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Abstract
Objectives: This study aims to identify new anti-
cancer agents from Cordyceps-colonizing fungi,
using an ecology-based approach. It also aims to
explore their anti-cell proliferative mechanisms, and
to evaluate their anti-tumour effects in vivo.
Materials and methods: Extracts from Cordyceps-
colonizing fungi were tested on HeLa cells, and
active extracts were separated to obtain anti-tumour
metabolites; their structures were elucidated by mass
and nuclear magnetic resonance spectroscopy. Cell
cycle analysis was evaluated using flow cytometry.
Tumour formation assays were performed using
C57BL ⁄6J mice.
Results: Based on ecological considerations, the
selected extracts were subjected to initial anti-
tumour screening. Bioassay-guided fractionation of
the active extract afforded two new epipolythiodi-
oxopiperazines, named gliocladicillins A (1) and B
(2). (A) 1 and B (2) inhibited growth of HeLa,
HepG2 and MCF-7 tumour cells. Further study
demonstrated that both preparations arrested the cell
cycle at G2 ⁄M phase in a dose-dependent manner,
and induced apoptosis through up-regulation of
expression of p53, p21, and cyclin B, and activation
of caspases-8, -9 and -3. These data imply that glio-
cladicillins A (1) and B (2) induce tumour cell
apoptosis through both extrinsic and intrinsic path-

ways. In addition, in vivo studies showed that they
displayed significant inhibitory effects on cell popu-
lation growth of melanoma B16 cells imlanted into
immunodeficient mice.
Conclusions: Gliocladicillins A (1) and B (2) are
effective anti-tumour agents in vitro and in vivo and
should be further evaluated for their potential in
clinical use.

Introduction

Cancer is a class of disease characterized by division of
cells in a seemingly uncontrolled manner. According to
the American Cancer Society, 7.6 million people died
from cancer globally in 2007, and cancer is currently
responsible for 25% of all deaths in the developed coun-
tries (1). Anti-tumour agents continue to be the foundation
of cancer therapies, although development of new anti-
cancer drugs remains a great challenge (2). Natural prod-
ucts have played a major role in cancer treatment. Of all
available anti-cancer agents from the 1940s to 2006, over
70% of them are either natural products themselves or are
derivatives of natural products (3). For example, paclitaxel
(Taxol), a well-known drug approved for use in the treat-
ment of ovarian and breast cancers, was originally isolated
from the bark of the plant Taxus brevifolia (4,5). Micro-
organisms are well-known producers of bioactive natural
products with diverse structures, from which many anti-
cancer drugs have been discovered (6); examples include
anthracycline, bleomycin, actinomycin, mitomycin and
aureolic acids (7–9). Apoptosis is a key biological path-
way of cell death in multicellular organisms; lack of cell
death in neoplasms is one of cancer’s major problems.
Agents with apoptosis-inducing effects are of high medi-
cal significance in cancer therapy (10). Some natural prod-
ucts have been found to regulate apoptotic pathways; for
example, apoptolidin, isolated from Nocardiopsis sp. can
selectively induce apoptosis in E1A-transformed cells

Correspondence: X. Ye, Center for Molecular Immunology, CAS Key
Laboratory of Pathogenic Microbiology and Immunology, Institute of
Microbiology, Chinese Academy of Sciences, 3 Datun Road, Beijing
100101, China. Tel.: +86 10 64807508; Fax: +86 10 64807513; E-mail:
yex@im.ac.cn; and Y. Che, Key Laboratory of Systematic Mycology and
Lichenology, Institute of Microbiology, Chinese Academy of Sciences,
8 Beiertiao, Zhongguancun, Beijing 100190, China. Tel. ⁄ Fax: +86 10
82618785; E-mail: cheys@im.ac.cn.

� 2009 The Authors
Journal compilation � 2009 Blackwell Publishing Ltd. 1

Cell Prolif. 2009, 00, 1–10 doi: 10.1111/j.1365-2184.2009.00636.x



(11), and its remarkable selectivity makes it a lead com-
pound in treatment of malignancy.

Cancer cells evolve in part by over-riding normal cell
cycle regulation, resulting in lack of control of cell prolif-
eration, and its inhibition is a successful strategy for
development of anti-cancer drugs. Use of new chemother-
apeutic agents derived from natural products with anti-
proliferative effects will be welcome in clinical situations
(12). Examples are the fungal metabolite wortmannin
(which can inhibit PI3 kinase-mediated signal transduc-
tion pathways) (13), geldanamycin (a natural ansamycin,
is a direct protein tyrosine kinase inhibitor) (14) and rap-
amycins (isolated from Streptomyces hygroscopicus)
which can block cell cycle progression in T cells and
B cells, as well as in osteosarcoma and rhabdomyosar-
coma cell lines (15). Epothilones, from the myxobacteri-
um Sorangium cellulosum are anti-tumour agents that
have a similar mode of action to Taxol, but offer advanta-
ges of greater water solubility and sample availability by
successful use of fermentation technology. Using combi-
natorial methodology, more epothilones have been pro-
duced and evaluated for their anti-tumour activity, leading
to the discovery of 12,13-desoxy- and 15-aza-epothilone
B as most promising anti-tumour agents (16). The search
for natural products that can inhibit cell proliferation and
induce tumour cell apoptosis continues to be an important
approach to discovery of new anti-cancer drugs.

Chemical ecology of natural products is at the very
heart of such drug discovery (17) and application of fun-
gal ecology for new bioactive natural products has proven
to be an effective approach (18). Based on ecological con-
siderations, we initiated chemical studies of certain fungi
associated with Cordyceps sinensis (Berk.) Sacc. (19).
These fungi have been called ‘Cordyceps-colonizing
fungi’ although their exact relationships with C. sinensis
still remains ill-defined. C. sinensis- colonizing fungi’ are
known as Chinese caterpillar fungus or ‘Dong Chong
Xia Cao’. They are famous fungi used in traditional Chi-
nese medicine, and have been widely used as a tonic
and ⁄or medicine for hundreds of years in the Asian coun-
tries. It is found primarily at high altitude (above
3500 m), on the Qinghai-Tibetan plateau and endophytic-
ally parasitizes dead caterpillars of the moth Hepilus spp.
Ongoing exploration of C. sinensis has shown that this
species can produce many bioactive compounds, includ-
ing anti-cancer agents (20,21). However, due to its grow-
ing popularity, the natural fungus has been over-harvested
to the extent that it is now an endangered species (22).
Despite claimed medical benefits, including that of anti-
cancer activity (whether these effects originate from itself
or from metabolites produced by the colonizing fungi)
remain to be answered. Our long-term goal is to under-
stand the relationships between the fungi and C. sinensis

from mycological and chemical aspects. During an ongo-
ing ecology-based search for anti-tumour agents, a library
of 200 extracts prepared from solid-substrate fermentation
of 200 selected strains of Cordyceps-colonizing fungi
were screened. The strain producing the most active
extract was large scale fermented, and bioassay-guided
fractionation of the resultant extract afforded two new
metabolites, gliocladicillins A (1) and B (2), along with
11,11¢-dideoxyverticillin (23) which was known already.
Compounds A (1) and B (2) displayed significant anti-
proliferative effects on HeLa cells, and mechanism study
revealed that they both induced G2 ⁄M cell cycle arrest,
and apoptosis, in a dose-dependent manner. In addition,
data from tumour formation assays in mice indicated that
A (1) and B (2) showed significant in vivo anti-tumour
effects. These results suggest that gliocladicillins A (1)
and B (2) should be further evaluated as candidates for
anti-cancer drugs.

Materials and Methods

Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM) and RPMI
1640 medium were purchased from Life Technologies
(Grand Island, NY, USA), foetal bovine serum (FBS) was
from YHSM (Beijing, China), and trypsin was obtained
from Roche (Indianapolis, IN, USA). Dimethyl sulphox-
ide (DMSO), 3-(4,5-dimethyl thizol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT; CAS# 298-93-1), propidium
iodide (PI; CAS# 25535-16-4), RNase A, and ONPG
(ortho-nitrophenyl-b-D-galactopyranoside; CAS# 369-07-
3) were purchased from Sigma (St Louis, MO, USA).
Polyethylenimine (CAS# 9002-98-6) was purchased
from Polyscience Inc. (Warrington, PA, USA). PARP1
(sc-56196), p53 (sc-6243), p21 (sc-6246), Bcl-Xs ⁄ l
(sc-1041), cyclin B1 (sc-7393), and Chk1 (sc8408) were
purchased from Santa Cruz Biotechnologies (Santa Cruz,
CA, USA). Anti-mouse (W4021) and anti-rabbit (W4011)
horseradish peroxidase-conjugated immunoglobulin G,
and Luciferase Assay System (E4530) were purchased
from Promega (San Luis Obispo, CA, USA). Western
Luminescent Kit and BCA Protein Assay Kit were from
Vigorous (Beijing, China).

Instrumentation for structure elucidation

Proton (1H) and carbon-13 (13C) nuclear magnetic reso-
nance (NMR) data were acquired using Bruker Avance-
400 and -600 spectrometers using solvent signals (CDCl3;
dH 7.26 ⁄dC 77.0) as references. Heteronuclear multiple
quantum coherence and heteronuclear multiple bond
coherence (HMBC) experiments were optimized for 145.0
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and 8.0 Hz, respectively. Electrospray ionization mass
spectrometry (ESI-MS) data were recorded on a Bruker
Esquire 3000plus spectrometer, and high resolution electro-
spray ionization mass spectrometry (HRESI-MS) data
were recorded on a Bruker APEX III 7.0 T spectrometer.

Cell lines and culture

MCF-7 (breast cancer), HepG2 (hepatocellular carcinoma)
and HeLa (cervical cancer) human solid tumour cell lines,
and B16 mouse melanoma tumour cell line were obtained
from American Type Culture Collection (Rockville, MD,
USA). MCF-7, HepG2 and HeLa cells were maintained
in DMEM, whereas B16 cells were maintained in
RPMI 1640 medium, all supplemented with 10% heat-
inactivated FBS at 37 �C, in a humidified atmosphere
containing 5% CO2.

Fungal material and extract preparation

Strains of Cordyceps-colonizing fungi were isolated by
one of the authors (X.L.) from samples of C. sinensis
(Berk.) Sacc. collected in Linzhi, Tibet, in March 2004.
The isolate that produced the most active extract was iden-
tified as Gliocladium sp. and assigned the accession no.
XZC04-CC-302 in X.L’s culture collection at the Institute
of Microbiology, Chinese Academy of Sciences, Beijing.
Extracts were prepared by solid-substrate fermentation on
rice, as described previously (24).

Preparation of the active extract and isolation of
compounds 1–3

Solid-substrate fermentation was carried out in one hun-
dred 500-ml Erlenmeyer flasks, each containing 150 g of
rice. Fermented rice substrate was extracted repeatedly
with ethyl acetate (6 · 1 l), and the organic solvent was
evaporated to dryness in vacuo to afford crude extract
(40 g). Crude extract was fractionated by silica gel col-
umn chromatography (CC) (6 · 30 cm) using CH2Cl2–
MeOH gradient elution, and the active fraction (1.0 g)
eluted with 99 : 1 CH2Cl2–MeOH was subsequently sepa-
rated by silica gel CC (2.8 · 14 cm) using 99.5 : 0.5
CH2Cl2–MeOH as eluents. One active fraction (150 mg)
was further purified by semipreparative reversed-phase
high-performance liquid chromatography (RP HPLC;
Agilent Zorbax SB-C18 column (Angilent Technologies,
USA); 5 lm; 9.4 · 250 mm, 2 ml ⁄min) to obtained glio-
cladicillin A (1; 30.0 mg, tR 14.3 min; 50–55% acetoni-
trile in H2O for 5 min, and followed by 55% acetonitrile
for 25 min). Purification of a further active fraction
(120 mg) by RP HPLC afforded gliocladicillin B (2;
25.0 mg, tR 19.5 min; 60–85% MeOH in H2O for

40 min). A last active fraction (100 mg) was also sepa-
rated by RP HPLC to afford 11,11¢-dideoxyverticillin (3;
18.0 mg, tR 18.0 min; 60% acetonitrile in H2O for 5 min,
and followed by 60–70% for 25 min).

Cytotoxicity and cell viability analyses

Viabilities of control and treated cells were evaluated
using MTT assay, in triplicate. Cells (1 · 104 ⁄well) were
seeded in 96-well microtitre plates containing 100 ll cul-
ture medium, and were permitted to adhere for 16–18 h,
washed with PBS, and then treated with the test com-
pounds. After 4-h treatment, cells were allowed to grow
for a further 48 h after medium was replaced by fresh, and
then incubated at 37 �C in 50 ll MTT solution (5 mg ⁄ml)
for 3 h. After removal of medium and MTT, 200 ll
DMSO was added to each well, and the assay plate was
read at 570 nm using a microplate reader (SUNRISE-
basic TECAN, TECAN Austria GmbH, Groedig, Austria).
Absorbance of untreated cells was considered as 100%.

Cell cycle analysis

HeLa cells were treated with test compounds at indicated
concentrations for 24 or 48 h. Cells were fixed in 70%
cold ethanol, and then stained with a solution containing
45 lg ⁄ml of PI and 50 lg ⁄ml of RNase A. Flow cytomet-
ric analysis was performed using FACScan instrumenta-
tion (BD Biosciences, San Jose, CA, USA). Data were
analysed using the ModFit LT program.

Western blot analysis

HeLa cells were grown to 70% confluence in 6-cm dishes
and incubated in DMEM with gradient concentrations of
test compounds at 37 �C for 24 h. After rinsing in ice-cold
PBS, cells were lysed in 0.1 ml of lysis buffer (50 mM

Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl, 1.0 mM EDTA, 1.0 mM PMSF, and 1· pro-
tease inhibitor cocktail from Roche). Cell lysates were
analysed on 8% or 15% sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis and transferred to PVDF
membranes (GE Healthcare Bio-Sciences Corp., Piscata-
way, NJ, USA). Immunoblotting was then performed with
indicated antibodies, followed by anti-mouse or anti-
rabbit horseradish peroxidase-conjugated immunoglobu-
lin G. Immunoreactive proteins were detected using a
luminescence kit reagent (Vigorous).

Detection of apoptosis

Apoptosis was analysed flow cytometrically, apoptotic
cells appearing as a sub-G1 population in PI-stained
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preparations. Percentage of cells undergoing apoptosis
was determined by three independent experiments; PARP-
1 cleavage and caspase activation were detected by
Western blotting with indicated antibodies. For DNA frag-
mentation analysis, 1 · 106 cells were pelleted and
washed in ice-cold PBS, resuspended in 200 ll PBS (with
0.2 mg ⁄ml protease K), then 200 ll PBS with 2% NP-40
was added, vortex-mixed thoroughly, and treated cells
were allowed to stay on ice for 30 min. After centrifuging
at 13 000 g for 5 min, supernatant was collected and
DNA was ethanol-precipitated and resuspended in 30 ll
distilled water. RNaseA (10 mg ⁄ml) was then added to
achieve a final concentration of 100 lg ⁄ml. The mixture
was first incubated at 37 �C for 30 min, then 6 ll of
6· loading buffer (0.25% bromophenol blue, 0.05%
xylene cyanol, and 50% glycerol) was added and DNA
was subjected to 2% agarose gel electrophoresis and visu-
alized using ethidium bromide staining.

Transfection and luciferase reporter assay

HeLa cells were seeded into 12-well plates 24 h before
transfection, and media were removed and replaced with
1 ml fresh DMEM 2 h prior to transfection. 1 lg DNA
was diluted with 150 mM NaCl solution, in an Eppendorf
tube, to achieve a final volume of 50 ll. The solution was
mixed thoroughly, 12 lg polyethylenimine (in 50 ll of
150 mM NaCl) was added, and then incubated at room
temperature for 15 min. The DNA ⁄polyethylenimine mix-
ture was then added to cells, and medium was changed
8 h after the transfection.

For p53- and p21-luc reporter assays, cells were first
transfected with 0.5 lg p53-luc or p21-luc and 0.5 lg
pCMV-b-gal for 24 h, treated with test compounds for
12 h, and then lysed with 1· reporter lysis buffer (Pro-
mega). Luciferase activity was measured using Promega
SLR luciferase reporter system with a 20 ⁄20n luminome-
ter (Turner Biosystems, Sunnyvale, CA, USA). As inter-
nal control of transfection, b-galactosidase activity was
measured through ONPG hydrolysis. Absorbance at
420 nm was measured using a UV-2100 spectrophotome-
ter (Unic, Shanghai, China). Relative luciferase activity
was calculated as RLU = luciferase activity ⁄b-galacto-
sidase activity.

In vivo anti-tumour activity

Female C57BL ⁄6J mice were purchased from Vital River
Laboratories (Beijing, China), and all experiments were
carried out using 8-week-old mice weighing 18–22 g.
B16 cells (5 · 104) were injected subcutaneously into the
right axilla region of the mice, and at 24 h after implanta-
tion, non-control mice were intraperitoneally injected with

vehicle or test compounds, then once daily for 21 days;
all animals were weighed daily. At the end of the experi-
ment, every mouse was killed and tumours were excised
and weighed. Inhibition of the tumour growth in vivo was
calculated using the following formula: growth inhibi-
tion = [(average tumour weight of the control group –
average tumour weight of the test group) ⁄ average tumour
weight of the control group] · 100%.

Results

Screening of extract library and bioassay-guided
fractionation

The 200 crude extracts prepared from Cordyceps-coloniz-
ing fungi were subjected to MTT assay using HeLa cells,
and their anti-proliferative effects were evaluated by GI50
values. Gliocladium sp. produced the most active extract,
and its scale-up fermentation extract reproduced the activ-
ity with GI50 value of 15 lg ⁄ml. Bioassay-directed sepa-
ration of this extract enriched the activity to a fraction
with a GI50 value of 2.0 lg ⁄ml, and further purification of
this active fraction led to isolation of three active com-
pounds, with GI50 values of 0.50, 0.10 and 0.25 lg ⁄ml,
respectively (Fig. 1a).

Identification of gliocladicillins A (1), B (2), and
11,11¢-dideoxyverticillin (3)

Structures of extracts 1–3 were elucidated by interpreta-
tion of MS and NMR data. Compound 3 was readily
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Figure 1. (a) Cordyceps-colonizing fungi from C. sinensis samples col-
lected in Tibet. (b) Chemical structures of gliocladicillins A (1), B (2),
and 11,11¢-dideoxyverticillin (3).
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identified as 11,11¢-dideoxyverticillin, a cytotoxic metabo-
lite recently discovered as a receptor tyrosine kinase inhib-
itor, by comparison of its NMR and MS data with those
previously reported (19). The molecular formula of A (1)
was assigned as C31H30N6O5S4 by HRESI-MS. Analysis
of its 1H and 13C NMR data revealed structural features
similar to those found in extract 3, except that the methyl
group at C-3¢ was replaced by signals for a 2-hydroxyeth-
yl unit; this observation was supported by relevant 1H–1H
COSY and HMBC correlations. Thus, the structure of
gliocladicillin A (1) was elucidated as shown (Fig. 1b).
The molecular formula of B (2) was discovered to be
C31H30N6O4S4 by HRESI-MS. Interpretation of its NMR
data revealed that the oxymethine (C-13¢; dH ⁄ dC
4.46 ⁄68.17) was replaced by resonances for a methylene
unit (dH ⁄dC 2.17, 2.37 ⁄24.81), leading to the recognition
of B (2) as the 3¢-deoxy analogue of A (1) (Fig. 1b).

Anti-proliferative effects of A (1) and B (2) on human
cancer cell lines

Anti-tumour effects of A (1) and B (2) were evaluated
against three human cancer cell lines – HeLa, HepG2, and
MCF-7 – using the MTT assay. The GI50 values of A (1)
and B (2) ranged from 0.10 to 0.50 lg ⁄ml (Fig. 2). In this
assay, MCF-7 cells showed relatively higher susceptibility
(GI50 = 0.20 lg ⁄ml) to A (1) compared to HeLa and
HepG2 cells (GI50 = 0.50 lg ⁄ml).

G2 ⁄M arrest and apoptosis induced by A (1) and B (2)
in HeLa cells

To determine the mechanisms by which A (1) and B (2)
inhibit proliferation of tumour cells, cell cycles were anal-
ysed in HeLa cells treated with A (1) and B (2), at indi-
cated concentrations, for 24 and 48 h, respectively. The
percentage of cells in each phase of the cell cycle was
determined by flow cytometry (Fig. 3a,b, respectively; the
sub-G1 population indicated the apoptotic cells). In non-
apoptotic populations, HeLa cells accumulated in G2 ⁄M
phase when treated with A (1) and B (2). For example,
HeLa cells treated with 2.0 lg ⁄ml of A (1) for 24 h
resulted in an increase in the percentage of cells from

22.7% to 41.8% in the G2 ⁄M phase, suggesting that both
A (1) and B (2) inhibited cell proliferation by G2 ⁄M phase
arrest. The percentage of apoptotic cells increased signifi-
cantly in treated cells, and the proportion was higher both
at 24 and 48 h, with increase in concentration of either A
(1) or B (2). These results suggested that A (1) and B (2)
both triggered tumour cell apoptosis in a time- and dose-
dependent manner. Apoptosis induced by A (1) and B (2)
was also confirmed by Annexin V staining (Fig. 3c,d) and
DNA fragmentation analysis of treated HeLa cells
(Fig. 4a).

Activation of the caspase pathway in HeLa cells

HeLa cells were first treated with different concentrations
of either A (1) or B (2), and cell lyastes were then har-
vested for immunoblotting initially with caspase-8,
caspase-9, effector caspase-3, and its substrate PARP-1.
Results indicated that caspase-8 was cleaved into its active
form (43 ⁄41 kD), while caspase-9 cleaved to an active
large fragment of 35 kD (Fig. 4b). Activation of effector
caspase-3 and its substrate PARP was also examined, with
caspase-3 cleaving into its active forms (17 ⁄21 kD) and
PARP into an 85-kD active fragment. All the cleavages of
these were shown to act in a dose-dependent manner.

Protein levels of Bax and Bcl-XL were examined
(Fig. 4b) as increase in the ratio of Bax ⁄Bcl-XL expression
may have modulated subsequent activity of caspase-3,
which functions as the executioner of apoptosis. Together,
these results indicated that both A (1) and B (2), activate
the caspase pathway and induce HeLa cells to undergo
apoptosis through both extrinsic and mitochondrial
pathways.

Effects of A (1) and B (2) on proteins involved in cell
cycle progression

Flow cytometry data showed that A (1) and B (2) both
induced HeLa cells to arrest in the G2 ⁄M phase. It is
known that induction of p21 and p53 are implicated in
G2 ⁄M arrest (25,26); thus, expression of p21 and p53 pro-
teins was examined by Western blot analysis to determine
whether A (1) and B (2) could regulate cell cycle-related
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Figure 2. Anti-proliferative effects of glio-
cladicillins A (1) and B (2) on three human
tumour cell lines. Cells seeded in 96-well plates
were treated with various concentrations of 1 and
2 for 4 h, and their viabilities were determined
using MTT assay. GI50 values are shown as
mean ± standard deviation of three independent
experiments.
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Figure 3. Effects of gliocladicillins A (1) and B (2) on cell cycle distribution and apoptosis. (a,b) Flow cytometry analysis. HeLa cells were incu-
bated in the absence or presence of 1 (a) or 2 (b) for 24 and 48 h, respectively. Cells were harvested and fixed in 70% ethanol for flow cytometry. Data
shown are representatives of three independent experiments. (c,d) HeLa cells were incubated in the absence or presence of 0.50 lg ⁄ml of 1 (c) or 0.10
to 0.30 lg ⁄ml of 2 (d) for 24 h. Cells were harvested and stained with Annexin Vand propidium iodide for flow cytometry.
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protein expression. The result showed that levels of
both p21 and p53 increased significantly Fig. 5a). As
for transcription of p21 and p53, both p21 and p53
luciferase reporters were activated in A (1)- and B
(2)- treated cells (Fig. 5b), suggesting that A (1) and B (2)
may cause G2 ⁄M arrest by regulating transcription of
p21 and p53.

Degradation of the cyclin B subunit of protein kinase
CDK2 ⁄ cyclin B dimer is required for inactivation of
CDK2 and ensures mitotic exit, while its inappropriate
accumulation causes G2 ⁄M phase arrest. Thus, expression
of cyclin B and CDK2 were examined; results showed
that expression of cyclin B was elevated, whereas that of
CDK2 remained unchanged in the treated HeLa cells com-
pared to controls (Fig. 5a), suggesting that A (1) and B (2)
might block degradation of cyclin B and therefore cause
G2 ⁄M arrest.

In vivo anti-tumour effects of compounds A (1) and B (2)

Due to their potent in vitro anti-proliferative activities,
compounds A (1) and B (2) were further evaluated for
their in vivo anti-tumour effects using a xenograft mouse
melanoma tumour model. B16 melanoma cells (5 · 104)
were injected into C57BL ⁄6J mice, and after 24 h, test
mice were individually injected with A (1) (0.25 and
0.50 mg ⁄kg body weight, respectively) or B (2) (0.10 and
0.40 mg ⁄kg body weight, respectively) once a day for
21 days. All animals were then killed at day 21 with their
body weights having been recorded each day before their
death. tumours were removed from the bodies and
weighed. Average tumour weight from the mice treated

with A (1) were 0.54 and 0.24 g, whereas those from mice
treated with B (2) were 0.80 and 0.34 g, respectively of
indicated dosages (average weight of tumours from the
control group was 1.84 g; Table 1). In vivo results indi-
cated that A (1) and B (2) treatment both showed signifi-
cant anti-tumour efficacy (P < 0.005) for B16 melanomas
in a dose-dependent manner, with inhibition levels of
69.8–87.2% for A (1) and 56.7–82.5% for B (2).

Discussion

Natural products have been demonstrated to play a major
role in discoveries of novel anti-cancer drugs (3,8). High
throughput screening techniques have been widely used
to screen appropriate libraries of large numbers of natural
extracts and synthetic compounds against diseases to iden-
tify quickly active agents that may serve as initiation
points for desperately needed drugs. Here, in this work,
an ecology-based approach has been applied to select
unique fungi and to prepare their extract details; initial
screening of 200 extracts obtained from selected
Cordyceps-colonizing fungi identified a fungus,
Gliocladium sp., that produced the most active derivatives.
Subsequent bioassay-guided fractionation of the scaled-up
sample led to isolation and identification of new
metabolites, gliocladicillins A (1) and B (2), and 11,11¢-di-
deoxyverticillin (3) (23). These metabolites were responsi-
ble for all the anti-tumour effects of the crude extract.

Compounds 1–3 are epipolythiodioxopiperazines
(ETP), produced only by fungi, and cell toxicity of ETPs
has made them attractive as potential therapeutic agents
against cancer. As a member of the ETPs, gliotoxin has
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(b)Figure 4. Gliocladicillins A (1) and B (2) both
induce apoptosis in HeLa cells. (a) DNA frag-
mentation analysis. HeLa cells were incubated in
the absence or presence of 0.50 to 2.0 lg ⁄ml of
A (1) for 24 h, and 25 lg ⁄ml cycloheximide
was used as the positive control. Cells were
harvested and the genomic DNA was extracted
and analysed using agarose gel. (b) Immuno-
blotting. HeLa cells were incubated in the
absence or presence of 0.125 to 2.0 lg ⁄ml of A
(1) (left panel) or 0.125 to 1.0 lg ⁄ml of 2 (right
panel) for 24 h, and cells were harvested and
analysed by immunoblotting for PARP-1,
caspase-3, caspase-8, caspase-9, Bax, Bcl-XL;
b-actin was used as the loading control.
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been reported to be a dual inhibitor of farnesyltransferase
and geranylgeranyltransferase I, and has shown pro-
nounced activity against rat mammary carcinomas without
detectable general toxicity in vivo (27). Sch52900, a verti-
cillin type of ETP, has been reported to induce differentia-
tion of leukaemia cells (28), while chaetocin, another ETP
closely related to the verticillins, has been recently identi-
fied as an anti-myeloma agent with in vitro and in vivo
activity (29). The known ETP recognised here, 11,11¢-
dideoxyverticillin (3), has been shown to be a dual

inhibitor of EGFR ⁄ErbB-2 and VEGFR-1 tyrosine kinase,
and has also displayed in vivo anti-tumour efficacy
(23,30). Based on evidence from the literature, gliocladi-
cillins A (1) and B (2) are two new ETPs isolated in this
study, thus were also evaluated to throw light on their
anti-tumour mechanisms. They were found to cause
G2 ⁄M cell cycle arrest and to induce apoptosis in HeLa
cells, by activating multiple signalling pathways. Anti-
tumour activity of A (1) and B (2) were closely associated
with their ability to induce G2 ⁄M phase arrest, as

Table 1. Anti-tumour effects of 1 and 2 against B16 in C57BL ⁄ 6J mice

Treatment
Dosage
(mg ⁄ kg ⁄ day) ·day

Mice (n)
(initial ⁄ end)

Body weight (g)
(initial ⁄ end)

Tumour
weight (g)

Inhibition
rate (%)

Normal saline 8 ⁄ 8 18.26 ⁄ 21.07 1.84 ± 0.70
1 0.25 · 21 8 ⁄ 8 18.79 ⁄ 19.68 0.56 ± 0.22* 69.8
1 0.50 · 21 8 ⁄ 8 18.41 ⁄18.32 0.24 ± 0.12* 87.2
2 0.10 · 21 8 ⁄ 8 18.32 ⁄ 18.87 0.80 ± 0.36** 56.7
2 0.40 · 21 8 ⁄ 8 18.53 ⁄ 18.40 0.32 ± 0.17* 82.5

B16 cell suspensions were injected subcutaneously into the right axilla region of C57BL ⁄ 6J female mice (18 ± 2 g), and daily intraperitoneal injections
of normal saline or test samples commenced 1 day after injection of tumour cells. All mice were killed on day 21 and the tumours were dissected out
and weighed. Data are expressed as mean ± standard deviation.
*P < 0.001 versus normal saline group. **P < 0.005 versus normal saline group.
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Figure 5. Gliocladicillins A (1) and B (2)
regulate expressions of cell cycle regulators
and transcription of p53 and p21. (a) Immuno-
blotting results. HeLa cells were incubated in the
absence or presence of A (1) or B (2) for 24 h,
and cell lysates were harvested and analysed by
immunoblotting with indicated antibodies,
b-actin being the loading control. (b) Luciferase
assay results. HeLa cells seeded into 12-well
plate were transfected with p21- or p53-luc
reporter plasmids and pCMV-b-gal was used as
the transfection control. Transfectants were
incubated in the absence or presence of A (1)
(upper 2 panels) or B (2) (lower 2 panels) for
12 h, and cell lysates were harvested and
subjected to luciferase assay. Relative luciferase
activity, normalized by b-galactosidase activity
shown.
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demonstrated by flow cytometry results (Fig. 3), and their
interference with proteins of G2 ⁄M transition and mitotic
exit (that is, p21, p53, CDK2, and cyclin B) could have
contributed to this effect. Our results suggest that A (1)
and B (2) both activated expression of p21 and p53, and
caused cyclin B accumulation, in a dose-dependent
manner, which themselves may induce G2 ⁄M arrest and
interfere with mitotic exit. Even though activation of p21
and p53 expression and accumulation of cyclin B play a
major role in the molecular basis of the A (1)- and B
(2)-induced cell cycle arrest, further studies are needed to
elucidate the detailed mechanisms in which A (1) and B
(2) regulate expression of p53 and block degradation of
cyclin B. Previous evaluation of known ETPs for their
anti-tumour effects, have suggested that they may be
involved in multiple pathways in cell proliferation and
apoptosis (23,28,29); our results obtained from this study
suggest that A (1) and B (2) are both involved in regula-
ting multiple pathways controlling the cell cycle.

Tumour cells often evade apoptosis by expressing
anti-apoptotic proteins, down-regulating pro-apoptotic
genes, and altering signalling pathways, which provide a
survival advantage for them (31). Induction of apoptosis
in tumour cells is therefore, one of the strategies explored
for anti-cancer drug development (32,33), and activation
of caspases is important for induction of death signals by
apoptosis. Caspases can be divided into initiator (caspase-
8 and caspase-9) and effector caspases (caspase-3). The
extrinsic pathway of caspase activation begins with activa-
tion of caspase-8, and active caspase-8 can activate the
effector caspases, such as caspase-3, which then act down-
stream to cleave substrates such as PARP, resulting in pro-
grammed cell death. In this study, A (1) and B (2) were
found to activate caspase-8 and eventually activate cas-
pase-3, implying that they are involved in activating the
extrinsic pathway. The intrinsic pathway of apoptosis
starts with the release of cytochrome c from mitochondria
into cell cytoplasm, where it forms a complex with Apaf-1
to recruit and activate caspase-9, and then activated cas-
pase-9 triggers the effector caspases - promoting apopto-
sis. The Bcl-2 family of anti-apoptotic proteins, including
Bcl-2 and Bcl-XL, can inhibit this caspase activation path-
way, in part by forming pores that stabilize mitochondrial
membranes. These proteins also block apoptosis by form-
ing inactivating heterodimers with pro-apoptotic proteins
such as Bak and Bax. Tumour cells can acquire resistance
to apoptosis by expressing anti-apoptotic proteins such as
Bcl-2 or by down-regulating pro-apoptotic proteins such
as Bax, and expression of both Bcl-2 and Bax are regu-
lated by the p53 tumour suppressor gene (34,35). Here,
compounds A (1) and B (2) were found to up-regulate
expression of p53, to change the ratio of Bax ⁄Bcl-XL, and
to activate caspase-9, indicating that A (1)- and B (2)-

induced apoptosis was also mediated through the intrinsic
pathway.

In vivo anti-tumour activities of A (1) and B (2) were
evaluated in C57BL ⁄6J mice, a xenograft model. Our
results showed that both reagents displayed promising
inhibitory efficacies for population growth of melanoma
B16 cells, without causing any obvious decrease in body
weights of the mice (which would have indicated damage
to normal tissues). The remaining question to answer is
whether in vivo success was caused solely by the anti-pro-
liferative effects of A (1) and B (2). Because tumour
growth and metastasis are dependent on angiogenesis,
tumours must continuously stimulate growth of new capil-
lary blood vessels to sustain tumour cell replication; the
known ETP 11,11¢-dideoxyverticillin (3) has been
reported to display anti-angiogenic activity (30). These
new gliocladicillins should be further investigated for their
role in signalling pathways involved in angiogenesis too,
in order to understand these mechanisms of their in vivo
anti-tumour effects also.

In this study, the ecology-based approach for discov-
ery of new bioactive natural products has again been
demonstrated to be valuable. This approach may help to
explore relationships between these fungi and their host
C. sinensis, and to further study the ecology of fungi
involved, from the mycological perspective. For chemists
studying natural products, it would be appealing to work
on a small number of extracts if such an effort resulted in
discovery of new bioactive natural products. Isolation of
new bioactive ETPs, gliocladicillins A (1) and B (2),
from the Cordyceps-colonizing fungus Gliocladium sp.,
provided further evidence for usefulness of such an
approach.

In conclusion, new gliocladicillins A (1) and B (2)
were found to inhibit proliferation of HeLa, HepG2 and
MCF-7 tumour cells and in treated HeLa cells, to induce
cell cycle arrest in the G2 ⁄M phase, through activation of
the p53 pathway and causing cyclin B accumulation. The
new derivatives also induced tumour cell apoptosis by
activating both intrinsic and extrinsic pathways and they
also exhibited significant in vivo anti-tumour activity in
mice. These results suggest that gliocladicillins A (1) and
B (2) are effective both in vitro and in vivo as anti-prolif-
erative and pro-apoptotic agents and should be further
evaluated for their potential in clinical usage.
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