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The extracellular matrix (ECM) is the largest component of the
dermal skin layer, and has a fundamental role in tissue development,
differentiation, homeostasis and disease progression.1 It is continually
remodeled by cells in response to environmental factors, such as
physical force, hypoxia, trauma and infection.2 During the aging
process, the balance of synthesis and degradation of ECM proteins
necessary for skin integrity and tissue regeneration becomes
impaired.3 Elastin, an important structural protein of ECM, is the
main component of the elastic fibers that impart resilience and
elasticity to elastic tissues, such as skin, lungs, ligaments and arterial
walls.4 Human neutrophil elastase (HNE), a serine protease primarily
found in the azurophilic granules of neutrophils, has broad substrate
specificity and can cleave not only elastin but also other ECM
proteins, such as collagen, fibronectin, laminin and proteoglycan.5

As the pharmacological inhibition of HNE might prevent the loss of
skin elasticity, thus preventing skin sagging during aging,6 efforts to
discover potent HNE inhibitors have increased considerably in the last
several years.
Mushrooms have been utilized in folk medicine throughout the

world since ancient times. They produce various classes of secondary
metabolites, many of which possess interesting biological activities
and have the potential to be developed as therapeutic agents.7–9 Thus,
much attention has been paid to the search for specific pharmaco-
logically significant compounds from mushrooms. Phellinus linteus,
commonly referred to as Sangwhang in Korea, is a well-known fungus
of the genus Phellinus in the family Hymenochaetaceae, which is
indigenous mainly to the tropical Americas, Africa and East Asia. This
mushroom has long been used as a traditional oriental medicine in
Korea, China, Japan and other Asian countries for the treatment of
various ailments, including stomachaches, inflammation, oral ulcer,
gastroenteric disorders, lymphatic disorders, arthritis of the knee
and various cancers.10–12 Numerous bioactive substances have been
isolated from the fruiting bodies of P. linteus, such as polysaccharides,

sterols, proteoglycans, cyclophellitol, furan derivatives, hispidin and
hispolon, and their biological activities have been verified in vitro and
in vivo.13–16 However, there is little information on compounds of the
mycelium of P. linteus, with the exception of polysaccharides.
In searching for novel HNE-inhibitors from higher fungi, we found

that the 70% EtOH extract of the mycelium of P. linteus had
considerable HNE-inhibitory activity (IC50¼ 9.02mgml�1). To search
for active compounds from the mycelium of P. linteus, its extract was
systematically divided into two solvent fractions (CHCl3- and
n-BuOH soluble), and their HNE-inhibition was evaluated. The
CHCl3-soluble fraction exhibited significant HNE-inhibition, with
an IC50 of 5.18mgml�1. Further phytochemical studies of this
fraction resulted in the isolation of a new ergosterol derivative,
(22E,24R)-ergosta-7,22-dien-2a,3a,9a-triol (1) together with 14
known compounds (2–15) (Figure 1). This report describes the
isolation and structural elucidation of these ergosterol derivatives, as
well as the characterization of their inhibitory effects on HNE and
some interesting structural requirements for their activity.
Freeze-dried mycelial culture of P. linteus (5 kg, supplied by

HanKook Sin Yak Pharm., Nonsan, Korea) was extracted with 70%
EtOH (3� 10 l) at room temperature for 7 days, filtered and
concentrated to yield a 70% EtOH extract (420 g). This extract was
suspended in H2O (4 l) and then partitioned successively with CHCl3
(3� 4 l) and n-BuOH (3� 4 l) to afford CHCl3- and n-BuOH-soluble
fractions (200 and 85 g, respectively). The CHCl3-soluble fraction,
which significantly inhibited HNE, was subjected to chromatography
on a silica gel column (80� 12 cm2). Elution with a gradient solvent
system consisting of CHCl3–MeOH (100 : 1-1 : 1) yielded five
fractions (A–E). Fraction A (7 g) was applied to a silica gel column
(60� 6.5 cm2), and eluted with a hexane–acetone gradient (50 : 1-
20 : 1), yielding 2 (1050mg). Fraction C (15 g) was applied to the
same silica gel column and eluted using a hexane–acetone gradient
(5 : 1-0 : 1), yielding five subfractions (C1–C5). Subfractions C2 and
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C5 (4 and 3 g, respectively) were then separately chromatographed on
a YMC RP-18 column (50� 3.5 cm2, YMC, Tokyo, Japan). Elution of
C2 with a MeOH–H2O gradient (5 : 1-7 : 1) yielded 3 (200mg), 4
(20mg), 5 (7mg), 6 (5mg) and 7 (10mg). Elution of C5 with a
MeOH–H2O gradient (4 : 1-6 : 1) yielded 8 (26mg), 9 (15mg) and
10 (17mg). Chromatography of fraction D (17 g) on the silica gel
column (60� 6.5 cm2) with a gradient solvent system of hexane–
acetone (9 : 1-7 : 3) yielded six subfractions (D1–D6). Subfraction
D3 (1.5 g) was further purified on a YMC RP-18 column
(50� 3.5 cm2) and eluted with a MeOH–H2O gradient (5 : 1-6 :
1), yielding 11 (3mg), 12 (4mg) and 13 (7mg). Compound 14
(12mg) was isolated from subfraction D5 (0.5 g), using a YMC RP-18
column (50� 3.5 cm2) eluted with a MeOH–H2O gradient (4 : 1-5 :
1). Fraction E (7 g) was applied to a silica gel column (60� 6.5 cm2)
eluted with a hexane–acetone gradient (7 : 1-1 : 1), yielding three
subfractions (E1–E3). Subfraction E2 (0.5 g) was subjected to further

chromatography on a YMC RP-18 column and eluted with a MeOH–
H2O gradient (4 : 1-5 : 1), yielding 15 (20mg) and 1 (13mg).
Compound 1 was obtained as white powder with the following

spectral characteristics: [a]D
25 –20.0 (c 0.1, CDCl3); IR (KBr) Vmax

cm�1: 3420, 2960, 1650, 1460, 1395; HR-EI-MS m/z 430.3445 [M]þ

(calculated for C28H46O3, 430.3447);
1H NMR (300MHz, CDCl3): dH

5.25 (1H, dd, J¼ 15.4, 6.6Hz, H-23), 5.15 (1H, dd, J¼ 15.4, 6.9Hz,
H-22), 5.02 (1H, dd, J¼ 5.5, 2.6Hz, H-7), 4.05 (1H, m, H-3), 4.00
(1H, m, H-2), 1.03 (1H, d, J¼ 6.6Hz, H-21), 0.98 (3H, s, H-19),
0.93 (3H, d, J¼ 6.9Hz, H-28), 0.85 (3H, d, J¼ 6.6Hz, H-27), 0.83
(3H, d, J¼ 6.6Hz, H-26), 0.57 (3H, s, H-18) (see Supplementary
Information); 13C NMR (75MHz, CDCl3): dC 38.8 (C-1), 70.6 (C-2),
67.7 (C-3), 31.9 (C-4), 43.6 (C-5), 30.9 (C-6), 119.8 (C-7), 142.3 (C-
8), 76.3 (C-9), 40.0 (C-10), 22.9 (C-11), 39.5 (C-12), 44.0 (C-13), 55.0
(C-14), 21.6 (C-15), 28.3 (C-16), 56.2 (C-17), 12.4 (C-18), 18.0
(C-19), 40.6 (C-20), 21.3 (C-21), 135.6 (C-22), 132.4 (C-23), 43.0

Figure 1 Chemical structures of 1–15 isolated from the mycelium of P. linteus.
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(C-24), 33.3 (C-25), 19.9 (C-26), 20.2 (C-27), 17.8 (C-28) (see
Supplementary Information).
High-resolution EI-MS analysis of 1 yielded a molecular ion peak

at m/z 430.3445 [M]þ , in accordance with the molecular formula
C28H46O3. The IR spectrum exhibited absorption bands for hydroxy
(3420 cm–1) and olefinic (1650 cm–1) groups. The 1H NMR spectrum
showed two tertiary methyl signals [dH 0.98 and 0.57 (each s)], four
secondary methyl signals [dH 1.03 (d, J¼ 6.6Hz), 0.93 (d, J¼ 6.9Hz),
0.85 (d, J¼ 6.6Hz) and 0.83 (d, J¼ 6.6Hz)], two oxymethine signals
[dH 4.05 (m) and 4.00 (m)], and three olefinic proton signals [dH 5.25
(dd, J¼ 15.4, 6.6Hz), 5.15 (dd, J¼ 15.4, 6.9Hz) and 5.02 (dd, J¼ 5.5,
2.6Hz)], suggesting an ergostane skeleton including a nine-carbon
side chain.17 A typical high-field signal at dH 0.57 (H3-18) suggested 1
to be a D7 sterol.18 The 13C NMR and DEPT spectra also supported
this sterol skeleton in 1, showing 28 carbon signals, consisting of six
methyls, seven methylenes, eight methines (including two oxymethine
groups at dC 70.6 and 67.7), three quaternary carbons (including an
oxygenated carbon at dC 76.3) and four sp2 carbons (at dC 142.3,
135.6, 132.4 and 119.8). In addition, the 1H and 13C NMR data of 1
were similar to those of 15, indicating that the three hydroxy groups
of 1 are located at rings A and B, which was supported by analysis of
the 2D NMR spectra. The 1H–1H COSY correlations between H2/H3/
H4 as well as the long range 1H–13C coupling (HMBC) observed
between H-2/C-1 and C-3, H-3/C-2, C-4 and C-5, and H-7/C-6, C-8
and C-9 confirmed the positions of three hydroxy groups to be at C-2,
C-3 and C-9, respectively (Figure 2a). On the other hand, a careful
inspection of the 1H and 13C NMR spectra of 1 revealed a slight
difference in the chemical shift of the C-2 position (dH 4.00 m; dC
70.6) compared with that of 15 (dH 3.60 m; dC 73.0), indicating that 1
may differ from 15 in the relative configuration of C-2. The strong
NOE correlation between dH 4.00 (H-2) and 0.98 (Me-19) verified the
a-orientation for the C-2 hydroxy group rather than the b-orientation
found in 15 (Figure 2b). The stereochemistry of the side chain was
determined by comparison of the 1H and 13C NMR data of 1 with
those of a (22E,24R)-methyl- D22-sterol side chain.19 On the basis of
the above data, the structure of 1 was established as (22E,24R)-
ergosta-7,22-dien-2a,3a,9a-triol.
In addition, 14 known compounds were identified as ergosterol

(2),20 ergosterol peroxide (3),20 ergosterol peroxide glycoside (4),21

5a,6a-epoxy-ergosta-8(14),22-dien-3b,7a-diol (5),20 5a,6a-epoxy-
ergosta-8(9),22-dien-7-on-3b-ol (6),22 5a,6a;8a,9a-diepoxy-ergost-
22-en-3b,7a-diol (7),23 3b-hydroxy-ergosta-7,22-dien-6-one (8),24

3b,5a-dihydroxy-ergosta-7,22-dien-6-one (9),24 3b,5a,9a-triydroxy-
ergosta-7,22-dien-6-one (10),21 14a-hydroxy-ergosta-4,7,9(11),22-
tetraen-3,6-dione (11),24 ergosta-4,7,22-trien-3,6-dione (12),25

3b,5a-dihydroxy-6b-methoxyergosta-7,22-diene (13),26 ergosta-7,22-

dien-3b,5a,6b-triol (14)26 and ergosta-7,22-dien-2b,3a,9a-triol (15)18

by comparing their physicochemical and spectral data to those in the
literature.
The inhibitory activity of the isolated compounds 1–15 on HNE

in vitro was evaluated according to a previously described proce-
dure.27 Briefly, 100ml reactions containing 10mM Tris-HCl buffer (pH
7.5), 1.4mM MeO-Suc-Ala-Ala-Pro-Val-p-nitroanilide, 0.18U HNE
(EC 3.4.21.37, from Serva, Heidelberg, Germany) and various
concentrations of sample were incubated in the wells of a 96-well
plate for 2 h at 37 1C in the dark. Each reaction was stopped by
the addition of 100ml soybean trypsin inhibitor (0.2mgml�1), and
the absorbance at 405 nm was immediately measured using a
microplate reader. Epigallocatechin gallate (EGCG) was used as a
positive control, and the results are presented in Table 1. Of
the compounds tested, 3b,5a-dihydroxy-6b-methoxyergosta-7,22-
diene (13) exhibited the strongest HNE-inhibitory activity with an
IC50 value of 14.6±0.8mM, comparable to that of EGCG
(IC50¼ 12.5±0.5mM). Ergosta-7,22-dien-3b,5a,6b-triol (14), which
differs from 13 only in the substituent on C-6, also showed HNE
inhibitory activity, albeit five times less potent than that of 13. In
addition, the sterols (5, 6, and 7) bearing a 5a,6a-epoxy group

a b

Figure 2 Key 1H–1H COSY and HMBC (a) and NOE (b) correlations of compound 1.

Table 1 HNE-inhibitory activity of 1–15 isolated from the mycelium

of P. linteusa

Compounds IC50
b (mM)

(22E,24R)-Ergosta-7,22-dien-2a,3a,9a-triol (1) 4100

Ergosterol (2) 64.5±2.5

Ergosterol peroxide (3) 4100

Ergosterol peroxide glycoside (4) 4100

5a,6a-Epoxy-ergosta-8(14),22-diene-3b,7a-diol (5) 28.2±1.8

5a,6a -Epoxy-ergosta-8(9),22-dien-7-on-3b-ol (6) 75.1±3.2

5a,6a;8a,9a -Diepoxy-ergost-22-en-3b,7a-diol (7) 35.2±1.5

3b-Hydroxy-ergosta-7,22-dien-6-one (8) 4100

3b,5a-Dihydroxy-ergosta-7,22-dien-6-one (9) 4100

3b,5a,9a-Trihydroxy-ergosta-7,22-dien-6-one (10) 4100

14a-Hydroxy-ergosta-4,7,9(11),22-tetraen-3,6-dione (11) 20.5±1.7

Ergosta-4,7,22-trien-3,6-dione (12) 55.2±2.1

3b,5a-Dihydroxy-6b-methoxyergosta-7,22-diene (13) 14.6±0.8

Ergosta-7,22-dien-3b,5a,6b,9a-tetraol (14) 77.5±2.3

Ergosta-7,22-dien-2b,3a,9a-triol (15) 4100

EGCGc 12.5±0.5

Abbreviation: HNE, human neutrophil elastase.
aResults are expressed as means±s.d. (n¼3).
bIC50 indicates the concentration (mM) at which the inhibition percentage of the enzyme activity
was 50%, and the values were determined by regression analysis.
cPositive control.
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exhibited considerable HNE inhibition, with IC50 values of 28.2±1.8,
75.1±3.2 and 35.2±1.5mM, respectively. In contrast, the sterols (9
and 10) that contain 5-OH and 6-oxo groups exhibited no activity
(IC504100mM). Those sterols (11 and 12) that contain a 3-oxo group,
exhibited considerable HNE-inhibitory activity with IC50 values of
20.5±1.7 and 55.2±2.1mM, respectively; whereas 8, 9 and 10, with a
6-oxo group, displayed weak activity even at the highest concentration
tested. These results suggest that the presence of a dihydroxy or epoxy
group between C-5 and C-6 in this type of sterol appears to be
necessary for effective HNE inhibition; substitution of the 5-OH and/
or 6-OH group by a methyl seems to enhance activity. The position of
an oxo-group in this sterol nucleus also affects the activity; the
presence of an oxo-group at C-3 is considered more effective than at
the C-6 position.
On the basis of the above result, 13 was chosen for further

investigation to examine the HNE-inhibitory behavior. A kinetic
study was carried out in the same reaction medium in the presence of
0, 25 or 50mM of 13 at substrate concentrations ranging from 0.25 to
1mM. Reactions were started by adding diluted substrate and were
recorded over 10min. The Vmax and Km were estimated according to
Eisenthal and Cornish–Bowden.28 Under the experimental conditions
used in this study, the oxidation of HNE by 13 followed Michaelis–
Menten kinetics. As shown by the Lineweaver–Burk plot in Figure 3,
the values of Vmax remained the same and the values of Km increased
with increasing the concentration of 13, which indicated that 13
inhibited HNE in a competitive manner.
Ergostane-type sterols have been reported to exhibit a number of

biological activities including anti-HIV,29 anti-inflammatory30 and
anticancer properties.20 However, to the best of our knowledge, their
HNE-inhibitory properties and some interesting structural
requirements for this activity are reported here for the first time.
Our results suggest that the mycelium of P. linteus and its components
may represent effective agents for preventing skin aging.

ACKNOWLEDGEMENTS
This work was supported by Basic Science Research Program through the

National Research Foundation of Korea (NRF-2011–0025994) funded by the

Ministry of Education, Science and Technology (MEST).

1 Clark, R. A. Biology of dermal wound repair. Dermatol. Clin. 11, 647–666 (1993).
2 Tibbitt, M. W. & Anseth, K. S. Hydrogels as extracellular matrix mimics for 3D cell

culture. Biotechnol. Bioeng. 103, 655–663 (2009).
3 Makrides, S. Protein synthesis and degradation during aging and senescence. Biol. Rev

83, 393–422 (1983).
4 Wiedow, O., Schroder, J. M., Gregory, H., Young, J. A. & Christophers, E. Elafin: an

elastase-specific inhibitor of human skin. Purification, characterization, and complete
amino acid sequence. J. Biol. Chem. 265, 14791–14795 (1990).

5 Steinbrecher, T., Herenn, A., Dormann, K. L., Merfort, I. & Labahn, A. Bornyl (3,4,5-
trihydroxy)-cinnamate – An optimized human neutrophil elastase inhibitor designed by
free energy calculations. Bioorg. Med. Chem. 16, 2385–2390 (2008).

6 Xu, G. H., Kim, Y. H., Chi, S. W., Choo, S. J., Ryoo, I. J., Ahn, J. S. & Yoo, I. D.
Evaluation of human neutrophil elastase inhibitory effect of iridoid glycosides from
Hedyotis diffusa. Bioorg. Med. Chem. Lett. 20, 513–515 (2010).

7 Lorenzen, K. & Anke, T. Basidiomycetes as a source for new bioactive natural products.
Curr. Org. Chem. 2, 329–364 (1998).

8 Lee, I. K., Jung, J. Y., Kim, Y. H. & Yun, B. S. Phellinins B and C, new styrylpyrones
from the culture broth of Phellinus sp. J. Antibiot. 63, 263–266 (2010).

9 Lee, I. K. & Yun, B. S. Styrylpyrone-class compounds from medicinal fungi Phellinus
and Inonotus spp., and their medicinal importance. J. Antibiot. 64, 349–359 (2011).

10 Kang, H. S., Choi, J. H., Cho, W. K., Park, J. C. & Choi, J. S. A sphingolipid and
tyrosinase inhibitors from the fruiting body of Phellinus linteus. Arch. Pharm. Res. 27,
742–750 (2004).

11 Kim, S. H., Song, Y. S., Kim, S. K., Kim, B. C., Lim, C. J. & Park, E. H. Anti-
inflammatory and related pharmacological activities of the n-BuOH subfraction of
mushroom Phellinus linteus. J. Ethonopharmacol 93, 141–146 (2004).

12 Kim, G. Y., Park, H. S., Nam, B. H., Lee, S. J. & Lee, J. D. Purification and
characterization of acidic proteo-heteroglycan from the fruiting body of Phellinus
linteus (Berk. & M.A. Curtis) Teng. Bioresour. Technol 89, 81–87 (2003).

13 Song, K. S., Cho, S. M., Lee, J. H., Kim, H. M., Han, S. B., Ko, K. S. & Yoo, I. D. B-
Lymphocyte-stimulating polysaccharide from cultured mycellium of Phellinus linteus.
Chem. Pharm. Bull. 43, 2105–2108 (1995).

14 Kim, H. M., Han, S. B., Oh, G. T., Kim, Y. H., Hong, D. H., Hong, N. D. & Yoo, I. D.
Stimulation of humoral and cell mediated immunity by polysaccharide from mushroom
Phellinus linteus. Int. J. Immunopharmaco 18, 295–303 (1996).

15 Park, I. H., Chung, S. K., Lee, K. B., Yoo, Y. C., Kim, S. K., Kim, G. S. & Song, K. S.
An antioxidant hispidin from the mycelial cultures of Phellinus linteus. Arch. Pharm.
Res. 27, 615–618 (2004).

16 Min, B. S., Yun, B. S., Lee, H. K., Jung, H. J., Jung, H. A. & Choi, J. S. Two novel furan
derivatives from Phellinus linteus with anti-complement activity. Bioorg. Med. Chem.
Lett. 16, 3255–3257 (2006).

17 Adler, J. H., Young, M. & Nes, W. R. Determination of the absolute configuration at
C-20 and C-24 of ergosterol in Ascomycetes and Basidiomycetes by proton magnetic
resonance spectroscopy. Lipids 12, 364–366 (1977).

18 Lin, C. N., Tome, W. P. & Won, S. J. Novel cytotoxic principles of Formosan Ganoderma
lucidum. J. Nat. Prod. 54, 998–1002 (1991).

19 Ishizuka., T., Yaoita, Y. & Kikuchi, M. Sterols from the fruit bodies of Grifola frondosa.
Chem. Pharm. Bull. 45, 1756–1760 (1997).

20 Kwon, H. C., Zee, S. D., Cho, S. Y., Choi, S. U. & Lee, K. R. Cytotoxic ergosterols from
Paecilomyces sp. J300. Arch. Pharm. Res. 25, 851–855 (2002).

21 Takaishi, Y., Uda, M., Ohashi, T., Nakano, K., Murakami, K. & Tomimatsu, T.
Glycosides of ergosterol derivatives from Hericum erinacens. Phytochemistry 30,

4117–4120 (1991).
22 Wu, J., Choi, J. H., Yoshida, M., Hirai, H., Harada, E., Masuda, K., Koyama, T., Yazawa,

K., Noguchi, K., Nagasawa, K. & Kawagishi, H. Osteoclast-forming suppressing
compounds, gargalols A, B, and C, from the edible mushroom Grifola gargal.
Tetrahedron 67, 6576–6581 (2011).

23 Yaoita, Y., Endo, Y., Tani, Y., Machida, K., Amemiya, K., Furumura, K. & Kikuchi, M.
Sterol constituents from seven mushrooms. Chem. Pharm. Bull. 47, 847–851 (1999).

24 Ishizuka, T., Yaoita, Y. & Kikuchi, M. Sterol Constituents from the Fruit Bodies of
Grifola frondosa (FR.) S. F. Gray. Chem. Pharm. Bull. 45, 1756–1760 (1997).

25 Kawahara, N., Sekita, S. & Satake, M. Two steroids from Calvatia cyathiformis.
Phytochemistry 38, 947–950 (1995).

26 Kawagishi, H., Katsumi, R., Sazawa, T., Mizuno, T., Hagiwara, T. & Nakamura, T.
Cytotoxic steroids from the mushroom Agaricus blazei. Phytochemistry 27,

2777–2779 (1988).
27 Kim, Y. H., Ryoo, I. J., Choo, S. J., Xu, G. H., Seok, S. J., Bae, K. & Yoo, I. D. Clitocybin

D, a novel human neutrophil elastase inhibitor from the culture broth of Clitocybe
aurantiaca. J. Microbiol. Biotechnol 19, 1139–1141 (2009).

28 Eisenthal, R. & Cornish-Bowden, A. The direct linear plot. A new graphical procedure
for estimating enzyme kinetic parameters. Biochem. J 139, 715–720 (1974).

29 Zhang, A. L., Liu, L. P., Wang, M. & Gao, J. M. Bioactive ergosterol derivatives isolated
from the fungus Lactarius hatsudake. Chem. Nat. Compd. 43, 637–638 (2007).

30 Kobori, M., Yoshida, M., Ohnishi-Kameyama, M. & Shinmoto, H. Ergosterol peroxide
from an edible mushroom suppresses inflammatory responses in RAW264.7 macro-
phages and growth of HT29 colon adenocarcinoma cells. Br. J. Pharm 150, 209–219
(2007).

Supplementary Information accompanies the paper on The Journal of Antibiotics website http://www.nature.com/ja

Figure 3 Lineweaver–Burk plot for inhibition of HNE by compound 13.
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