
Vulpinic acid contributes to the cytotoxicity of
Pulveroboletus ravenelii to human cancer cells by
inducing apoptosis†
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Pulveroboletus ravenelii (Berk. et Curt.) Murr. (Boletaceae), commonly known as Ravenel's bolete, is an

edible mushroom that is widely distributed in Korea, Japan, and China. P. ravenelii is used in traditional

Chinese medicine and also to create color dyes. In this study, we explored the pharmacological activity

of the fruiting bodies of P. ravenelii and found that their MeOH extracts showed cytotoxic activity in vitro

against a variety of human cancer cells, including four lung adenocarcinoma cell lines (A549, NCI-

H1264, NCI-H1299, and Calu-6), two pancreatic ductal adenocarcinoma cell lines (PANC-1 and MIA

PaCa-2), and a hepatocellular carcinoma cell line (Hep G2), by inducing apoptosis. Based on the

bioactivity-guided fractionation to identify the fraction with the highest cytotoxic activity, chemical

investigation of the MeOH extract of the fruiting bodies of P. ravenelii led to the isolation of vulpinic acid

(VA) (1) as the main component of the most cytotoxic fraction, the hexane-soluble fraction. Treatment

with VA significantly reduced cell viability by inducing apoptotic cell death in all human cancer cell lines

tested, with IC50 values ranging from 21.65 to 146.17 mM. These findings provide experimental evidence

for a novel biological activity of P. ravenelii against human cancer cells. We also identified VA as the main

constituent that contributes to the cytotoxic activity of P. ravenelii, thus raising the possibility of using P.

ravenelii as a functional food as well as a source of lead compounds for the development of novel drugs

for cancer prevention and management.

Introduction

Cancer is a group of diseases characterized by uncontrolled cell

growth, nearby tissue invasion, and metastasis to various

organs of the body through the blood and lymphatic systems.

Now the second leading cause of global death, cancer was

responsible for 8.7 million deaths in 2015.1,2 Since the Vinca

alkaloids vinblastine and vincristine, isolated from Cathar-

anthus roseus, were found to be cytotoxic against human cancer

cells in 1958, natural products have been potential resources for

lead compounds for therapeutic intervention in cancer.3–5 In the

last few decades, mushrooms (i.e. the fruiting bodies of fungi)

have emerged as potential pharmaceutical resources of

compounds with various anticancer activities, including cyto-

toxicity against cancer cells and angiostatic activity.6 Therefore,

it is important for cancer prevention and treatment to identify

the main constituents of mushrooms exhibiting anti-cancer

activity and evaluate their therapeutic potential.

Pulveroboletus ravenelii (Berk. et Curt.) Murr., commonly

known as Ravenel's bolete or powdery sulfur bolete, is a mush-

room belonging to the family Boletaceae, which is widely

distributed in Korea, Japan, China, Hong Kong, Singapore, and

North America. P. ravenelii matures from summer to fall, and

the fruiting bodies are scattered or gathered on the ground of

coniferous and broad-leaved forests. Interestingly, aer injury

the mushroom turns greenish blue and then grayish brown. P.

ravenelii is edible7–9 and has been used in Chinese traditional

medicine for the treatment of pain, stiffness, and bleeding.10 P.

ravenelii is also used in mushroom-based dyes to produce the

colors yellow, gold, greenish yellow, orange, and olive. Previous

studies demonstrated that the extract of P. ravenelii showed

antibacterial activity against Bacillus subtilis, Micrococcus

luteus,11 and methicillin-susceptible and methicillin-resistant

Staphylococcus aureus.12 Chemical investigations of P. ravenelii
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have shown that the mushroom contains diverse phenolic

compounds with unique structures including vulpinic acid,

atrometic acid, isoxerocomic acid, variegatic acid, xerocomor-

ubin and variegatorubin from Australian P. ravenelii; vulpinic

acid, permethyl ethers of methyl xerocomate, methyl atrome-

tate, ravenelone, and isoravenelone from Japanese P. ravenelii;

and pulveraven A and pulveraven B from North American P.

ravenelii.11–14 Although several studies have been conducted on

the pharmacological properties and chemistry of P. ravenelii

extracts, the anti-cancer activities of P. ravenelii against human

cancer cells and the underlying mechanisms of these activities

have not been reported to date. Moreover, the specic cytotoxic

compounds in P. ravenelii have not yet been identied.

In the present study, as part of our continuing efforts to

discover anti-proliferative secondary metabolites from Korean

wild mushrooms,15–20 we investigated the anti-proliferative

constituents from a MeOH extract of the fruiting bodies of P.

ravenelii using a bioactivity-guided isolation technique. We

explored the effect of treating human cell lines with the MeOH

extract of P. ravenelii, including lung adenocarcinoma, pancre-

atic ductal adenocarcinoma, and hepatocellular carcinoma cell

lines, and found that the MeOH extract signicantly reduced

the viability of these cell lines by inducing apoptosis.

Bioactivity-guided fractionation based on cytotoxic activity and

chemical investigation of the active fraction revealed that the

main constituent of the fraction, vulpinic acid, accounted for

the cytotoxicity of the P. ravenelii MeOH extract to human

cancer cell lines. Here, we present the cytotoxic effects of P.

ravenelii on human cancer cells in vitro and identication of the

active compound responsible for these effects.

Results
The P. ravenelii MeOH extract shows cytotoxic activity against

human cancer cell lines

Fresh fruiting bodies of P. ravenelii were collected at Mt.

Cheonggye (Seongnam, Korea) in the summer and dried for

extraction. The dried samples were extracted with 80% aqueous

MeOH at room temperature and the extract was concentrated in

vacuo to obtain a crude MeOH extract.

To examine whether the MeOH extract affects cell prolifer-

ation and viability of human cancer cells in vitro, we treated four

human adenocarcinoma cell lines (A549, NCI-H1264, NCI-

H1299 and Calu-6), two human pancreatic ductal adenocarci-

noma cell lines (PANC-1 and MIA PaCa-2), and a human hepa-

tocellular carcinoma cell line (Hep G2) with the extract for 48 h

and then assessed mitochondrial dehydrogenase activity, an

indicator of cell viability,21 using the WST-1 assay (Fig. 1).

Interestingly, upon treatment with the MeOH extract, the

amount of viable cells was signicantly reduced in all human

cancer cell lines tested. Moreover, the cancer cells showed

dramatic morphological changes (Fig. 1A), such as cell

shrinkage, rounding up, membrane blebbing, and detachment

from the substratum, all of which are typical morphological

features of apoptotic cells.22 In addition, the WST-1 assay

revealed that the MeOH extract treatment signicantly

decreased the viability of all cancer cell lines in a dose-

dependent manner, with IC50 values ranging from 219.8 to

490.5 mg mL�1 (Fig. 1B). These data suggest that the P. ravenelii

MeOH extract has cytotoxic activity against human cancer cells

and that this activity is sufficient to inhibit their growth in vitro.

The HX, MC, and EA fractions, but not the BuOH fraction, of

the P. ravenelii MeOH extract exhibit cytotoxicity against

human cancer cell lines

To identify the constituents of the MeOH extract of P. ravenelii

responsible for its cytotoxic activity against human cancer cells,

we separated the extract into several fractions by solvent-

partitioning with hexane (HX), CH2Cl2 (MC), EtOAc (EA), and

n-BuOH, thereby yielding hexane, CH2Cl2, EtOAc, and n-BuOH

soluble fractions. Each fraction was then assessed for its cyto-

toxic activity in human cancer cell lines using the WST-1 assay

(Fig. 2). The EA, HX, and MC fractions, but not the BuOH

fraction, exhibited cytotoxicity against all human cancer cell

lines examined in a dose-dependent manner with the IC50

values ranging from 66.0 to 146.2, 39.6 to 133.3, and 95.3 to

148.6 mg mL�1, respectively (Fig. 2A–G and Table S1†). In

addition, while treatment with the BuOH fraction failed to

induce morphological changes in human cancer cells, cancer

cells treated with the EA, HX, and MC fractions showed

morphological alterations similar to those observed in cancer

cells treated with the MeOH extract (Fig. S1†). These observa-

tions imply that the cytotoxic activity of the P. ravenelii MeOH

extract against human cancer cell lines can be attributed to

compounds contained in the EA, HX, and MC fractions, but not

Fig. 1 Cytotoxic effects of the P. ravenelii MeOH extract on human

lung adenocarcinoma, pancreatic ductal adenocarcinoma, and

hepatocellular carcinoma cells. (A) Representative bright-field images

(200� total magnification) of human cancer cells taken at 48 h after

treatment with the P. ravenelii MeOH extract at the indicated

concentrations. Magnified regions are shown as insets. (B) Viability of

human cancer cell lines as assessed by the WST-1 assay after treat-

ment with the P. ravenelii MeOH extract at the indicated concentra-

tions (upper panels) and IC50 values of the extract for the

corresponding cell line (lower panels). Data are representative of three

independent experiments and are presented as means � SEMs. Scale

bar: 100 mm.
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in the BuOH fraction. In addition, the HX fraction showed the

lowest IC50 values in all cancer cell lines tested (with the

exception of PANC-1), raising the possibility that this fraction

contains the most promising compounds with the highest

cytotoxic activity against human cancer cells.

The P. ravenelii MeOH extract and its cytotoxic fractions

induce apoptotic cell death in human cancer cell lines

Upon treatment with the P. ravenelii MeOH extract and its

cytotoxic fractions, human cancer cells showed morphological

changes similar to those observed in cells undergoing apoptosis

(Fig. 1A and S1†). Therefore, to further conrm that the MeOH

extract and its cytotoxic fractions reduced the viability of lung,

pancreatic, and liver cancer cells by inducing apoptosis,

apoptotic cell populations were assessed in the cancer cell lines

using the TUNEL assay aer treatment with the extracts at their

IC50 doses for 48 h (Fig. 3 and S2†). As expected, the percentages

of TUNEL-positive cells were dramatically increased in all

human cancer cell lines treated with the MeOH extract and its

cytotoxic fractions (EA, HX, and MC) compared to their

untreated controls, indicating that the potent cytotoxic activi-

ties of these fractions against human cancer cells are mediated

by induction of apoptosis.

Chemical analysis of the HX fraction identies the active

compound

Based on our observation that the HX fraction exhibited the most

cytotoxic activity out of all studied fractions of P. ravenelii MeOH

extract, we next analyzed the HX fraction to identify the constit-

uents that contribute to the cytotoxicity of P. ravenelii against

human cancer cells in vitro. Chemical investigation of the HX

fraction using repeated column chromatography and HPLC

purication led to the isolation of its main compound, identied

as vulpinic acid (VA) (1) (Fig. 4A) by comparison of its

Fig. 2 Cytotoxic activity of the four different fractions prepared from

the P. ravenelii MeOH extract against human lung adenocarcinoma,

pancreatic ductal adenocarcinoma, and hepatocellular carcinoma cell

lines. (A–G) Viability of A549 (A), NCI-H1264 (B), NCI-H1299 (C), Calu-

6 (D), PANC-1 (E), MIA PaCa-2 (F), and Hep G2 (G) cells as determined

using the WST-1 assay after treatment with the BuOH, EA, HX, and MC

fraction of the P. ravenelii MeOH extract at the indicated concentra-

tions for 48 h. Data are representative of three independent experi-

ments and are presented as means � SEMs.

Fig. 3 The MeOH extract of P. ravenelii and its fractions induce

apoptotic cell death in human lung adenocarcinoma, pancreatic

ductal adenocarcinoma and hepatocellular carcinoma cells. (A–G)

Quantitation of TUNEL-positive A549 (A), NCI-H1264 (B), NCI-H1299

(C), Calu-6 (D), PANC-1 (E), MIA PaCa-2 (F), and Hep G2 (G) cells after

treatment with the P. raveneliiMeOH extract (EXT) and its fractions (EA,

HX, and MC) at their IC50 concentrations for 48 h. Cells treated with

0.15% DMSO in growth media or the BuOH fraction (150 mg mL�1)

were also TUNEL-stained and counted as negative controls. Data are

representative of three independent experiments and are presented as

means � SEMs. **p < 0.01.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 35297–35304 | 35299
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spectroscopic and physical data with reported values.12,14 Fig. 4B

shows a representative chromatogram from which it can be

inferred that VA is themajor constituent of the active HX fraction.

VA exhibits cytotoxicity against human cancer cell lines

A recent study showed that VA isolated from lichens exhibits

cytotoxic effects against Hep G2 cells and NS20Y neuroblastoma

cells.23 Hence, VA could be the main constituent contributing to

the cytotoxicity of the HX fraction and the P. ravenelii MeOH

extract against all human cancer cell lines examined in our

study. To determine whether VA treatment is sufficient to

suppress the growth of human lung, pancreatic, and liver

cancer cells, we examined the effect of VA on the viability of

A549, NCI-H1264, NCI-H1299, Calu-6, PANC-1, MIA PaCa-2, and

Hep G2 cells using the WST-1 assay (Fig. 5). VA treatment

signicantly reduced cell viability in all cancer cell lines tested

compared to their untreated controls (Fig. 5A) and decreased

cell viability in a dose-dependent manner, with IC50 values

ranging from 21.65 to 146.17 mM (Fig. 5B). These data imply that

VA is the constituent of P. ravenelii responsible for its cytotox-

icity against human cancer cells in vitro.

VA induces apoptotic cell death in human cancer cell lines

In all human cancer cell lines, VA treatment also resulted in the

typical morphological changes observed in cells undergoing

apoptosis. To verify the apoptotic activity of VA isolated from P.

ravenelii on human cancer cells, we assessed apoptotic cell

death in A549, NCI-H1264, NCI-H1299, Calu-6, PANC-1, MIA

PaCa-2, and Hep G2 cells using the TUNEL assay aer treating

cells with VA at its IC50 concentration for 48 h. We found that

the percentage of TUNEL-positive cells was signicantly

increased in all cancer cell lines treated with VA compared with

their untreated controls (Fig. 6).

VA-induced apoptosis in the cancer cells was further

conrmed by detecting a cleaved form of PARP, an indicator of

caspase activity,24 in NCI-H1264, NCI-H1299, Calu-6, and MIA

PaCa-2 cell lines aer VA treatment using immunoblotting

(Fig. 7). In all cell lines, PARP cleavage was increased upon VA

Fig. 4 Vulpinic acid (VA) is the major component of the most cyto-

toxic fraction, the HX fraction. (A) Chemical structure of VA. (B) UV

chromatogram of LC/MS of the HX fraction (detection wavelength:

254 nm).

Fig. 5 Cytotoxic activity of vulpinic acid (VA) isolated from P. ravenelii

against human lung adenocarcinoma, pancreatic ductal adenocarci-

noma, and hepatocellular carcinoma cells. (A) Representative bright-

field images (200� total magnification) of human cancer cells taken at

48 h after treatment with VA at the indicated concentrations. Magni-

fied regions are shown as insets. (B) Viability of human cancer cell lines

as assessed by theWST-1 assay after treatment with VA at the indicated

concentrations (upper panels) and the IC50 values of VA for the cor-

responding cancer cell lines (lower panels). Data are representative of

three independent experiments and are presented as means � SEMs.

Scale bar: 100 mm.

Fig. 6 Vulpinic acid (VA) increases the apoptotic cell population in

human lung adenocarcinoma, pancreatic ductal adenocarcinoma, and

hepatocellular carcinoma cell lines. (A–G) Representative fluores-

cence images (400� total magnification) of TUNEL staining (left panel)

and quantitation of TUNEL-positive cells (right panel) in A549 (A), NCI-

H1264 (B), NCI-H1299 (C), Calu-6 (D), PANC-1 (E), MIA PaCa-2 (F), and

Hep G2 (G) cells after treatment with VA at the respective IC50

concentrations for 48 h. Cells treated with 0.05 to 0.3% DMSO in

growth media were also TUNEL-stained as negative controls. Data are

representative of three independent experiments and are presented as

means � SEMs. Scale bar: 50 mm. **p < 0.01.
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treatment, further supporting the TUNEL assay data that VA

induces apoptotic cell death in human cancer cells.

Taken together, these results suggest that VA has cytotoxic

activity against human cancer cells, that this activity involves

the induction of apoptosis, and that VA is one of the constitu-

ents of P. ravenelii contributing to its cytotoxicity to human

cancer cell lines.

Discussion

Recently, mushrooms were shown to be plentiful resources of

novel compounds with various pharmaceutical activities such

as anti-cancer, antiviral, anti-oxidant, anti-diabetic, and

immunomodulatory activities.6,25,26 In particular, edible mush-

rooms showing anti-cancer activities and the active compounds

of these mushrooms are thought to be promising alternatives

for anti-cancer drugs currently used in clinics, since they may

have fewer various adverse effects and complications. There-

fore, screening mushrooms with anti-cancer properties and

identifying the compounds responsible for these properties

could potentially reduce the side effects of cancer treatment and

help cancer prevention efforts. In this context, our group

collected endemic mushroom species in the mountainous

regions during a hot humid summer. We also prepared MeOH

extracts of these species to test in our cytotoxic screening system

and conducted further chemical analysis of the identied

cytotoxic MeOH extracts to discover the anti-proliferative

secondary metabolites of Korean wild mushrooms.15–20 Recent

studies successfully identied lead compounds with potential

cytotoxic activities against various types of cancer as well as anti-

antigenic properties from mushrooms.27–31 For example,

cucurbitane triterpenes isolated from Leucopaxillus gentianeus

were found to have signicant anti-proliferative activity against

human large-cell lung carcinoma cells.27 Moreover, ergone

identied from Fulviformes fastuosus had promising cytotoxic

activity against human muscle rhabdomyosarcoma and hepa-

tocellular carcinoma cells by inducing apoptosis.28 A recent

study also identied two novel triterpenoids from Naematoloma

fasciculare and validated their signicant cytotoxicity against

various cancer cell lines, including human lung adenocarci-

noma, ovarian carcinoma, melanoma, and colorectal adeno-

carcinoma cell lines.29 In addition, the MeOH extract of

Phellinus linteus was demonstrated to have angiostatic activity

both in vitro and in vivo.30 Furthermore, oral administration of

mycelial cultures of P. linteus was shown to attenuate the growth

of human hepatoma xenogras in mice by enhancing anti-

tumor immune responses.31

Previous chemical and biological investigations of P. rav-

enelii revealed several novel compounds, including iso-

ravenelone, ravenelone, pulveraven A, and pulveraven B, as well

as the known compound, vulpinic acid (VA).12,14 However, the

pharmaceutical activities of this mushroom, such as its anti-

cancer activity, still remain to be elucidated. We found that

the P. ravenelii MeOH extract exhibited cytotoxic activity in vitro

against various types of human cancer cells, including lung,

pancreatic, and liver cancer cells, by inducing apoptotic cell

death. Although the MeOH extract showed a high IC50 value

(490.5 mg mL�1) against PANC-1 cells, the other human

pancreatic cancer cell line, MIA PaCa-2, was found to be

sensitive to the extract with an IC50 value of 241.5 mg mL�1. This

was comparable to the IC50 values of other human cancer cell

types tested, indicating that the genetic diversity of cancer cells,

but not their cancer type, affects the cytotoxicity of the P. rav-

enelii MeOH extract. In addition, treatment with the MeOH

extract increased apoptosis and decreased cell viability in

human cancer cell lines harboring wild-type p53 (A549 and Hep

G2), as well as in cell lines withmutant p53 (NCI-H1264, PANC-1

and MIA PaCa-2) or null-p53 (NCI-H1299 and Calu-6).32–35

Moreover, the IC50 values did not show any signicant correla-

tion with the p53 status of the corresponding cell lines,

demonstrating that p53 status in human cancer cells does not

affect the cytotoxic potential of the extract.

All fractions of the P. ravenelii MeOH extract showed cyto-

toxicity against human cancer cell lines, with the exception of

the BuOH fraction. Further chemical investigation of the HX

fraction, which was the most cytotoxic to most of the cell lines

examined, revealed that the main component of this fraction

was VA (1). VA is an important secondary metabolite in lichens

and is also found in some mushroom species such as Sclero-

derma citrinum.12,14,23,36,37 VA has also been shown to exhibit anti-

proliferative activity against human hepatocellular carcinoma

(Hep G2), neuroblastoma (NS20Y), and retinoblastoma (NCI-

H187) cell lines and to induce apoptosis in Hep G2 cells.23,36,37

In our study, VA isolated from P. ravenelii was also demon-

strated to have cytotoxic activity, with IC50 values ranging from

21.65 to 146.17 mM. VA also had apoptotic activity against seven

different human cancer cell lines, further supporting the idea

that VA is potentially a lead compound for therapeutic inter-

ventions in cancer.

The cytotoxic activities of VA in the human cancer cell lines

were similar to those of the HX fraction and the P. ravenelii

MeOH extract in the corresponding cell lines, suggesting that

Fig. 7 Vulpinic acid (VA) induces PARP cleavage in human lung

adenocarcinoma and pancreatic ductal adenocarcinoma cell lines.

Whole cell lysates were prepared from NCI-H1264, NCI-H1299, Calu-

6, and MIA PaCa-2 cells treated with VA at the respective IC50

concentrations or 1 mM doxorubicin (Doxo) as a positive control. The

membranes were probed for PARP and b-actin as a loading control.

Data are representative of three independent experiments and are

presented as means � SEMs. *p < 0.05, **p < 0.01.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 35297–35304 | 35301
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VA is the main constituent contributing to the cytotoxicity of the

P. ravenelii MeOH extract against human cancer cell lines.

However, the MC and EA fractions of the MeOH extract were

also found to exhibit cytotoxicity against human cancer cell

lines, indicating that constituents of P. ravenelii other than VA

might also have cytotoxic potential and contribute to its cyto-

toxic activity against human cancer cell lines in vitro. Thus,

further studies aimed at identifying and validating the cytotoxic

compounds contained in those fractions will be necessary to

fully understand the cytotoxic effects of P. ravenelii on human

cancer cells. In addition, we showed that the cytotoxicity of VA,

the P. raveneliiMeOH extract, and its fractions was mediated by

apoptosis. Considering that VA treatment increased the level of

the cleaved form of PARP, it is likely that VA elicits apoptotic cell

death in human cancer cells by activating caspase-3 and/or

caspase-7.24,38–41 However, the underlying mechanisms need to

be further investigated to uncover the full cytotoxic potential of

VA and P. ravenelii against human cancer cells.

Experimental
General experimental procedures

Optical rotation wasmeasured on a Jasco P-1020 polarimeter. IR

spectra were recorded on a Bruker IFS-66/S FT-IR spectrometer.

UV spectra were acquired on an Agilent 8453 UV-visible spec-

trophotometer. LC/MS analysis was performed on an Agilent

1200 Series HPLC system equipped with a diode array detector

and a 6130 Series ESI mass spectrometer using an analytical

Kinetex column (2.1 � 100 mm, 5 mm). NMR spectra were

recorded on a Bruker AVANCE III 700 NMR spectrometer

operating at 700MHz (1H) and 175MHz (13C). Preparative HPLC

used a Waters 1525 binary HPLC pump with a Waters 996

photodiode array detector. Semi-preparative HPLC used a Shi-

madzu Prominence HPLC System with SPD-20A/20AV Series

Prominence HPLC UV-Vis detectors. Column chromatography

was performed with a silica gel 60 column (Merck, 230–400

mesh) and an RP-C18 silica gel column (Merck, 230–400 mesh).

Merck precoated silica gel F254 plates and reversed-phase (RP)-

18 F254s plates were used for TLC. Spots were detected on TLC

under UV light or by heating aer spraying with anisaldehyde–

sulphuric acid.

Mushroom material

Fresh fruiting bodies of P. ravenelii were collected at Mt.

Cheonggye, Seongnam (Gyeonggi-do, Korea) in August 2014. A

voucher specimen (HCCN26437) of the mushroom was

authenticated by one of the authors (S. Seok) and deposited at

the Herbarium Conservation Center of the National Institute of

Agricultural Sciences (HCCN), RDA Korea.

Extraction and isolation of compounds

Fresh fruiting bodies of P. ravenelii (450 g) were air-dried and

extracted with 80% aqueous MeOH (3.0 L each � 3 days) three

times at room temperature, aer which the extracts were

ltered using Whatman lter paper no. 2 (pore size: 8 mm). The

ltrates were combined and concentrated in vacuo, thus

yielding 12.7 g of crude MeOH extract. The extract was dissolved

in distilled water (700 mL) and successively solvent-partitioned

in hexane (HX), CH2Cl2 (MC), EtOAC (EA), and n-BuOH (700 mL

� 3), thereby generating hexane (0.4 g), CH2Cl2 (1.0 g), EtOAC

(0.9 g), and n-BuOH (2.1 g) miscible fractions. TheMeOH extract

and each fraction thereof were then dissolved in dimethyl

sulfoxide (DMSO, Sigma, St. Louis, MO, USA) as stock solutions

and evaluated for their cytotoxic activity against human cancer

cell lines.

To discover the cytotoxic chemical constituents, the hexane-

soluble fraction (0.4 g) exhibiting the most cytotoxic activity was

further separated by silica gel column (230–400 mesh) chro-

matography with a hexane–EtOAc gradient solvent system

(10 : 1 to 1 : 1) to produce nine fractions (H1–H9). Fraction H7

(43.1 mg) was then separated by reversed phase semi-

preparative HPLC on a Phenomenex Luna column (phenyl-

hexyl, 250 � 10.0 mm, 5 mm, ow rate: 2 mL min�1) using

a gradient system of acetonitrile–water (4 : 6 to 1 : 0), thereby

generating compound 1 (8.9 mg, tR ¼ 36.0 min). Fraction H8

(45.2 mg) was separated by the same HPLC system using

a gradient system of acetonitrile–water (2 : 8 to 8 : 2), thereby

also generating compound 1 (12.6 mg, tR ¼ 34.5 min). The

resultant compound 1 was then dissolved in DMSO as a stock

solution and tested for its cytotoxicity against human cancer cell

lines.

LC/MS analysis of the hexane-soluble fraction

The hexane-soluble fraction of the P. raveneliiMeOH extract was

analyzed by LC/MS using vulpinic acid (VA), which was isolated

from P. ravenelii, as a marker compound. Stock solutions of VA

and the hexane-soluble fraction were prepared by dissolving

1 mg of sample in 1 mL MeOH. Each solution was further

diluted with MeOH to a concentration of 100 mg mL�1. The

solutions were ltered through a 0.45 mm hydrophobic PTFE

lter and nally analyzed by LC/MS using a LC-MS Agilent 1200

Series analytical system (Agilent Technologies, Santa Clara, CA,

USA) equipped with a photodiode array (PDA) detector linked to

a 6130 Series ESI mass spectrometer. Analysis was performed by

injection of 10 mL of each sample onto a Kinetex C18 column

(2.1 � 100 mm, 5 mm; Phenomenex, Torrance, CA, USA) set at

25 �C. The mobile phase consisted of formic acid in H2O [0.1%

(v/v)] (A) and MeOH (B) was delivered at a ow rate of 0.3 mL

min�1 by applying the following programmed gradient elution:

10–100% (B) for 50 min, to perform post-run reconditioning of

the column.

Cell culture

The human lung adenocarcinoma cell lines, A549, NCI-H1264,

NCI-H1299 and Calu-6, were kindly provided by Dr Steven M.

Albelda (University of Pennsylvania School of Medicine, Phila-

delphia, PA, USA). The human pancreatic ductal adenocarci-

noma cell lines, PANC-1 and MIA PaCa-2, and the human

hepatocellular carcinoma cell line, Hep G2, were obtained from

the American Type Culture Collection (ATCC, Rockville, MD,

USA). All the cell lines were grown in RPMI-1640 medium sup-

plemented with 10% FBS (Hyclone, Logan, UT, USA), 2 mM L-
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glutamine (Gibco BRL, Grand Island, NY, USA), 50 U mL�1

penicillin, and 50 mg mL�1 streptomycin (WelGENE, Seoul,

Korea), and maintained at 37 �C in a humidied atmosphere of

5% CO2.

Cell viability analysis

A total of 5 � 103 cells per well were plated in triplicate in 96-

well tissue culture plates (Thermo Scientic, Waltham, MA,

USA) and treated with the P. ravenelii MeOH extract, its frac-

tions, and VA isolated from the hexane-soluble fraction at

various concentrations for 48 h. Cells treated with 0.05 to 0.6%

DMSO corresponding to the percentages of DMSO in cell

cultures treated with the extract, its fractions and VA were used

as vehicle controls. The cell viability was then assessed by the

WST-1 cell proliferation assay following the manufacturer's

instructions (Daeil Lab Service, Seoul, Korea) and determined as

a percentage of vehicle control. IC50 values were calculated by

non-linear regression analysis using GraphPad Prism 5.0

(GraphPad Soware, Inc., San Diego, CA, USA).

TUNEL assay

Cells were seeded on 12 mm coverslips (7.5 � 103 cells per

coverslip) and then treated with theMeOH extract of P. ravenelii,

its fractions, and VA isolated from the hexane-soluble fraction

at their IC50 concentrations for 48 h. Cells treated with DMSO

were used as vehicle controls. Apoptotic human cancer cells

were then assessed by terminal deoxyribonucleotidyl

transferase-mediated dUTP nick end labeling (TUNEL) staining

using the Dead-End labeling kit (Promega, Madison, WI, USA)

following the manufacturer's instructions. Aer counter-

staining with 1 mg mL�1 Hoechst dye (Sigma) to visualize cell

nuclei, cells were examined under a uorescence microscope

(Carl Zeiss, Jena, Germany). The percentage of apoptotic cells

was then determined as the number of TUNEL-positive cells

divided by the total number of cells counted in six randomly

selected high-power elds (400�) on each slide.

Immunoblotting

Cells were plated in 10 cm tissue culture dishes (106 cells per

dish; Thermo Scientic), grown overnight, and treated with the

MeOH extract of P. ravenelii, its fractions, and VA isolated from

the hexane-soluble fraction at their IC50 concentrations for 48 h

or 1 mM doxorubicin (Sigma) as a positive control. Cells treated

with DMSO were used as vehicle controls. At 48 h aer treat-

ment, cells were harvested and lysed with RIPA buffer supple-

mented with 10 mMNaF, 1 mMNa3VO4, 1 mMDTT, 1mM PMSF

(Sigma) and a protease inhibitor cocktail (Roche, Mannheim,

Germany). Proteins in the whole cell lysates were then separated

by SDS-PAGE and transferred to PVDF membranes (Bio-Rad,

Hercules, CA, USA). The membranes were probed with anti-

poly (ADP-ribose) polymerase (PARP) antibodies (Cell

Signaling Technology, Danvers, MA, USA). b-Actin (Thermo

Scientic) was used as a loading control. To determine relative

gel densities, band densities were quantied with densitometric

analysis using ImageJ soware (NIH, Bethesda, MD, USA) and

then normalized to b-actin as previously described.42

Statistical analysis

Student's two-tailed unpaired t test was used to determine the

statistical signicance of differences between cells treated with

the MeOH extract of P. ravenelii, its fractions, or VA isolated

from the hexane-soluble fraction versus vehicle controls. Data

are presented as means� SEMs and p values less than 0.05 were

considered statistically signicant.

Conclusions

The data presented here indicate that P. ravenelii has cytotoxic

activity against human cancer cells by inducing apoptosis. We

also identied VA as the main constituent of the HX fraction,

which was the most cytotoxic fraction of the P. ravenelii MeOH

extract, and found that VA is one of the main constituents

contributing to the cytotoxicity of this mushroom to human

cancer cells. To the best of our knowledge, our study is the rst

to demonstrate the cytotoxic activity of P. ravenelii against

human cancer cells. Moreover, our results suggest that P. rav-

enelii and its main constituent VA are potentially useful as

a functional food and a lead compound, respectively, for cancer

prevention and treatment.
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