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The bioassay-guided isolation and purification of the hexane extract of the cultured mycelia of Grifola
frondosa led to the characterization of a fatty acid fraction and three compounds, ergosterol (1),
ergostra-4,6,8(14),22-tetraen-3-one (2), and 1-oleoyl-2-linoleoyl-3-palmitoylglycerol (3). The composi-
tion of fatty acid fraction was confirmed as palmitic, oleic, and linoleic acids by GC-MS and by
comparison with the retention values of authentic samples. The structures of compounds 1-3 were
established by spectroscopic methods. The fatty acid fraction and compounds 1-3 showed
cyclooxygenase (COX) enzyme inhibitory and antioxidant activities. The inhibition of COX-1 enzyme
by the fatty acid fraction and compounds 1-3 at 250 µg/mL were 98, 37, 55, and 67%, respectively.
Similarly, COX-2 enzyme activity was reduced by fatty acid fraction and compounds 1-3 at 250
µg/mL by 99, 37, 70, and 4%, respectively. The inhibitions of liposome peroxidation by the fatty acid
fraction and compounds 1 and 2 at 100 µg/mL were 79, 48, and 42%, respectively. This is the first
report of compounds 2 and 3 from the cultured mycelia of G. frondosa. The COX inhibitory activities
of compounds 1-3 are reported here for the first time.
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INTRODUCTION

One of the old Chinese proverbs, “Medicine and foods have
a common origin”, is quite relevant to those people who
consume phytoceuticals as a dietary supplement. Mushrooms
are one of such food items that health-conscious people enjoy.
They have been used as both food and medicine through
recorded history and are one of the natural sources of physi-
ologically active compounds that have been studied for the
development of both natural medicine and pharmaceutical
products. However, the efficacy of medicinal mushrooms was
not clearly established until two decades ago;Grifola frondosa
is one of such mushrooms belonging to the Basidiomycetes,
Aphyllophorales, Polyporaceae. The fruiting body ofG. fron-
dosahas been sold in the market as an edible mushroom and
considered to have diuretic, gonorrhea-therapeutic, and anti-
pyretic activities in Chinese traditional medicine. It has been
stated in “Shen Nong Ben Cao Jing” that it has been frequently
used for improving spleen and stomach ailments, calming nerves
and mind, and treating hemorrhoids (1, 2). It was confirmed
that the fruiting body ofG. frondosacontaining substances with
antidiabetic activities (3). The dried power of the fruiting body
of G. frondosahas demonstrated a reduction of blood pressure

in the spontaneously hypertensive rat (4, 5). The fruiting body
of G. frondosahas also been recommended as a remedy for
palsy, neuralgia, and arthritis (2). Many bioactive compounds
have been reported from the fruiting bodies ofG. frondosa. The
most important among these were the polysaccharide fractions,
which activated immune competent cells and showed anticancer
activities (6-11).

Cyclooxygenase (COX) or prostaglandin endoperoxide H
synthase (PGHS) enzymes are widely used to determine the
antiinflammatory effects of potential therapeutic products (12).
COX enzymes are pharmacological targets for the discovery
of the nonsteroidal antiinflammatory drugs (NSAIDs) (13, 14).
The COX isozymes involved in prostaglandin synthesis are
COX-1 and COX-2 (15). It is reported that selective COX-2
inhibitors are mainly responsible for antiinflammatory activities
(16). Epidemiology and experimental studies have demonstrated
the effect of NSAIDs in the prevention of human cancers.
NSAIDs block endogenous prostaglandin synthesis through
inhibition of COX enzymatic activity. COX-2, a key isozyme
in the conversion of arachidonic acid to prostaglandin, is
inducible by various agents such as growth factors and tumor
promoters and is frequently overexpressed in various tumors.
Thus, the combination of COX-2 inhibitors with radiation or
anticancer or cancer prevention drugs was reported to be
beneficial in cancer prevention and treatment (17).
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In our investigation of biologically active compounds from
G. frondosa, the extracts of lyophilized mycelia ofG. frondosa
were evaluated for antioxidant and cyclooxygenase (COX)
enzyme inhibitory activities. In this investigation, the bioassay-
guided purification and characterization of the compounds from
the mycelia ofG. frondosawith antioxidant and cyclooxygenase
inhibitory activities have been studied.

MATERIALS AND METHODS

General Experimental Procedures.1H and13C NMR spectra were
recorded on Varian INOVA 300 and 500 MHz spectrometers. Com-
pounds were dissolved in CHCl3, and resonances are reported inδ (ppm)
based on the residual of CHCl3 at δ 7.24 for1H NMR andδ 77.0 for
13C NMR. Coupling constants,J, are in Hz. Silica gel (30-60 µm
particle sizes) used for MPLC was purchased from Merck. TLC plates
and Prep-TLC (GF Uniplate, with binder, 250µm) were the products
of Analtech, Inc., Newark, DE. Positive controlstert-butylhydroquinone
(TBHQ), butylated hydroxyanisole (BHA), and butylated hydroxytolu-
ene (BHT) used in the antioxidant assay were purchased from Sigma
Chemical Co. Vioxx tablets and Celebrex capsules used in the
cyclooxygenase inhibitory assay as positive controls were physician’s
professional samples provided by Dr. Subash Gupta of Sparrow Pain
Center, Sparrow Hospital, MI. Yeast extract, malt extract, and dextrose
(glucose) used for the liquid media were the products of Difco
Laboratories (Detroit, MI). All organic solvents used were ACS regent
grade (Aldrich Chemical Co., Inc., Milwaukee, WI).

Materials. The mycelia ofG. frondosawere grown in YMG liquid
media in the Bioactive Natural Product and Phytoceutical Laboratory
at Michigan State University. YMG liquid media was prepared by
dissolving 2 g ofyeast extract, 5 g ofmalt extract, and 2 g ofdextrose
(glucose) in 500 mL of distilled water. A 500 mL volume of YMG
liquid media was transferred to each incubation flask, capped and
autoclaved at 120°C and 21 psi for 30 min, and cooled to room
temperature. Mycelial plugs ofG. frondosagrown in YMG media for
7 days at 27.5°C were seeded to the liquid media under aseptic
conditions. The flasks were placed on a rotary shaker (130 rpm, 28
°C). After 7 days of incubation, the culture broth was filtered; the
mycelial cake was lyophilized and stored at-20 °C in ziplock bags
until extraction.

Extraction and Isolation. Lyophilized mycelia ofG. frondosa(236
g) was ground to a fine powder and extracted sequentially with hexane
(3 × 1 L, 24 h), ethyl acetate (3× 1 L, 24 h), and methanol (3× 1 L,
24 h) in an extraction column. The solvents were evaporated under
vacuum and yielded hexane (A, 6.7 g), ethyl acetate (B, 4.3 g), and
methanol (C, 44.5 g) extracts, respectively. All extracts showed
activities in our antioxidant and cyclooxygenase (COX) enzyme
inhibitory assays at 250 ppm.

ExtractC (21 g) was dissolved in 200 mL of methanol, the solution
was filtered, and the filtrate was extracted with hexane to give hexane-
soluble (1.35 g), methanol-soluble (11.42 g), and methanol-insoluble
(7.4 g) fractions. The hexane-soluble extract (1.08 g) was subjected to
fractionation by silica gel medium-pressure liquid chromatography
(MPLC) and eluted with hexane (200 mL), hexane-acetone (8:1, 400
mL), hexane-acetone (4:1, 400 mL), hexane-acetone (2:1, 400 mL),
and acetone (400 mL), respectively. The fractions with a similar TLC
profile were combined and yielded fractions 1 (361 mg), 2 (268 mg),
3 (65 mg), 4 (61 mg), 5 (78 mg), and 6 (147 mg). Fraction 2 was the
most active in the COX inhibitory assays, and 184 mg of it was further
purified by prep-TLC (20× 20 cm, 500µm, 3 plates) using hexane-
ether (2:1) as the developing solvent. This yielded an active band (Rf

) 5.5), fatty acid fraction (59 mg). Further TLC analysis revealed that
it was pure, as indicated by a single spot on TLC.

ExtractA (6 g) was redissolved in hexane, and the white precipitate
formed was filtered and recrystallized from methanol, resulting in
crystalline needles of compound1 (1.03 g; seeFigure 1), which melted
at 138-140 °C. The mother liquor was combined with the hexane
solution and concentrated to yield a residue (4.58 g). This residue (4.3
g) was again dissolved in hexane and subjected to silica gel MPLC
and eluted with hexane (300 mL), hexane-ether (8:1, 400 mL),

hexane-ether (4:1, 800 mL), hexane-ether (2:1, 400 mL), hexane-
acetone (4:1, 400 mL), hexane-acetone (4:1, 400 mL), and acetone
(400 mL), respectively. Fractions were collected in aliquots of 15 mL.
Fractions with a similar TLC profile were combined and yielded
fractions 1 (28.4 mg), 2 (665.0 mg), 3 (1.6474 g), 4 (128.0 mg), 5
(62.4 mg), 6 (121.6 mg), 7 (898 mg), and 8 (522 mg), respectively.

The bioactive fractions 3 and 6 were further purified. Fraction 6
(121.6 mg) was purified by preparative TLC (20× 20 cm, 500µm)
using hexane-acetone (4:1) as the developing solvent. A strong UV-
active band viewed under 366 nm was collected and eluted with CHCl3

and methanol. Removal of the solvent under reduced pressure gave
white needles of compound2 (2.6 mg), which melted at 113-114°C.
The active fraction 3 (1.64 g) was further purified by silica gel MPLC
using hexane-ether (8:1) as the mobile phase. The oily fraction,3 (230
mg), collected gave one spot on TLC plate using hexane-acetone (10:
1) as the developing solvent.

Compound 1: 1H NMR (CDCl3) δ 0.61 (s, 3H, 18-CH3) 1.01 (d,
3H, J ) 6.6 Hz, 21-CH3), 0.80 (d, 3H,J ) 4.8 Hz, 27-CH3 or 28-
CH3), 0.81 (d, 3H,J ) 4.5 Hz, 27-CH3 or 28-CH3), 0.89 (d, 3H,J )
6.9 Hz, 26-CH3), 0.92 (s, 3H, 19-CH3), 5.17 (2H, m, H-22 and H-23),
5.36 (1H, dd,J ) 5.7, 2.7 Hz, H-6), 5.55 (1H, dd,J ) 5.7, 2.4 Hz
H-7); 13CNMR δ 141.4, 139.8, 135.6, 132.0, 119.6, 116.3, 70.4, 55.7,
54.5, 46.2, 42.8, 40.8, 40.4, 39.1, 38.3, 37.0, 33.1, 31.9, 28.3, 23.0,
21.1, 20.0, 19.6, 17.6, 16.3, and 12.0. The NMR data for compound1
were found to be in agreement with published data for ergosterol (18,
19).

Compound 2: 1H NMR (CDCl3) δ 0.81 (3H, d,J ) 5.4 Hz, 26-
CH3), 0.83 (3H, d,J ) 4.8 Hz, 27-CH3), 0.91 (3H, d,J ) 6.6 Hz,
24-CH3), 0.94 (3H, s, 18-CH3), 0.97 (3H, s, 19-CH3), 1.04 (3H, d,J )
6.6 Hz, 21-CH3), 6.60 (1H, dJ ) 9.3 Hz, H-7), 6.01 (1H, d,J ) 9.3
Hz, H-6), 5.72 (1H, s, H-4), 5.21 (2H, m, H-22 and 23). The1H NMR
data confirmed that compound2 is ergostra-4,6,8(14),22-tetraen-3-one
(20).

Compound 3: 1H NMR (CDCl3) δ 0.85 (9H, t,J ) 6.6 Hz, H-18′′,
18′′, and 16′′′), 1.24 [56H, m, H-(4′-7′, 12′-17′), H-(4′′-7′′, 15′′-17′′),
and H-(4′′′-15′′′)], 1.58 (8H, t,J ) 2.0 Hz, H-8′, 11′, 8′′, and 14′′),
2.28 (6H, t,J ) 7.5 Hz, H-2′, 2′′, and 2′′′), 2.76 (2H, t,J ) 6.0 Hz,
H-11′′), 4.11, (2H, dd,J ) 12.0, 6.0 Hz, H-1a, 3a), 4.26 (2H, dd,J )
11.7, 4.5 Hz, H-1b, 3b), 5.2-5.4 (7H, m, H-9′, 10′, 9′′, 10′′, 12′′, 13′′,

Figure 1. Structures of compounds 1−3.
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and 2);13C NMR δ 14.0(C-18′, 18′′), 14.1 (C-16′′′), 22.6, 22.7, 24.8,
24.9, 25.6, 27.2, 29.0-29.7 [C-(4′-8′, 11′-17′), C-(4′′-8′′, 14′′-17′′),
C-(4′′′-16′′′)], 31.5 (C-3′ and C-3′′′), 31.9 (C-3′′), 33.9 (C-2′ and
C-2′′′), 34.0 (C-11′′), 34.2 (C-2′′), 62.1 (C-1 and 3), 68.8 (C-2), 127.8-
130.2 (C-9′, 10′, 9′′, 10′′, 12′′, 13′′), 172.3, and 173.2 (C-1′, C-1′′, and
1′′′).

Methylation of Fatty Acids Fraction. Diazomethane was prepared
by reactingN-nitroso-N-methylurea with concentrated KOH solution
in ether (21). The diazomethane generated was stored in ether and used
to methylate the fatty acids. The fatty acid fraction (2 mg) was dissolved
in ether and reacted with diazomethane in ether until the solution
became pale yellow. The resulting yellow solution was kept at room
temperature for 1 h and evaporated; the residue was dissolved in hexane
and analyzed by GC-MS.

Saponification and Methylation of Compound 3. Compound3
(10 mg) was stirred with 5% NaOH in MeOH (2 mL) for 5 min
followed by acidification with 6 N HCl in MeOH. This solution was
extracted with 5 mL of hexane 3 times. The hexane solution was
evaporated under vacuum at 40°C. The residue containing free fatty
acid was dissolved in 2 mL of ether and methylated using diazomethane.
Also, the diazomethane in ether was used to methylate linoleic, oleic,
and palmitic acids. The methylated products were dissolved in hexane
and filtered prior to GC analysis.

GC Analysis of the Hydrolysis Products from 3.GC analysis was
performed using a Hewlett-Packard 6890 gas chromatograph (Agilent
Technology, Wilmington, DE). Samples were injected into a split
injector at 200°C, and separation was achieved on a 30× 0.25 mm
i.d. HP-5 capillary column with helium carrier gas at a flow rate of 22
mL/min. Compounds were detected using flame ionization at 250°C.
The temperature profile was 150 (2 min) to 200°C (1 min) at 10°C/
min and then to 250°C (2 min) at 2°C/min. Methyl esters of palmitic,
linoleic, and olenic acids were purchased from Aldrich Chemical Co.,
Inc., Milwaukee, WI.

GC-MS Analysis of Fatty Acid Fraction. Analysis of fatty acid
methyl esters was carried out on a JEOL AX-505H double-focusing
mass spectrometer coupled to a Hewlett-Packard 5890J gas chromato-
graph via a heated interface. The GC separation of fatty acid methyl
ester was accomplished on a 30 m× 6.35 mm i.d, 0.25µm DBWAX
fused-silica capillary column purchased from J & W. Direct (splitless)
injection was used, and the carrier gas was helium at 1 mL/min. The
GC temperature program consisted of initial temperature 50°C and
then 10°C/min to reach a final temperature 250°C. MS conditions
were interface temperature 210°C, ion source temperature ca. 200°C,
electron energy 100µA, and scan rate 1 scan/s over the rangem/z45-
750.

Cyclooxygenase Inhibitory Assay. COX-1 enzyme inhibitory
activity was measured using an enzyme preparation from ram seminal
vesicles that was purchased from Oxford Biomedical Research, Inc.,
Oxford, MI. COX-2 enzyme inhibitory activity was measured using
enzyme prepared from HPGHS-2 cloned insect cell lysate (supplied
by Dr. Dave DeWitt, Department of Biochemistry, Michigan State
University) and diluted with Tris buffer (pH 7) to give an approximate
final concentration of 1.5 mg of protein/mL. Assays were conducted
at 37°C and at pH 7 by monitoring the initial rate of O2 uptake using
an Instech micro oxygen chamber and electrode attached to an YSI
5300 biological oxygen monitor. Each assay mixture contained 0.6 mL
of 0.1 M Tris buffer (pH 7), 1 mM of phenol, 85µg of hemoglobin,
and 27µM arachidonic acid. DMSO solutions of test samples or DMSO
alone (10µL) were added to the assay chamber. Reactions were initiated
by adding COX enzyme, test sample, and arachidonic acid. The data
were recorded using QuickLog for windows data acquisition and control
software (Strawberry Tree, Inc., Sunnyvale, CA) (22, 23), and each
sample was assayed twice.

Antioxidant Assay. This assay was conducted by analysis of model
liposome oxidation using fluorescence spectroscopy according to the
procedure reported previously (24). Peroxidation was initiated by
addition of FeCl2 for positive controls of BHA, BHT, TBHQ (1.80,
2.20, and 1.66µg/mL, respectively), and test samples. Fluorescence
was measured at 384 nm and monitored at 0, 1, 3, and every 3 min
thereafter up to 21 min using a Turner model 450 digital fluorimeter
(Barnstead Thermolyne, Dubuque, IA). The decrease of relative

fluorescence intensity with time indicated the rate of peroxidation, and
these data are reported for 21 min after the initiation of peroxidation.
Relative fluorescence (Ft/F0) was calculated by dividing the fluorescence
value at a given point (Ft) by that att ) 0 min (F0) (25).

RESULTS AND DISCUSSION

Compounds isolated from the mycelia of the edible mushroom
G. frondosa were characterized using1H and 13C NMR
experiments. The fatty acid composition of3 was confirmed
by hydrolysis, methylation of the fatty acids, and GC analysis
of the methylated products and by comparison of the retention
times of authentic fatty acid methyl esters. The result indicated
that the fatty acids of the triglyceride are palmitic, linoleic, and
oleic acids. We have reported triglycerides fromApium gra-
VeolensL. (26), Prunus cerasusL. (27), andOcimum sanctum
(28). The NMR spectral data for compound3 were compared
to the spectral data of the triglycerides reported (26-28) and
found to be in agreement with the proposed structure of3 as
1-oleoyl-2-linoleoyl-3-palmitoylglycerol.

The composition of fatty acid fraction was confirmed by GC-
MS and by the comparison of retention times of methyl esters
of authentic fatty acids. The methyl ester of fatty acids in the
fatty acid fraction showed peaks atm/z 298, 296, and 270
corresponding to retention times of 19, 20.95, and 21.57 min
and represented the methyl esters of palmitic, oleic, and linoleic
acids, respectively. The height of the GC peaks revealed that
linoleic, oleic, and palmitic acids were the main components
and the proportion of the fatty acid was about 2:2:1 for linoleic,
oleic, and palmitic acid, respectively.

Cyclooxygenase enzyme inhibitory activities for fatty acid
fraction and compounds1-3 are shown inFigure 2b. The fatty

Figure 2. (a) In vitro COX-1 and COX-2 inhibitory activities of Vioxx and
Celebrex at 1.67 µg/mL and aspirin, naproxen, and ibuprofen at 180,
2.52, and 2.06 µg/mL, respectively. Vertical bars represent the standard
deviation of each data point (n ) 2). (b) In vitro COX-1 and COX-2
inhibitory activities of fatty acid fraction and compounds 1−3 at 250 µg/
mL. Vertical bars represent the standard deviation of each data point (n
) 2).
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acid fraction and compounds1-3 inhibited the activities of both
COX-1 and COX-2 enzymes. The inhibition of COX-1 enzyme
by fatty acid fraction and compounds1-3 at 250µg/mL were
98, 37, 55, and 67%, respectively. The positive controls Vioxx
(1.67 µg/mL), Celebrex (1.67µg/mL), aspirin (180µg/mL),
naproxen (2.52µg/mL), and ibuprofen (2.06µg/mL) showed
0, 25, 61, 82, and 55% inhibition, respectively (Figure 2a). The
fatty acid fraction and compounds1-3 inhibited COX-2 enzyme
at 250µg/mL by 99, 37, 70, and 4%, respectively (Figure 2b).
The positive controls Vioxx (1.67µg/mL), Celebrex (1.67µg/
mL), aspirin (180µg/mL), naproxen (2.52µg/mL), and ibu-
profen (2.06µg/mL) showed 92, 90, 24, 55, and 45% inhibition,
respectively (Figure 2a).

The results indicated that the fatty acids were the most
effective components of the mycelia fromG. frondosa,which
demonstrated both COX-1 and COX-2 enzyme inhibitions. The
structure-activity relationship among fatty acids related to
COX-1 and COX-2 enzyme inhibitory activities has been
reported (29, 30). It was suggested that fatty acids with 20
carbons or more gave higher inhibition to COX enzymes than
those with less than 16 carbons. Also, unsaturated fatty acid
with two or more double bonds and the chain lengths higher
than 20 carbons exhibited COX-2 enzyme inhibitory activities
similar to several nonsteroidal antiinflammatory drugs (30).

An iron-catalyzed liposome model system (25) was employed
to evaluate the inhibition of lipid peroxidation by the fatty acid
fraction and compounds1-3 as measured by fluorescence
spectroscopy. The antioxidant activities of the fatty acid fraction
and compounds1 and2 at 100µg/mL were 79, 48, and 42%,
respectively (Figure 3b). The controls TBHQ (1.66µg/mL),
BHA (1.8 µg/mL), and BHT (2.2µg/mL) showed peroxidation
inhibition at 90, 88, and 92%, respectively (Figure 3a). The

antioxidant results indicated that fatty acid fraction containing
unsaturated fatty acids demonstrated 79% peroxidation inhibi-
tion. It is important to note that fatty acids are ubiquitous in
several mushrooms, a common ingredient of daily diet for many
people. These compounds may be responsible for some of the
anecdotal health claims implicated to the consumption of
mushrooms.

Although compound1, ergosterol, exhibited lower COX
enzyme inhibitory activity than fatty acid fraction, the COX-
2/COX-1 inhibitory ratio was similar to the fatty acids (Figure
2b). It is important to note that ergosterol was produced in large
quantities (about 1% of the dry weight) by the mycelia ofG.
frondosaas in the case of the fruiting bodies. Recent studies
strongly suggest that ergosterol could provide significant
protection against the promotion of bladder tumor induced by
many types of cancer promoters in the environment (31).
Ergosterol showed only a mild antioxidant activity compared
to that of fatty acid fraction. The oxidized product of ergosterol
showed strong antimicrobial activities (32).

We have evaluated the antiinflammatory and antioxidant
activities of the extracts ofG. frondosafruiting body, grown in
Bioactive Natural Product and Phytoceutical green houses at
Michigan State University, along with the mycelial extracts. Our
results indicated that both fruiting body and mycelial extracts
exhibited the same activities at 250µg/mL. Since the production
of the fruiting body ofG. frondosatakes time, the mycelial
production of these active compounds is economical. Therefore,
we are interested in the production and characterization of active
compounds in the liquid culture ofG. frondosa.

The antioxidant and COX enzyme activities of the compounds
isolated from the mycelia ofG. frondosasuggest that the
consumption ofG. frondosaeither as daily food or as an
ingredient in food preparation may contribute to potential health
benefits. These benefits may include reducing pain related to
inflammation, reducing the incident of cardiovascular disease,
and cancer prevention by acting as an antioxidant and/or as
antiinflammatory agents.
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