.7 cells were obtained from the Korean Cell Line Bank
(KCLB, Chongno-gu, Seoul, Korea) and maintained in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) and 100 U/ml
penicillin at 37 °C in humidified incubator containing 5% CO,.
Cells were cultured at 2 x 10° cells/mL in RPMI 1640 containing
10% FBS in 96-well tissue culture plates for 18 h and were then pre-
treated with 0.4, 2, and 10 uM concentrations of compounds 1 h
before LPS (1 pig/mL) stimulation 24 h in incubator.

4.5. Cell viability

Cell viability was evaluated by the MTT method. Briefly, MTT
was added to the cell culture medium for 4 h. The supernatant
was removed and the formazan crystals were dissolved in
dimethyl sulfoxide (DMSO). Absorbance was measured at
540 nm. The percentage of dead cells was determined relative to
the control group.

4.6. Nitric oxide assay

Nitrite, which accumulated in the culture medium, was mea-
sured using the Griess reaction as an indicator of NO production.
Briefly, cell culture medium (100 pL, without phenol red) was
mixed with an equal volume of Griess reagent (equal volumes of
1% (w/v) sulfanilamide in 5% (v/v) H3PO4 and 0.1% (w/v) naph-
thylethylenediamine-HCl), incubated at room temperature for
20 min, with absorbance then measured at 520 nm using a micro-
plate reader. Fresh culture medium was used as a blank in all
experiments. The amounts of nitrite in the samples were obtained
by means of the NaNO, serial dilution standard curve and where
nitrite production was measured.

4.7. TNF-o. secretion assay

RAW264.7 cells were cultured at 2 x 10° cells/mL in DMEM
containing 10% fetal bovine serum in 24-well tissue culture plates.
Cells were pretreated with 0.4, 2 and 10 pM concentrations of
compounds 1h before LPS stimulation. Twenty-four hours after
LPS stimulation (1 pg/mL), TNF-a levels in the supernatant were
measured by the ELISA test according to manufacturer’s instruc-
tions (BD Biosciences, San Diego, CA). For the cytokine assay using
the sandwich method, a capture antibody (1:250 dilution) solution
was incubated overnight at 4 °C in 96-well plates. Plates were
washed three times with washing buffer (0.05% Tween-20 in
PBS) and blocked with assay diluent (10% fetal bovine serum in
PBS) for 1 h at room temperature, and then culture supernatants
(100 pL) was added to the wells and incubated at room tempera-
ture. After 2 h, plates were washed and incubated for 1 h with a
detection antibody solution (1:250 dilution), biotinylated anti-
mouse TNF-a antibody and a Strepavidin-linked peroxidase conju-
gate (each at 0.5 pig/mL, respectively). After incubation 1 h, plates
were washed and TMB substrate solution was added to each well.
After incubation for 10 min at room temperature in the dark, a stop
solution was then added to the plates, and optical density of
450 nm read. Concentrations of cytokines were calculated using
the cytokines’ standard calibration curve.

4.8. Statistical analysis

All data represented the mean + S.D. of at least three indepen-
dent experiments performed in triplicate. Statistical significance
was indicated as determined by one-way ANOVA, followed by
Dunnett’s multiple comparison test, using the GraphPad Prism 6
program (GraphPad Software Inc., San Diego, CA, USA).
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