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This study was to identify the signaling pathways for the

induction of HL-60 cell apoptosis by Cordyceps sinensis

mycelium extract (CSME). CSME at 25 lg/ml induced nuclear

fragmentation and DNA degradation, two hallmark events of

apoptosis, in the HL-60 cells within 12–24 hrs of treatment.

Concomitantly, several major events in the mitochondrial signal

pathway occurred, including the loss of MTP (DWm), cytochrome

c release into the cytoplasm, the decrease in Bcl-2 protein level,

the translocation of Bax protein from cytoplasm into mitochon-

dria, and the activation of caspase-2, -3, and -9, but caspase-8,

the initiator caspase in the death receptor pathway, was not

activated. These results suggest that CSME induces apoptosis

in HL-60 cell through the mitochondrial pathway rather than the

death receptor pathway. Exp Biol Med 232:52–57, 2007
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Introduction

Cordyceps sinensis (Cs), the Chinese caterpillar fungus,

is a famous and highly valued medicinal fungus (mush-

room) in Chinese herbal medicine. Cs has been used in

China as a tonic and an herbal medicine for longevity,

endurance, and vitality since ancient times, and its medicinal

value has gained increasing worldwide attention in more

recent years (1, 2). Cs has been shown to have multiple

pharmacological activities, and one of the most notable is

the antiproliferative activity on a variety of tumor cells (3,

4). Cs has also been used as an antitumor herb in Chinese

medicine and as an adjuvant of chemo- and radiotherapy for

treatment of various cancers (5). While immunomodulation

has been generally considered as the most possible

mechanism for the beneficial effects of Cs to cancer therapy,

more recent studies have shown that Cs constituents have

the ability to induce the apoptosis of malignant cells (6). For

example, a sterol compound H1-A isolated from Cs fruiting

body suppressed the proliferation of human mesangial cells

and promoted apoptosis (7), and a fraction R obtained by

supercritical CO2 extraction of Cs has been shown to inhibit

the growth and induce the apoptosis of colorectal and

hepatocellular cancer cells (8).

Apoptosis plays an important role in developmental

processes by eliminating unwanted cells so as to maintain

homeostasis in healthy tissue. Deregulated cell proliferation

and suppressed cell death together provide the physiological

foundation for neoplastic progression (9). On the other

hand, a wide variety of chemotherapeutic agents have been

shown to cause the death of cancer cells by inducing

apoptosis (10, 11). Two principal signal pathways have

been established for the induction of apoptotic cell death,

the death receptor pathway and the mitochondrial pathway

(12). The death receptor pathway (also known as the

extrinsic pathway) begins with the ligation of cell surface

death receptors such as Fas at the plasma membrane,

followed by the recruitment of the adapter protein Fas-

associated death domain (FADD) and the activation of

caspase-8, which activates the downstream effector caspases

-3 and -7, and then -6 (13). The mitochondrion-mediated

pathway (the intrinsic pathway) begins with the disruption

of mitochondrial transmembrane potential (MTP) DWm and
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the release of apoptogenic factors (proteins) such as

cytochrome c from the intermembrane space into the

cytosol (14–16). These factors activate caspase-9, which

in turn activates the executioner caspase-3. In this pathway,

mitochondrion is the center of cell death control, and the

mitochondrial membrane is the primary site of action by

proapoptotic and antiapoptotic factors such as members of

the Bcl-2 family of proteins.

We have shown previously that the ethyl acetate extract

of Cs fungal mycelium (CSME) induced several character-

istic symptoms in human premyelocytic leukemia HL-60

cells, including DNA fragmentation, chromatin condensa-

tion, the activation of caspase-3, and the specific proteolytic

cleavage of poly ADP-ribose polymerase (17). In addition,

CSME exhibited strong antitumor activity against B16

melanoma in C57BL/6 mice (18). Although a few studies

have demonstrated the ability of Cs constitutes to induce

apoptosis in malignant cells, the associated signal pathways

still have not been characterized. The present study aims to

detect the signal pathway mediating the CSME-induced

apoptosis in the HL-60 cells and the involvement of some

major Bcl-2 family proteins.

Materials and Methods

Cordycpes sinensis Fungal Mycelial Cultiva-
tion and Extract Preparation. The Cs fungus used in

this study was isolated from the fruiting body of a wild Cs

organism collected on the high plateau at 4000–4500 m

above sea level in the western Sichuan Province of China.

The mycelium for the bioassays was obtained from liquid

culture (at 258C) after 7 days of cultivation, and was dried at

508C. The dried fungal mycelium was extracted sequentially

by petroleum ether and ethyl acetate (EtOAc), both at 1:10

w/v and room temperature (;248C) for 24 hrs with constant

shaking. The liquid phase was separated from the solid by

filtration and concentrated by evaporation under vacuum.

For the following bioassays, the EtOAc extract was

redissolved in EtOH at 20 mg/ml, diluted with the culture

medium, and then filter-sterilized. More details of these

procedures have been given elsewhere (17).

Cancer Cell Culture and Drug Treatment. The

HL-60 cell line used in this work was obtained from the

American Type Culture Collection (Rockville, MD) and

maintained on RPMI-1640 medium supplemented with 10%

fetal bovine serum, 100 U/ml penicillin, and 100 lg/ml

streptomycin in 25-cm2 culture flasks at 378C in humidified

atmosphere with 5% CO2. For the drug treatment experi-

ments, the cells were harvested from the culture during the

exponential growth phase and seeded into 6-well plates at 5

3 105 cells/well filled with fresh culture medium containing

the CSME preparation or an equal volume EtOH as a

control. The CSME dose was fixed in all tests at 25 lg/ml

(final concentration in culture), which was chosen based on

our previous study (17). After incubation under the normal

culture conditions for selected time intervals, the cultures

were harvested by centrifuging at 300 g for 3 mins in order

for the various bioassays as follows. In the tests for the

effect of specific caspase inhibitors on CSME-induced

apoptosis, the inhibitors were added to the culture medium

together with the CSME at a low concentration nontoxic to

HL-60 cells according to the supplier’s instructions

(BioVision, Inc., Mountain View, CA).

Detection of Apoptotic Changes, Chromatin
Condensation and DNA Fragmentation. For detec-

tion of apoptotic chromatin condensation, the HL-60 cells

after drug treatment were fixed with 4% formaldehyde in

phosphate-buffered saline (PBS) solution for 10 mins and

then washed with PBS solution. The cells were stained with

2 lM Hoechst 33258 (Sigma, St. Louis, MO) in PBS for 10

mins and observed under a fluorescence microscope (19).

For DNA fragmentation analysis, the DNA extract of the

cells was prepared using miniscale apoptosis DNA isolation

kit from Watson Biotechnologies, Inc. (Shanghai, China)

according to the supplier’s manual and was then loaded onto

a 1.8% agarose gel.

Detection of MTP Disruption. The treatment-in-

duced disruption of mitochondrial transmembrane potential

DWm in cells was detected using the mitochondrion-specific

probe chloromethyl-X-Rosamine (CMXRos, Mitotracker

Red) from Molecular Probes, Inc. (Eugene, OR) according

to the supplier’s manual. Intact cells with a functional

mitochondrial membrane and a normal DWm would take up

and retain the dye within the mitochondria, where the dye

molecules react with peptides and proteins to form an

aldehyde-fixable conjugate exhibiting red fluorescence (20).

For the assay, the cells were incubated in PBS containing

100 nM CMXRos for 30 mins and then fixed with 4%

formaldehyde in PBS for 10 mins. Finally, the cells were

rinsed twice with fresh PBS solution and observed under a

fluorescence microscope.

Caspase Assays. Nine caspases (caspase-1, -2, -3,

-4, -5, -6, -8, -9, and -10) were detected using the Caspase

Fluorometric Substrate Set II Plus kit from BioVision Inc.,

which contains the 7-amino-4-trifluoromethyl coumarin–

conjugated oligopeptide substrates for the specific caspases,

according to the supplier’s manual. The cells from each well

of the 6-well culture plates were resuspended and incubated

in 50 ll of ice-cold cell lysis buffer for 10 mins, then fed

with 50 ll of 23 reaction buffer and 1 ll DL-dithiothreitol

(DTT) solution. Each well was then fed with 5 ll of the

specific caspase substrates (50 lM final concentration) and

incubated at 378C for 2 hrs. The fluorescence was then

detected with a fluorometer at 405 nm excitation and 520

nm emission. Treatment-induced change in caspase activ-

ities was represented by the fluorescence intensity of the

treated cultures relative to that of the control.

Cytochrome c, Bcl-2, and Bax Assays. The HL-

60 cells after the drug treatment were washed once with ice-

cold PBS and then lysed in a lysis buffer (250 mM sucrose;

20 mM Hepes-KOH, pH 7.5; 10 mM KCl; 1.5 mM MgCl2; 1

mM sodium EDTA; 1 mM sodium EGTA; 1 mM DTT; and
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0.1 mM phenylmethylsulfonyl fluoride, PMSF) (5 3 106

cells in 500 ll) with a homogenizer. The homogenate was

then centrifuged twice at 750 g for 10 mins at 48C, and the

supernatant recovered was centrifuged at 14,000 g for 15

mins at 48C. The supernatant (cytoplasmic extract) and

pellet (mitochondrial extract) were applied to Western

blotting analysis for cytochrome c (21).

Whole cell lysate was prepared using 150 ll extraction

buffer consisting of 100 ll solution A (50 mM glucose, 25

mM Tris–HCl, pH 8, 10 mM EDTA, 1 mM PMSF) and 50

ll of solution B (50 mM Tris–HCl, pH 6.8, 6 M urea, 6% 2-

mercaptoethanol, 3% SDS, 0.003% bromphenol blue). Bcl-

2 in the whole cell lysate, and Bax expression levels in all

above three extracts, were detected by Western blot with the

primary antibodies, anti-Bcl-2, anti-Bax (BD Biosciences,

San Jose, CA), and mouse anticytochrome c (Zymed

Laboratories Inc., San Francisco, CA). The blots were

developed by BM chemiluminescence Western blot kit

(mouse/rabbit) (Roche, Mannheim, Germany).

Statistical Analysis. All treatments were performed

in triplicate and the results expressed as their mean 6 SEM.

The statistical significance of treatment effects was evaluated

by the Student’s t test at a probability limit of P , 0.05.

Results

CSME-induced Apoptosis in HL-60 Cells. In the

cultures treated by CSME at the selected dose of 25 lg/ml,

DNA fragmentation (exhibited as ladders on an agarose gel,

Fig. 1A) and chromatin condensation (Fig. 1B) could be

observed in most of the cells within 24 hrs of treatment,

which confirmed the CSME-induced apoptosis in the HL-60

cells as reported previously (17).

MTP Disruption and Cytochrome c Release. As

expected, the intact cells from the control culture stained

with the membrane potential-sensitive dye exhibited red

fluorescence (Fig. 2A), which was virtually invisible (within

24 hrs) in the CSME-treated cells, indicative of the DWm

loss in these cells. Concomitantly, the cytochrome c
concentration gradually increased in the cytoplasm but

decreased in the mitochondria of the CSME-treated cells at

12–36 hrs after treatment (Fig. 2B), indicative of the

cytochrome c release from the mitochondrial membrane into

the cytoplasm of the treated cells. These results suggest that

MTP disruption was an early event during the induction of

HL-60 cell apoptosis by CSME.

Changes in Bcl-2 and Bax Expression. After the

CSME treatment, the expression level of Bcl-2 protein was

downregulated in a time-dependent manner from 12 hrs to

48 hrs, while the Bax protein level showed no significant

change in the whole cell lysates (Fig. 3A). The Bax level in

the mitochondria showed a gradual increase and that in the

cytoplasm showed a gradual decrease during 36 hrs of

treatment (Fig. 3B), suggestive of Bax translocation from

cytoplasm to mitochondria in the treated cells.

Figure 1. CSME-induced apoptotic damages in HL-60 cells. (A)
DNA fragmentation and time dependence. (B) Chromatin condensa-
tion (cells stained with Hoechest 33258 and observed by fluores-
cence microscopy, 24 hrs treatment). Magnification: 3100. Color
figure is available in the on-line version.

Figure 2. (A) CSME-induced changes in nuclear morphology (top
row, cells stained with Hoechest 33258) and mitochondrial mem-
brane potential (bottom row, cells stained with the membrane
potential-sensitive dye CMXRos) in HL-60 cells (CSME at 25 lg/
ml, 24 hrs treatment), both by fluorescence microscopy. Magnifica-
tion: 3100. (B) Release of cytochrome c from mitochondria
(decreasing) into cytoplasm (increasing) in HL-60 cells after CSME
treatment (25 lg/ml) (results are representative of three separate
experiments). Color figure is available in the on-line version.
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Involvement of Specific Caspases in CSME-
induced Apoptosis. Compared with their activities in

the untreated cells (at 0 hrs), caspase-2, -3, -4, and -9

activities in the cells showed notable activation or

significant increases, and caspase-1 activity showed a slight

decrease or suppression in 6–12 hrs after CSME treatment

(Fig. 4). However, caspase-8 and the other caspases, -5, -6,

and -10, were not activated after 12 hrs of treatment.

The specific inhibitors of caspase-2 (Z-VDVAD-FMK)

and caspase-9 (Z-LEHD-FMK), and the general pan-

caspase inhibitor (Boc-D-FMK) fed together with CSME

to the HL-60 cell cultures all prevented the CSME-induced

apoptotic damages, DNA fragmentation (Fig. 5A) and

chromatin condensation (Fig. 5B, top row). The CSME-

Figure 3. Changes in the expression levels of Bcl-2 and Bax
proteins in HL-60 cells after CSME treatment (25 lg/ml), detected by
Western blotting. (A) Bcl-2 and Bax protein levels in total cell lysates.
(B) Bax protein levels in the mitochondria and cytoplasm. Results are
representative of three separate experiments.

Figure 4. Activities of major caspases in HL-60 cells after CSME
treatment (25 lg/ml) relative to those of untreated cells in the control
(*, significant at P , 0.01; **, significant at P , 0.05 for the treatment-
induced changes; error bars for SE, n ¼ 3).

Figure 5. Effects of caspase inhibitors on CSME-induced DNA fragmentation (A) and MTP loss (B) in HL-60 cells (CSME at 25 lg/ml and all
caspase inhibitors at 5 lM, 12 hrs treatment). Lane 1, control; 2, CSME; 3, CSMEþZ-VDVAD-FMK, caspase-2 specific inhibitor; 4, CSMEþZ-
LEHD-FMK, caspase-9 specific inhibitor; 5, CSMEþBoc-D-FM, pan-caspase inhibitor; (B) top row: cells stained with Hoechest 33258, and
bottom row: cells stained with CMXRos, both by fluorescence microscopy. Magnification: 3100. Color figure is available in the on-line version.
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induced MTP disruption was prevented by both the caspase-

2 inhibitor (Fig. 5B, lane 3) and the pan-inhibitor (Fig. 5B

bottom row, lane 5), but not by the caspase-9 inhibitor (lane

4). These results suggest that activations of caspase-2 and -9

were essential for activating the CSME-induced apoptotic

process in HL-60 cells, with caspase-2 activation occurring

upstream and caspase-9 activation downstream to the MTP

loss. Besides, the effective blockage of these CSME-

induced changes by the pan-caspase inhibitor further

confirmed the treatment-induced apoptosis in the cells.

On the other hand, the caspase-2 inhibitor blocked the

CSME-induced activation of caspase-3 and -9, while the

caspase-9 inhibitor blocked the CSME-induced activation of

caspase-3 activity but not caspase-2 (Fig. 6). This suggests

that the signal sequence was from caspase-2 down to

caspase-9, and then caspase-3.

Discussion

The ethyl acetate extract of CSME at a low dose

induced the apoptosis in HL-60 cells within 12–24 hrs of

treatment. This is similar to the effect observed in our

previous study (17), once again confirming the potent

apoptosis-inducing capacity of the Cs mycelium extract.

More importantly, the present study has detected the

activation of several signal events in the mitochondrial

pathway and the silence of some crucial events in the

receptor pathway during the apoptosis induction by CSME

in the HL-60 cells. The results strongly suggest that CSME-

induced apoptosis in the HL-60 cells was executed via the

mitochondrial pathway but not the death receptor pathway.

In addition, the effective blockage of the CSME-induced

DWm loss and caspase-3 activation by the specific caspase-9

inhibitor suggests that the activation of caspase-9 was

downstream of MTP disruption but upstream of caspase-3

activation. Moreover, the blockage of CSME-induced

apoptosis and DWm loss by the caspase-2 inhibitor suggests

that caspase-2 played a pivotal role in the CSME-induced

apoptosis, and its activation occurred upstream of the MTP

disruption. This is in agreement with the fact that the

activation of caspase-2 is required for the permeabilization

of mitochondria induced by cytotoxic stress, as shown

previously (22).

The mitochondrial pathway is regulated by several Bcl-

2 family proteins, including the antiapoptotic member Bcl-2

and the proapoptotic member Bax (16). It has been shown

that the downregulation of Bcl-2 mRNA and protein is

involved in the regulation (or inhibition) of Bax trans-

location from cytoplasm to mitochondria and cytochrome c
release during apoptotic cell death (14, 23). In a previous

study (7), inhibition of the tyrosine phosphorylation of Bcl-

2 and Bcl-XL was proposed as a possible mechanism for the

apoptosis in mesangial cells induced by an H1-A compound

isolated from Cs fruiting bodies. Our present study showed

that the Bcl-2 protein expression was downregulated and the

Bax protein was translocated from cytoplasm to mitochon-

dria in the HL-60 cells after CSME treatment. This suggests

that the Bcl-2 content decrease in the cells may be an

essential condition for the Bax translocation and cytochrome

c release during the apoptosis induction in the HL-60 cells

by CSME.

In conclusion, our present study has identified the

mitochondrion signal pathway mediating the apoptosis

induction in HL-60 cells by CSME. However, some

important issues remain unresolved about the apoptotic

effect of CSME, particularly about which constituents of the

medicinal fungus, pure compounds or complex mixtures,

are responsible for its apoptotic effect, and how these

constituents interact with the cancer cells to trigger the

apoptosis signals. Resolving these issues will help establish

the physiological mechanisms for the antitumor functions of

a valuable and traditional medicinal fungus and may also

help develop more effective herbal remedies from the fungal

species for the treatment of malignant tumors.

1. Zhu JS, Halpern GM, Jones KJ. The scientific rediscovery of an ancient

Chinese herbal medicine: Cordyceps sinensis. Altern Complement Med

4:289–303 (I); 429–457 (II), 1998.

2. Li SP, Tsim KWK. The biological and pharmacological properties of

Cordyceps sinensis, a traditional Chinese medicine that has broad

clinical applications. In: Packer L, Ong CN, Halliwell B, Eds. Herbal

and Traditional Medicine: Molecular aspects of health. New York:

Marcel Dekker, p657, 2004.

3. Bok JW, Lermer L, Chilton J, Klingeman HG, Towers GH. Antitumor

sterols from the mycelia of Cordyceps sinensis. Phytochemistry 51:

891–898, 1999.

4. Huang BM, Chuang YM, Chen CF, Leu SF. Effects of extracted

Cordyceps sinensis on steroidogenesis in MA-10 mouse Leydig tumor

cells. Biol Pharmaceut Bull 23:1532–1535, 2000.

5. Ji YB. Pharmacological Actions and Applications of Anticancer

Traditional Chinese Medicines [in Chinese]. 150. Cordyceps sinensis

(Berk) Sacc. Ha’erbin, China: Heilongjiang Ke-Xue-Ji-Shu Chu-Ban-

She, p494, 1999.

6. Buenz EJ, Bauer BA, Osmundson TW, Motley TJ. The traditional

Chinese medicine Cordyceps sinensis and its effects on apoptotic

homeostasis. J Ethnopharmacol 96:19–29, 2005.

7. Yang LY, Huang WJ, Hsieh HG, Lin CY. H1-A extracted from

Cordyceps sinensis suppresses the proliferation of human mesangial

cells and promotes apoptosis, probably by inhibiting the tyrosine

Figure 6. Effects of caspase inhibitors on CSME-induced caspase
activities in HL-60 cells (CSME at 25 lg/ml and all caspase inhibitors
at 5 lM, 12 hrs treatment; error bars for SE, n¼ 3; **, significant at P
, 0.05).

56 ZHANG AND WU



phosphorylation of Bcl-2 and Bcl-XL. J Lab Clin Med 141:74–83,

2002.

8. Wang BJ, Won SJ, Yu ZR, Su CL. Free radical scavenging and

apoptotic effects of Cordyceps sinensis fractionated by supercritical

carbon dioxide. Food Chem Toxicol 43:543–552, 2005.

9. Evan GI, Vousden KH. Proliferation, cell cycle and apoptosis in cancer.

Nature 411:342–348, 2001.

10. Thompson CB. Apoptosis in the pathogenesis and treatment of disease.

Science 267:1456–1462, 1995.

11. Kaufmann SH, Earnshaw WC. Induction of apoptosis by cancer

chemotherapy. Exp Cell Res 256:42–49, 2000.

12. Green DR. Apoptotic pathways: the roads to ruin. Cell 94:695–698,

1998.

13. Ashkenazi A, Dixit VM. Death receptors: signaling and modulation.

Science 281:1305–1308, 1998.

14. Yang J, Liu K, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng PI, Jones

DP, Wang X. Prevention of apoptosis by Bcl-2: release of cytochrome c

from mitochondria blocked. Science 275:1129–1132, 1997.

15. Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med 6:

513–519, 2000.

16. Cory S, Huang DC, Adams JM. The Bcl-2 family: roles in cell survival

and oncogenesis. Oncogene 22:8590–8607, 2003.

17. Zhang QX, Wu JY, Hu ZD, Li D. Induction of HL-60 apoptosis by

ethyl acetate extract of Cordyceps sinensis fungal mycelium. Life Sci

75:2911–2919, 2004.

18. Wu JY, Zhang QX, Leung PH. Inhibitory effects of ethyl acetate extract

of Cordyceps sinensis mycelium on various cancer cells in culture and

B16 melanoma in C57BL/6 mice. Phytomedicine (in press), 2006.

19. Studzinski GP. Apoptosis: A practical approach. Oxford, UK: Oxford

University Press, 1999.

20. Gilmore K, Wilson M. The use of chloromethyl-X-rosamine (Mito-

tracker red) to measure loss of mitochondrial membrane potential in

apoptotic cells is incompatible with cell fixation. Cytometry 36:355–

358, 1999.

21. Domena JD, Mosbaugh DW. Purification of nuclear and mitochondrial

uracil-DNA glycosylase from rat liver. Identification of two distinct

subcellular forms. Biochem 24:7320–7328, 1985.

22. Lassus P, Opitz-Araya X, Lazebnik Y. Requirement for caspase-2 in

stress-induced apoptosis before mitochondrial permeabilization. Sci-

ence 297:1352–1354, 2002.

23. Nomura M, Shimizu S, Ito T, Narita M, Matsuda H, Tsujimoto Y.

Apoptotic cytosol facilitates Bax translocation to mitochondria that

involves cytosolic factor regulated by Bcl-2. Cancer Res 59:5542–

5548, 1999.

MYCELIUM-INDUCED CANCER CELL APOPTOSIS 57


