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Abstract 

Ganoderma lucidum is one of most popular medicinal mushrooms in oriental 

countries. The medicinal properties of Ganoderma lucidum in the treatment of 

various diseases have been documented for hundreds of years. In recent years, more 

and more attentions are paid on the studies of the action mechanisms of bioactive 

compounds purified from this mushroom. 

Triterpenes and steroids are two important classes of Ganoderma lucidum 

metabolites of low molecular mass that are responsible for the antitumor activities of 

the mushroom. In this study, two fungal steroids， namely, 

5a,8a-epidioxy-22£-ergosta-6,22-dien-3p-ol (ergosterol peroxide (EP)) and 

5a,8a-epidioxy-22£-€rgosta-6,9( 1 l)，22-trien-3p"Ol (9,11 -dehydroergosterol peroxide 

(9( 11 )-DHEP)) were purified from the mycelia of Ganoderma lucidum grown under 

submerged culture using activity-guided purification procedures against human 

breast adenocarcinoma MCF-7 cells. In addition to MCF-7 cells, both of these two 

fungal steroids showed antiproliferative activities against other human cancer cells 

including hepatocellular carcinoma HepG2 cells, colorectal carcinoma Colo201 cells, 

esophageal squamous carcinoma KYSE cells and malignant melanoma A375 cells. 

However, EP and 9(11)-DHEP were less toxic to MCF-10-2A, non-tiimorigenic 

human epithelial cells, and the normal human skin fibroblast Hs68 cells. 

The antiproliferative activities of EP and 9( 11 )-DHEP were studied by flow 

cytometry. Exposure of cancer cells with these two fungal steroids resulted in an 

accumulation of cell population at the subGl phase in a dosage- and time-dependent 

manner, indicating the induction of apoptotic cell death. Morphological apoptotic 

changes in HepG2 cells and A375 cells were observed using TUNEL assay and 

Annexin-V-FLUOS assay. The signaling pathway in apoptotic cell death induced by 



EP and 9(11)-DHEP involved the activation of caspase 3, 7 and 9，followed by the 

cleavage of PARR In Colo201 cells，a change in the ratio of expression levels of 

BcI-2/Bax was observed in cells treated with EP and 9(ll)-DHEP. In A375 cells, 

exposure to EP and 9(11)-DHEP resulted in the release of mitochondrial cytochrome 

c, the down-regulation of Mcl-l and a slight up-reguiation of Bak in a 

dosage-dependent manner. All these results indicated that apoptotic cell death in 

susceptible cancer cells induced by EP and 9(11)-DHEP was via the 

mitochondria-mediated pathway. 

The in vivo antitumor activity of EP was demonstrated. EP was shown to 

suppress the growth of A375 cells in a nude mice xenograft model. Further studies 

expression in the tumor cells. 

In conclusion, the Ganoderma steroids EP and 9( 11 )-DHEP can induce 

caspase-dependent apoptosis in susceptible cancer cells via the 

mitochondria-mediated pathway. In vitro and in vivo studies suggested that these two 

flingal steroids have the potential to be used as natural chemopreventive agents. 

Keywords: Ergosterol peroxide, 9( 11 )-dehydroergosterol peroxide, Ganoderma 

lucidum, Mycelia, Antitumor activity, Apoptosis 



中文摘要 

靈芝是中國最著名的藥用真菌之一。幾千年的臨床實踐歷史表明它對多種 

疾病都具有治療效果。近年來從獲芝中提取的各種活性物質的研究應用得到了 

越來越多的關注。 

三祐和留醇是在靈芝抗癌活性中起重要作用的活性小分子物質。我們從靈 

芝菌絲體中成功地通過抗癌活性引導提取出了麥角留醇過氧化物 

( e r g o s t e r o l p e r o x i d e )和 9(11) 脫 氣 麥 角 留 醇 過 氧 化 物 

(9, l l-dehydroergosterol peroxide)兩個獲芝留醇。體外實驗結果顯示’這兩 

個靈芝留醇對於不同的人癌細胞株都有劑量依賴和時間依賴性的抑制作用。粗 

飾選的結果顯示兩個靈芝留醇對人腸癌細胞Colo201和人皮庸癌細胞A375有 

極爲顯著的抗癌活性。但兩個靈芝留醇對非癌上皮細胞株MCF-10-2A和人皮膚 

正常纖維細胞株Hs68卻沒有顯著毒性。 

細胞週期分析顯示兩個靈芝留醇能將不同癌細胞株都停止在G1前期，應用 

末端轉移酷標記技術（TUNEL)和Armexin-V-FLUOS法觀察兩個靈芝留醇對肝 

癌細胞HepG2和皮膚癌細胞A375调亡的影響，結果發現這兩個靂芝留醇能弓丨起 

顯著的癌細胞调亡形態變化。對其潤亡的分子機制研究表明，兩個靈芝留醇能 

啓動caspase 3, 7和9活性，從而導致多聚ADP核糖聚合酷(PARP)的裂解’ 

引起癌細胞的调亡。兩個獲芝留醇能引起腸癌細胞Colo201中促调亡分子Bax 

和抑调亡分子Bcl-2比例的變化；在惡性皮膚癌細胞A375中也證實，該靈芝留 

醇還能導致細胞色素C向細胞質轉移，從而引起Mcl-l蛋白表達的下降和Bak 

蛋白表達的略微提高，以上結果顯示該靈芝留醇引起的細胞调亡是經線粒體引 

導 鹏 。 



另外’在人皮廣癌細胞A375裸鼠體內實驗模型中，麥角留醇過氧化物能顯 

著地縮小腫瘤體積’減少腫瘤的重量，抑制率與對照組相比達52%�進一步的 

研究表明麥角留醇過氧化物引起腫瘤中多聚ADP核糖聚合酶(PARP)的裂解和總 

caspase 7基因轉錄的提高。 

綜上所述，體內外實驗證明麥角留醇過氧化物和9(11)脫氫麥角留醇過氧 

化物能誘導線粒體通路引起的caspase家族依賴性細胞调亡’從而有效抑制癌 

細胞的生長，是有效的抗癌候選化合物。 

關鍵字：麥角留醇過氧化物’ 9(11)脫氫麥角留醇過氧化物，避芝菌絲體’細 

胞调亡 
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Chapter I General Introduction 

1.1 Cancer 

Cancer is one of the lethal diseases in the world. It arises because of genetic 

alternations that are responsible for inappropriate growth. Cancer may occur 

spontaneously as a result of mistakes in DNA replication and repair, or after the 

exposure of cells to environmental mutagens. Cancer is a malignant disease. One 

defining feature of cancer is the rapid accumulation of abnormal cells which grow 

beyond their usual boundaries, and which can invade adjoining parts of the body, 

enter the bloodstream or lymphatic system and spread to other organs, a process 

referred to as metastasis. It defer from benign tumors, cells from which do not spread 

to other parts of the body. Metastases are the major cause of death from cancer. 

Cancers are classified according to their origin. In general, they are classified 

into the following categories: a). Carcinoma: Malignant tumors derived from 

epithelial cells. This group represents the most common cancers, including the 

common forms of breast, prostate，skin, lung and colon cancer, b). Sarcoma: 

Malignant tumors derived from connective tissue，or mesenchymal cells, c). 

Lymphoma and leukemia: Malignancies derived from hematopoetic (blood-forming) 

cells, d). Germ cell tumor: Tumors derived from totipotent cells. In adults，germ 

cell tumors are often found in the testicle and ovary. In fetuses, babies, and young 

children，these tumors are often found on the body midline, particularly at the tip of 

the tailbone. e). Blastic tumor: A tumor (usually malignant) which resembles to 

immature or embryonic tissue. Many of these tumors are common in children. 

Up to now’ many methods such as surgery, chemotherapy, radiation therapy and 

immunotherapy are developed for cancer therapy. The choice of therapy depends 



upon the location and grade of the tumor and the stage of the disease, as well as the 

general state of the patient (performance status). 

In theory, cancers can be cured if it is entirely removed by surgery. But it's 

impossible for a complete surgical excision when the cancer has metastasized to 

other sites in the body. Radiation therapy (also called radiotherapy. X-ray therapy, or 

irradiation) is the use of ionizing radiation to kill cancer ceils and shrink tumors. 

However, radiation usually has a great side effect on normal tissue. Cancer 

immunotherapy refers to a diverse set of therapeutic strategies designed to induce the 

patient's own immune system to attack the malignant tumor. But many kinds of 

cancer cell are more tolerated by the patient's own immune system. 

Chemotherapy usually refers to the treatment with cytotoxic drugs which affect 

rapidly dividing cells in general. While surgery and radiation therapy are used to 

treat localized cancers, chemotherapy is used to treat cancer cells that have 

metastasized (spread) to other parts of the body. In spite of the many advances in 

cancer treatment, chemotherapy of solid tumors is still greatly limited by the lack of 

selectivity of anticancer drugs and by the recurrence of drug-resistant tumors. Most 

chemotherapeutic drugs target on all rapidly dividing cells and are not specific for 

cancer cells. Development of novel chemotherapeutics continues to be a focus of 

effort. 

1.2 Medicinal mushroom and cancer 

Studies showed that many causes have been found to contribute to cancer 

genesis. Inappropriate diet is one of the major reasons linked to cancer development. 

This suggests that there maybe something important in the diet for the cancer 

prevention. People try to find some new special anticancer drugs with lower side 

effect. Recent interest attentions are found on the natural products in the dietary. 
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Mushrooms have long been valued as highly tasty and nutritional foods containing 

digestible proteins, dietary fiber, crude fat, vitamins and mineral. Mushrooms rise out 

of the mycelium when the right nutrients are amassed and the right environmental 

conditions are present. Mushrooms release spores at maturity. When spores land on 

the right spot，the cycle starts over again. The fruiting bodies, mycelia, and spores 

have been used not only as home remedies but also as new drug sources. 

Medicinal properties have been attributed to mushrooms for hundreds of years. 

Searching for new antitumor and other medicinal substances from mushrooms and to 

study the medicinal value of these mushrooms have become a matter of great 

significance. Moreover，it is estimated that there are about 14,000 species of 

mushrooms in the world and only 10% are now known. Mushrooms are considered 

to be a largely source of powerful new pharmaceutical products. Many of these 

mushroom extracts have been proven to be efficacy against various cancers and 

showed clinical potency (Wasser & Weis, 1999). Chemopreventive effects of 

mushroom polysaccharides [Lentinus edodes (LPS), Ganoderma lucidum (GPS) and 

Coriolus versicolor (CPS)] were assessed in both initiation and promotion processes 

in carcinogenesis. However, most of the active components in mushroom have not 

been clearly defined (Zaidman BZ，et al., 2005). 

1.3 Ganoderma lucidum 

Ganoderma lucidum (Leyss. ex Fr.) Karst., a medicinal fungus called "Lingzhi" 

in China, is a basidiomycete, lamellaless ftingus belonging to the family of 

polyporaceae. In nature，it is rarely found since it flourishes mainly on the dried 

trunks of dead plum, guercus serrata or pasonia trees. It is considered as a natural 

medicine that can promote longevity and maintains the vitality of human beings and 

has been used in traditional Chinese medicine for centuries. 



Since the mushroom is very rare in nature, fruiting bodies are artificially 

cultivated on wood logs and on sawdust in plastic bags or bottles. Biotechnological 

cultivation of Ganoderma lucidum mycelia in bioreactors has also been established， 

both on solid substrates and in liquid media by submerged cultivation of fungal 

biomass. 

There are lots of bioactive agents identified from the Ganoderma lucidum, 

which have recently received more and more attention not only as dietary 

supplement but also as new drug sources, such as protein, nucleosides (Yuan JP, et 

al.，2008)，polysaccharides, triterpene and steroid. They have been used to treat 

various human diseases such as allergy, arthritis, bronchitis，gastric ulcer, 

hyperglycemia, hypertension, chronic hepatitis, hepatopathy, insomnia, nephritis, 

neurasthenia, scleroderma, inflammation and cancer (Sliva D, 2003). Antitumor 

activities of Ganoderma lucidum are explored in more detail below. 

1.4 Antitumor activities of Ganoderma lucidum 

1.4.1 Ganoderma peptide and polysaccharides 

Polysaccharides and proteins are two important classes of Ganoderma lucidum 

metabolites of high molecular mass with a variety of biological activities such as 

hepatoprotective effect (Zhang GL, et al.，2002) and antioxidant activity (Zhang HN， 

et al.，2003; Yuen JWM, et al.，2008). All of these metabolites are proteins, 

P-D-glucans, P-D-glucans linked to proteins. Previous studies showed that they could 

not kill the cancer cell directly, but exhibited their antitumor activities through 

activating host immune response. They are used as biological response modifiers to 

strengthen the cancer patient's immunological defenses (Lin ZB，2005; Lin ZB and 

Zhang HN, 2004; Boh B，et al.，2007). 

An immuno-modulatory protein. Ling Zhi-8 (LZ-8) isolated from Ganoderma 



lucidum was found to exhibit potent mitogenic effects upon human peripheral blood 

lymphocytes (PBL). rLZ-8 was found to induce lL-2 gene expression via the 

Src-family protein tyrosine kinase (PTK), reactive oxygen species (ROS)，and 

differential protein kinase-dependent pathways in human primary T cells and 

cultured Jurkat T cells (Hsu HY, et al., 2008; Tong MH, et al., 2008). 

Ganoderma lucidum polysaccharides exert immunomodulatory activities by 

stimulating the expression of inflammatory cytokines from mouse spleen cells 

(Wang et al., 2002; Chen et al., 2004; Ma C, et al., 2008), human whole blood 

(Kuo MC，et al., 2006) and human monocytic leukemia cells (Cheng KC, et al.， 

2007); enhancing inflammatory response in mouse macrophage (Hsu HY, et al.， 

2004); enhancing NK-cell-mediated cytotoxicity (Chien CM, et al.，2004); promoting 

the maturation and function of dendritic cell (Cao LZ and Lin ZB, 1992); regulating 

cytotoxic T-lymphocytes (Cao LZ and Lin ZB，2003). 

In the in vivo study，Ganopoly significantly reduced the tumor weight of 

sarcoma-180 with a broad spectrum of immuno-modulating activities (Gao Y et al.， 

2005). Low-dose G/-PS treatment was found to enhance the activity of 

immunological effector cells in immunosuppressed mice (Zhu XL et al.，2007). The 

antlered form of Ganoderma lucidum enhanced the anti-tumor and anti-metastatic 

effects by inhibiting the decrease in NK activity and stimulating the recovery of T 

cell functions in cyclophosphamide-treated mice (Nonaka Y，et al.，2008). This herb 

was applied as an efficacious adjacent immunopotentiating therapy against cancer 

chemotherapy-induced immunosuppression. 

The biochemical mechanisms that mediate antitumor activities of 

polysaccharides are still not clearly understood until CR3 was identified as the major 

leukocyte membrane receptor for P-glucans (Zhu XL and Lin ZB，2005). When 

During bacterial or yeast infection，the complement component iC3b was activated. 
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The cleaved fragment of iC3b bind onto the surface of pathogens and form pores on 

pathogen membranes. Opsonifation through the binding with polysaccharide on the 

bacterial surface with iC3b would stimulate the phagocytosis of the pathogens. The 

lack of similar CR3-binding polysaccharides on human cells explains why the tumor 

ceil can escape from the CR3-mediated phagocytosis or extracellular cytotoxicity 

opsonized with iC3b. Small soluble p-1 -3-glucan polysaccharides isolated from 

fiingi cannot penetrate cells due to their large molecular mass, so they modulate 

cellular activity through binding to the lectin site of CR3 with high affinity and prime 

the receptor for subsequent cytotoxic activation by iC3b-tumor cells. The receptor 

binds specific structures of the p-glucan chains，and the success of the ^-glucan as an 

immunostimulant is determined by the ability of the p-glucan to mediate binding to 

this receptor P-glucans ,with few binding sites are thus less potent as 

immunostimulants. 

Mechanistic studies showed that many pathways and molecule are involved in 

the immuno-modulation activities of Ganoderma lucidum polysaccharides. Induction 

of Erkl/2 activity by Ganoderma lucidum polysaccharide extract was demonstrated 

in tumor ceil (Xie YZ，et al.’ 2006). PS-G enhanced neutrophil function in 

phagocytosis and chemotaxis via the activities of phosphatidyl inositol 3-kinase 

(PI3K), p38 MAPK, Src tyrosine kinases and protein kinase C (PKC) (Hsu MJ, et ah, 

2003). Increase of toll-like receptor 4 (TLR4) by Ganoderma lucidum polysaccharide 

extract was observed in macrophages，and the effect was associated with the 

up-regulation of expression of inflammatory cytokine IL-I ( Hua KF, et ai., 2007; 

Shao BM.’ et al.，2004). Polysaccharide fraction Reishi-F3 caused mouse splenic B 

cell activation and differentiation to IgM-secreting plasma cells, and the process 

depended on induction of Blimp-1’ a master regulator capable of triggering the 

changes of a cascade of gene expression during plasmacytic differentiation (Lin KI, 



et al., 2006). 

1.4.2 Ganoderma triterpene 

1.4.2.1 Triterpene 

Triterpene and steroid are unique phytochemicals with very similar chemical 

structure. They share a common biosynthetic pathway. In plants the reduced 

HMG-CoA (six carbons) can be arranged in ring form, which leading to the 

cyclization of squalene (30 carbons or “three terpenes") (Wendt KU, et al., 2000). 

Enzymatic ring closure steps then form cycloartenol (also 30 carbons), and additional 

enzymatic reactions form common plant triterpenes such as phytosterols，triterpene 

alcohols，and brassinosteroids (Figure 1.1) (Ostlund RE Jr. 2002). 

Triterpene refers to a particular type of molecular structure that has a four- or 

five-ring, planar-base molecule containing 30 carbon atoms. The triterpenes are 

subdivided into about 20 groups, depending on their particular structures. The base 

structure that is found in the largest variety of medicinal plants is the oleanane 

triterpene. Most triterpenes exist in glycoside form in nature. Glycoside lefers to the 

attachment of various sugar molecules to the triterpene unit, which is known as the 

aglycone or genin when the sugar component is removed. When glycosides are 

consumed, the sugar molecule is usually cleaved off by enzymatic action either in the 

gut or in the blood stream. The triterpenes and the plant steroids are broadly 

described as saponins; the term refers to their ability to form a soapy material when 

concentrated. Saponins can enter into fatty materials and, in large enough quantity, 

break them up (just as soap can dissolve fat). Indeed, a well-known toxic effect of 

these plant compounds, when given in high dosage, is to break up red blood cells by 

disrupting their membranes (hemolytic effect) (Dharmananda S，2000). 

The triterpenes produced by Ganoderma lucidum contain oxygenated functional 



groups in a lanostane skeleton，which are species-specific and thought to contribute 

to the bitter taste of the fungi. In addition，more and more new members in this 

family were identified (Li C，et al.，2005; Lly C, et al., 2006; Guan SH, et al.，2007). 

In the past two decades, over 130 highly oxygenated triterpenes and related 

compounds have been isolated from the fruiting bodies, mycelia, and spores. 

According to their chemicai structure, the Ganoderma triterpene are divided into 10 

groups，such as ganoderic acid，ganoderiol, ganolucidic acid, lucidenic acid and so 

on (Figure 1.2). 

The patterns of oxygenated triterpenoids vary in a predictable manner during the 

formation of the fruiting bodies and culture conditions. Strain specificity of 

Ganoderma triterpenoids has also been reported. The pattern is useful in 

distinguishing Ganoderma lucidum from other taxonomically related species, such as 

Ganoderma tsugae, which is frequently used as a substitute for Ganoderma lucidum. 

According to the squalene synthase gene expression analysis, steroid and triterpene 

were relatively low in mycelia and reached a relatively high 丨eve丨 in the mushroom 

primordial (Zhao MW, et al.’ 2007). 

1.4^.2 Biological function of Ganoderma triterpene 

Interestingly triterpenoids play a key role in the plant's survival. They have an 

acidic quality and contribute to the bitter taste of plant. Some triterpenes exhibit 

antibiotic properties and they are used to protect plant from herbivores. Many plants 

also use triterpenes to establish territoriality. Triterpenes released from their leaves or 

roots may be toxic to their botanical competitors. 

A lot of highly oxidized lanostane triterpenoids are thought to contribute to the 

bitterness of the fhiiting body of the fungus Ganoderma lucidum (Nishitoba T, et al.， 

1986) that cannot be found in any other mushroom. The bitterness varies in quality 
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depending on the place of production, cultivation conditions and the strains of 

Ganoderma mushroom. Though relationship between the bitterness and the 

pharmacological effect has not fully been revealed yet, the bitterness attracts 

attention as a marker substance for pharmacological evaluation and chemical quality 

judgment of Ganoderma lucidum and chemical classification of Ganoderma (Gao JJ, 

et al., 2004). 

While the relationship between the chemical structure and bitterness has not so 

far been clarified, it was pointed out that the oxygen functional groups (Kubota 丁 et 

a/.，1969) and the hydrophobic moieties played significant roles in generating 

bitterness (Kumazawa T，et al., 1985). In the case of Ganoderma lucidum bitterness, 

it was revealed that they have a similarity in their chemical structures and the spatial 

distances among three oxygen atoms and the hydrophobic methyl groups played an 

important role. For example, lucidenic acid A and lucidone A have the similar 

structure, both of which showed almost the same bitterness. 

1.4^3 Antitumor activities of Ganoderma triterpene 

Most of Ganoderma triterpenes were proven to have cytotoxic, 

anti-angiogenesis, anti-HIV protease and cholesterol synthetic inhibiting effects 

(Table 1.1). 

Previous studies found that the triterpene of Ganoderma lucidum have great 

antitumor activities. Obviously different from that of polysaccharides and 

glycoprotein complexes which can enhance tumoricidal activity by the activation of 

host immune responses in vivo (Wang SY et al., 1997; Won et al., 1989), Ganoderma 

triterpene exert their effects by inhibiting cancer cell proliferation, inducing cell 

apoptosis, suppressing angiogenesis activities and cancer cell migration (Table 1.2). 



1.4.23.1 Anti-proliferation activity 

The antitumor activities of different crude triterpenes (organic solvent extracts, 

such as ethanol, methanol and chloroform) have been well documented. 

In breast cancer cells MCF-7 and MDA-MB-231’ extracts of Ganoderma 

lucidum were shown to inhibit cell proliferation by down-regulating the expression 

of Akt and NF-KB and up-regulating p21/Wafl (Hu H et a/.，2002), which were 

followed by arresting cell cycle at GO/Gl, suppressing the expression of 

NF-fcB-regulatcd cyclin D1 and cdk4 (Jiang JH (a) el ai, 2004) 

Zhu et al reported that alcohol extracts from Ganoderma lucidum spores 

strongly inhibited the growth of HeLa cells by blocking the Gl/S ceil cycle transition 

and inducing a marked decrease of intracellular calcium level. (Zhu HS et al. 2000). 

The triterpene enriched fraction, WEES-G6, prepared from mycelia of 

Ganoderma lucidum inhibited the growth of human hepatoma Huh-7 cells. Treatment 

with WEES-G6 caused a rapid decrease in the activity of cell growth regulative 

protein，PKC，and the activation of JNK and p38 MAP kinases, which resulted in a 

prolonged G2 cell cycle phase and strong growth inhibition of the hepatoma cells 

(Lin SBe/fl/.，2003). 

In human prostate cancer cells PC-3 results demonstrated that Ganoderma 

lucidum (commercial product, contains 13.5% polysaccharides and 6% triterpenes) 

inhibited cell proliferation by the down-regulation of expression of cyclin B and 

Cdc2 and the up-regulation of p21 expression. The inhibition of cell growth was also 

demonstrated by cell cycle arrest at G2/M phase. (Jiang JH, et al. 2004 b) 

Ethanol extracts of Ganoderma lucidum showed greatly growth inhibitory 

effects on human bladder cancer cell (HUC-PC)，which was associated with G2/M 

arrest (Lu QY et al” 2004). 
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1.4.23.2 Induction of apoptosis 

Induction of apoptosis is another major anticancer activity mechanism of 

Ganoderma lucidum. The alcohol extract of Ganoderma lucidum can up regulate a 

pro-apoptotic Bax protein in human breast cancer MCF-7 cells (Hu H, et a/” 2002). 

Furthermore, Ganoderma lucidum (commercial product, contains 13.5% 

polysaccharides and 6% triterpenes) decreased slightly the expression of 

NF-idB-regulated Be 1-2 and Bcl-xl in human prostate cancer PC-3 cells. However, 

the expression of proapoptotic Bax protein was markedly up-regulated, resulting in 

the enhancement of the ratio of Bax/Bcl-2 and Bax/Bcl-xl (Jiang JH, et al” 2004 b). 

The ethanol extract also increased caspase-3 activity in HT-29 human colonic 

carcinoma cells (Hong KJ et ai” 2004). 

Ganaderma acid X and lucidenic acid B were also found to induce apoptosis by 

activating the intrinsic pathway. The early activation of JNK by Ganaderma acid X in 

the apoptotic hepatoma cancer cells decreased Bcl-xL level and disrupted 

mitochondrial membrane, cytosolic release of cytochrome c and activation of 

caspase-3 and degradation of chromosomal DNA (Li CH et al., 2005; Hsu CL, et al.， 

2008) 

1.4.233 Anti-angiogenic activity 

It was recently found that the triterpenoid fraction (mainly ganoderic acid F) 

isolated from the fruiting bodies of Ganoderma lucidum could inhibit angiogenesis 

induced by Matrigel (a soluble basement membrane extract of the 

Engelbreth-Holm-Swarm (EHS) tumor) supplemented with vascular endothelial 

growth factor (VEGF) and heparin in an in vivo model (Kimura et al. 2002). 

The 70% ethanol extract of Ganoderma lucidum fresh fruit bodies also showed 

a significant anti-angiogenic activity in the chick embryo chorioallantoic membrane 
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(CAM) assay. The extract also had inhibitory activity on lipopolysaccharide-induced 

nitric oxide (NO) production in RAW 264.7 macrophages. Because nitric oxide 

synthase (NOS) is essential for NO synthesis (Kwon et al. 1990), angiogenesis could 

be enhanced via the VEGF-NOS signaling pathway (Kao et al. 2003). The inhibition 

of NO production by Ganoderma lucidum further supported its anti-angiogenic 

activity (Song YS et a/.，2004). 

Extract of Ganoderma lucidum can modulate the phosphorylation of Erkl/2 and 

Akt in PC-3 cell, which in turn inhibited the activity of AP-1 and resulted in the 

down-regulation of secretion of VEGF and FGF (Stanley G et al., 2005). 

These observation support the notion that the anti-tumor effect of Ganoderma 

lucidum may be linked to the inhibition of angiogenesis. 

\AJ13A Inhibition of migration activity 

Studies indicated that Ganoderma lucidum extracts were capable of inhibiting 

human cancer cell migration in vitro (Lu QY et al., 2004; Thyagarajan A, et al., 

2006). The ethanol extracts induced actin polymerization, which in turn inhibited 

carcinogen 4-aminobiphenyl induced migration in the bladder cancer cell (HUC-PC 

cells). The increased actin polymerization was associated with increased stress fibers 

and focal adhesion complex formation. However, expression of matrix 

metal !oproteinase-2 (MMP-2) and focal adhesion kinase (FAK, total and 

phospholated) were unchanged (Lu QY et al., 2004). 

Lucidenic acids A，B，C and N isolated from Ganoderma lucidum were found to 

have potential anti-invasive activity on phorbol-12-myristate-13-acetate 

(PMA)-induced HepG2 cells by suppressing the MMP-9 activity (Weng CJ, et al., 

2007; Weng CJ，et al., 2008). Ganoderic acid A and Ganoderic acid H suppressed 

growth and invasive behavior of MDA-MB-231 cells through the down-regulation of 
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expression of Cdk4 and the suppression of secretion of uPA, respectively. (Jiang J, et 

al., 2008). In these studies, the inhibitory effects on cancer cells migration were 

attributed to the suppression of the phosphorylation of Erk 1 /2 and the reduction of 

AP-1 and NF-kB DNA-binding activities 

1.4.23.5 In vivo immunomodulatory effect 

Ganoderic acid Me (GA-Me) is a lanostane triterpenoid purified from 

Ganoderma lucidum mycelia. GA-Me could inhibit both tumor growth and lung 

metastasis of Lewis lung carcinoma in C57BL/6 mice. The natural killer (NK) cell 

activity was significantly enhanced by intraperitoneal administration of GA-Me. the 

expression of Nuclear Factor-ICB (NF-KB) was up-regulated after the treatment with 

GA-Me, which might be involved in the production of IL-2 and Interferon-丫 (IFN-y). 

In conclusion，the findings of this study implied that GA-Me could effectively inhibit 

tumor growth and lung metastasis through increasing immune function (Wang G, et 

al., 2007). 

1.43 Ganoderma steroid 

1.43.1 Phytosterol 

Phytosterols (plant sterols) are members of the "triterpene" family of natural 

products. Most phytosterols contain 28 or 29 carbons and one or two carbon-carbon 

double bonds, typically one in the sterol nucleus and sometimes a second in the alkyl 

side chain. They are specific phytochemicals that are structurally very similar to 

cholesterol except that they contain an extra methyl or ethyl group, or double bond; 

the side chains of most phytosterol contain 9-10 carbon atoms, instead of 8 as found 

in cholesterol (Ling WH and Jones PJH，1995). 

More than 200 different types of phytosterols have been reported in plant 
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species. In all plant tissues, phytosterols occur in four common forms: as the free 

alcohol (FS)’ as fatty-acid esters (SE), as steryl glycosides (SG), and as acylated 

steryl glycosides (ASG)，all of which have double bonds at the C-5 position of the 

ring. The last three forms (SE，SG, and ASG) are generically called “phytosterol 

conjugates" in which the 3p-hydroxyl group is esterified to a fatty acid or a 

hydroxycinnamic acid，or glycosylated with a hexose (usually glucose) or a 6-fatty 

acyl hexose. Free phytosterols serve to stabilize phospholipid bilayers in plant cell 

membranes just as cholesterol does in animal cell membranes. Sterol molecules are 

essential for maintaining the proper structure and function of eukaryotic cell 

membranes (Czub J and Baginski MJ, 2006). 

1.43.2 Biological activities of phytosterols 

Phytosterols are enriched in high lipid content plant foods such as nuts, legumes 

including peanuts, and seeds such as sesame seeds (Bradford PG and Awad AB, 

2007). Phytosterols are proposed to have a wide spectrum of biological effects 

including anti-inflammatory, anti-oxidative, and anti-carcinogenic activities, one of 

their most studied and outstanding properties is their cholesterol-lowering activity. 

They are absorbed only in trace amounts but inhibit the absorption of intestinal 

cholesterol including recirculating endogenous biliary cholesterol, a key step in 

cholesterol elimination, which has been the most extensively research. (Ryan E, et al.， 

2007). 

Cholesterol is the predominant sterol found in humans~a constituent of all cell 

membranes and plasma lipoproteins, especially low-density lipoprotein (LDL). 

Serum LDL cholesterol-lowering effect of plant stanols/sterols originates from the 

reduced intestinal cholesterol absorption. Because of their structural similarity to 

cholesterol, hence they act by competing with cholesterol at the luminal absorption 
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site, thereby lowering total plasma cholesterol and low-density lipoprotein (LDL) 

levels (Lagarda MJ’ et al.’ 2006). It is suggested that natural food phytosterols may 

be clinically important (Ostliind RE Jr. 2002). Phytosterols are absorbed from the 

diet in small but significant amounts. Phytosterols are now being added to an 

increasing variety of foodstuffs (Kritchevsky D and Chen SC, 2005). Their potency 

in decreasing serum cholesterol levels has led to the development of functional foods 

enriched with plant sterols in protecting against cardiovascular diseases (Ostlund RE 

Jr. 2002; Thompson GR and Grundy SM, 2005; Plat J and Mensink RP, 2005). 

These oxygenated sterols from Ganoderma lucidum inhibited cholesterol 

biosynthesis via the conversion of acetate or mevalonate as a precursor of cholesterol. 

The lanosterol 14a-demethylase, which converts 24,25-dihydrolanosterol to 

cholesterol, can be inhibited by the 26-oxygenosterols from Ganoderma lucidum. 

These 26-oxygenosterols could lead to the development of novel therapeutic agents 

that lower blood cholesterol (Hajjaj H, et al., 2005). 

In addition，there are a variety of final phytosterol metabolic products in plant, 

and each species has a characteristic distribution of sterols that has sometimes been 

used as a chemical fingerprint for identification of food product sources. (Ostlund RE 

Jr. 2002). 

1.4.3.3 Antitumor activities of Ganoderma steroids 

Ganoderma steroid is other major group low molecular secondary metabolites 

of this fungus. There are 20 steroids isolated from this fungus so far. They 

abundantly present in the cholesterol type and ergosterol type. Results showed that 

Ganoderma lucidum contained both free and esterified ergosterols and their 

distribution varied in different parts of Ganoderma lucidum. The contents of 
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esterified ergosterol were much higher in the tubes and the spores than the piieus and 

stipe. 

Ergosterol，also called (22E)-€rgosta-5,7,22-trien-3P -ol, is a principal sterol of 

the cell membrane in fungi (Figure 1.3a) (Czub J and Baginski M, 2006). It is a 

major fungal steroid and has been reported in concentrations of 0.3-0.4% in 

Ganoderma lucidum. The content of ergosterol has been widely used as an estimate 

of fungal biomass in various environments because a strong correlation has been 

found between ergosterol content and fungal dry mass. Ergosterol content may be a 

lipid (GSL) products (Yuan JP, et al., 2006; Yuan JP, et al.，2007). It is able to 

activate expression of a number of defense genes and increase the resistance of plants 

against the pathogens (Lochman J and Mikes V，2005). 

Ergosterol and its derivatives were tested to have great antitumor activity. When 

ergosterol enter into the human body, it can be metabolized to generate newer 

bioactiye products, such as 17R，24-dihydroxyergosterol, which has been found to 

inhibit the proliferation of skin cells in culture, as demonstrated in human 

keratinocytes and melanoma cell lines (Slominski A，et al., 2005). 

Peroxide of ergosterol, 5a, 8a-epidioxy-22£-ergosta-6, 22-dien-3p-ol (Figure 

1.3b) is also widely distributed in mushrooms such as Hypsizigus marmoreus， 

Pleurotus eringii, Russula cyanoxantha and Ganoderma lipsiense (Lee SH, et al•， 

2006; Fujimoto H, et al.，1994; Yang Kuo LM，et al.，2005; Gao JM, et al., 2000). 

Studies showed that ergosterol peroxide suppress LPS or TPA-induced inflammatory 

responses through inhibition of N F - K B and C/EBPp transcriptional activity, and 

phosphorylation of MAPKs in RAW264.7 macrophage-1 ike cells，or STAT I 

mediated inflammatory responses by altering the redox state in HT29 cells 
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(Yasukawa K, et al., 1996; Kobori M, et al•，2007). Ergosterol peroxide (EP) 

inhibited the growth of some cancer cells and decreases lipid peroxidation of rat liver 

microsomes. It can also enhance the inhibitory effect of linoleic acid on DNA 

polymerase p (Mizushina Y et aL’ 1998). 

9( 11 )-DHEP, which possesses one more double bond than EP, is also found in 

several edible mushrooms and ftingi used in medicine (Figure 1.3c). The steroid was 

found in mushroom Polyporus ellissi (Gao JM, et al., 2003), Pisolithus tinctorius, 

MicroporusJlabelliformis and Lenzites betulina (Fujimoto H, et al.，1994) 

Ergosterol and its derivatives were tested to have great antitumor activity. EP 

and 9(11)-DHEP are major antitumor steroids produced by edible or medicinal 

mushrooms. EP and 9(11)-DHEP can inhibit human myeloid leukemia HL60 cells 

and HT29 colon cancer cells by inducing apoptosis (Takei T, et al.，2005; Kobori M, 

et al.，2007). However, their molecular mechanisms of action have not yet to be 

determined. 

1.5 Apoptosis 

Apoptosis (programmed cell death) is the physiological process by which 

unwanted or useless cells are eliminated. It is most often found during normal cell 

turnover and tissue homestatsis，embryogenesis, induction and maintenance of 

immune tolerance, development of the nervous system and endocrine-dependent 

tissue atrophy. Apoptosis is characterized by a precise sequence of morphological 

changes which result in the swallow of the dying cell by macrophages in the absence 

of inflammation. These changes include cell shrinkage, plasma membrane blebbing, 

chromatin condensation，nuclear segmentation and the formation of apoptotic bodies 

(Saikumar P, et al.，1999). 
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Tumor cells can acquire resistance to apoptosis by the expression of 

anti-apoptotic proteins or by the down-regulation or mutation of pro-apoptotic 

proteins. So induction of apoptosis is an important cancer treatment strategy. 

1.5.1 Mechanisms of apoptosis 

Two major apoptosis pathways have been defined in mammalian cells. One 

involves extracellular signals transmitted via the tumor necrosis factor 

receptor 1，whereas the second, the mitochondrial pathway, is triggered 

by intrinsic pro-apoptotic stimuli such as DNA-damage and by extracellular 

and/or environmental stressors. The two pathways share the common final step of 

caspase 3 activation, which catalyzes PARP and result in apoptosis (Figure 1.4) 

(Igney FH，et ai.，2002). 

In death receptor-mediated pathway, the cell death receptor acquire extracelullar 

stress signal, and recruits signalling proteins such as FADD (Fas-associated death 

domain)，which trigger the binding of procaspase 8. This results in the 

auto-activation of caspase 8. The active caspase 8 is involved in the cleavage and 

activation of effector caspase 3, which trigger the downstream caspase cascade and 

cell apoptosis. 

In mitochondria-mediated pathway, the mitochondria stress will reduce the 

mitochondria membrane potential, which results in the release of cytochrome C from 

the intermembrane space of the mitochondria into the cytosol. In turn, it binds to 

cytosolic procaspase-9 and APAF-1 to form apoptosome complex, a muiti-protein 

complex consisting of cytochrome C，Apaf-1, pro-caspase 9 and ATP，resulting in 

autoactivation and release of mature caspase-9. The latter enzyme activates caspase 3 

and caspase 7，which in turn activate a downstream caspase cascade. 
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1.5.2 Apoptosis components 

1.5.2.1 Caspase family 

Caspases are a ubiquitous family of aspartate specific cystein-dependent 

proteases with central functions in apoptotic pathway. For structure, certain caspases 

have large prodomains that contain related homotypic oligomerization motifs such as 

the caspase recruitment domain (CARD’ caspase-1, -2，-4, -5，-9，-11，-12) and the 

death effector domain (DED, caspase-8 and -10). The short prodomain caspases 

(caspase-3, -6, -7，-14) are activated by proteolytic maturation by large prodomain 

caspases or other proteases. 

Of the 14 known human caspases, six (caspase 3, 6，7，8，9 and 10) are 

definitely involved in apoptosis in various model systems. Based on their 

prodomains and roles in cell death, these apoptotic caspases are divided into two 

classes, namely effector {or 'downstream') caspases, which are responsible for most 

of the cleavages that disassemble the cell, and initiator (or 'upstream'} caspases, 

which initiate the proteolytic cascade. These caspases are responsible for the 

cleavage of the key cellular proteins，such as cytoskeletal proteins, that lead to the 
# 

typical morphological changes observed in cells undergoing apoptosis. 

Recent data indicated that caspases are involved in cell differentiation, 

proliferation and NF-kB activation besides apoptosis (Lamkanfi M，et al.，2007). 

Caspase-1 is the prototypical member of a subclass of caspases involved in cytokine 

maturation termed inflammatory caspases that also include caspase-4, caspase -5, 

caspase -i 1 and caspase -12 (Martinon F and Tschopp J, 2007) (Table 1.3). 

1.5.2.2 Mitochondria and apoptosis 

Mitochondria are critical organelle because they generate most of the cell's 

supply of ATP that is used as a source of chemical energy in a series of life activities. 
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Mitochondria are involved in a range of life processes, such as signaling, cellular 

differentiation, ceil death, as well as the control of the cell cycle and cell growth. 

Studies showed that mitochondria have been implicated in several human diseases 

and may play a role in the aging process. 

Mitochondria play a crucial role in apoptosis. Mitochondrial membrane 

permeabilization (MMP) is the critical event responsible for caspase activation in the 

intrinsic pathway of apoptosis. Several intracellular stress, such as DNA damage and 

ER stress, free radical damage and growth factor deprivation converge on 

mitochondria to induce MMP, which causes the release of proapoptotic factors from 

the intermembrane space (IMS) such as A IF, Smac/DIABLO and cytochrome C from 

permeability transition pore. Cytochrome C is important molecular in the 

mitochondria-mediated pathway, which localized to the intermembrane space of 

mitochondria. It needs special process to across the outer membrane into cytosol. 

These pores are thought to form through the action of the pro-apoptotic members of 

the Bcl-2 family of proteins. (Chipuk JE, et al.，2006). 

1.5.2.3 Bcl-2 family 

Bcl-2 and the related cytoplasmic proteins are other key regulators of apoptosis. 

They can be divided into a) pro-apoptotic members (Bax, BAD，Bak and Bok among 

others); b) anti-apoptotic members (including Bcl-2 proper, Bci-xl, and Bcl-w,); and 

c) the BH3 domain-only proteins (e.g.. Bad, Bim and Bid). Bcl-2 family proteins 

govern mitochondrial outer membrane permeabiiisation (MOMP). Normal cellular 

homeostasis requires the suppression of proapoptotic players by various mechanisms, 

including phosphorylation, intracellular localization and heterodimerization with 

prosurvival Bcl-2 family proteins. Disruption of the balance between pro- and 

antiapoptotic Bcl-2 family members is suggested to be fundamental to the 
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development of many diseases (Adams JM and Cory S, 1998; 2002; Gross A, et al.， 

1999). 

The anti-apoptotic proteins include Bcl-2^ Bcl-xl and Mcl-l(myeloid cell 

leukaemia-1) which reside in the out mitochondria membrane (OMM) and the 

membrane of the endoplasmic reticulum. It has been implicated in modulating 

mitochondrial calcium homeostasis and proton flux. They prevent apoptosis through 

two different mechanisms: by heterodimerization with and neutralisation of 

pro-apoptotic Be I-2 family proteins, for example, Bim or Bak (Michels J, et al., 2005) 

and by its direct pore-forming effect on the outer membrane of mitochondria to help 

maintaining a normal membrane state under stress conditions which result in the 

suppression of cytochrome c release from mitochondria. 

The pro-apoptotic Bcl-2 proteins are often found in the cytosol where they act 

as sensors of cellular damage or stress. Following cellular stress they relocate to the 

surface of the mitochondria where the anti-apoptotic proteins are located. This 
« 

interaction between pro- and anti-apoptotic proteins disrupts the normal function of 

the anti-apoptotic Bcl-2 proteins and lead to the formation of pores in the 

mitochondria and the release of cytochrome c and other pro-apoptotic molecules 

from the intermembrane space. This in turn leads to the formation of the apoptosome 

and the activation of the caspase cascade. 

Multidbmain proapoptotic members Bax and Bak are key components for 

cellular induced apoptosis, which possess the BHl, BH2, and BH3 domains. In 

healthy cells, the protein Bak is associated with the outer mitochondria membrane, 

whereas the other protein Bax resides in the cytosol. Bax and Bak are in an inactive 

conformation in which their NH2 and COOH termini are folded into a hydrophobic 

pocket (Bomer C. 2003; Kaufmann T, et al., 2004; Schinzel A, et al.，2004). Upon 

apoptotic stimulation, an upstream stimulator like truncated BID (tBlD) induces a 
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conformational change of Bax or Bak (with exposure of their NH2 terminus), their 

full insertion into mitochondrial membranes as homooligomerized multimers, and 

formation of giant protein-permeable pores by binding to components of the 

permeability transition pore complex (PTPC). The resulting hetero-oligomers may 

allow IMS proteins (cytochrome C etc.) to release from mitochondria^ and the 

subsequent activation of caspase-9 and the downstream caspase activation pathway 

for apoptosis (Kroemer G, et al., 2007; Kuwana T, et al” 2002; Nechushtan A, et al.， 

2001;). 

The BH3-only proteins are a group of pro-apoptotic proteins of the Bcl-2 family 

that share the conserved BH3 domain，including Bad, Bmf (Bcl-2-modilying factor). 

Bid, Bik/Nbk (Bd-2-interacting killer/natural bom killer)，Bim, and Puma (p53 

upregulated modulator of apoptosis). This short BH3 domain is essential for 

interaction with pro-survival members of the Bcl-2 family and allows for their 

pro-apoptotic activities. BH3-only molecule functions as upstream sentinels that 

sense cellular abnormalities，such as lack of survival signals or DNA damage. Many 

of these proteins appear to display distinct roles in apoptosis through tissue-specific 

expression. Most of them localize in the cytosolic fraction of cells as an inactive 

precursor. They are able to translocate to mitochondria, bind to and antagonize 

anti-apoptotic Bcl-2 family members including Bcl-2, Bcl-xL after certain damage 

signals triggering, and induces cytochrome c release and mitochondrial damage, 

which relay an apoptotic signal from the cell surface to mitochondria. 

1.6 Research objectives 

The pharmacologically activities of herbal medicines result from the interaction 

of "active" ingredients. The major obstacle for the acceptance of the extracts from 

natural products in western medicine is their complexity and absence of 
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standardization of biologically active compounds. The amount of biologically active 

compounds in G lucidum extract may vary and depends on the strain of G lucidum, 

place of production, cultivation conditions, and extraction procedures. In the search 

for active compounds from Ganoderma species, the majority of research has been 

performed on extracts from the fruiting body and there have been fewer studies on 

extracts from the liquid cultivated mycelia (Tang YJ and Zhong JJ, 2002 and 2003; 

Fang QH and Zhong JJ, 2002). In fact, one of the most important reasons that some 

of the Ganoderma bioactive preparations are not yet available as medicines may be 

due to the mass production (Smith et al.，2002). 

Submerged culture appears to have potential advantages for their higher 

mycelial production in a compact space and shorter time with lesser chances of 

contamination. Submerged culture for Ganoderma mycelia product production is 

thought to be an alternative to meet the more and more increasing demands in the 

international markets. But most sample studied was extracted from the fruiting body 

and spore of G lucidum, few are reported from the mycelia. In addition, most reports 

about the submerged culture production are focused on the polysaccharides of G 

lucidum mycelia (Yang FC, et al.，2000); there were little documents on the low 

molecular weight metabolites. 

Now the major feature of the traditional medicine is the use of herb mixtures. 

Modem pure compound research is necessary to advance our knowledge of their 

structure-activity relationships and the mechanism of their biological actions. Most 

of the past studies focused on crude extracts of Ganoderma, few are about the pure 

compounds except for Ganoderic acid X (Li CH，et al.，2005), Ganoderic acid T 

(Tang W, et al.’ 2006), Ganoderic acid A and Ganoderic acid H (Jiang J, et al., 2008)， 

Lucidenic acid B (Hsu CL’ et al., 2008; Weng CJ, et al.，2007). Moreover, the 

antitumor mechanisms of these phytochemicals are still not fully elucidated. 
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The aims of this study are (1) to purify and characterize bioactive compounds 

from Ganoderma lucidum mycelia; (2) and to determine their possible antitumor 

mechanism in vitro\ (3) to study their antitumor activities in vivo. 
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Figure 1.1. Biosynthesis of triterpenes and phytosterols 
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Table 1.1 Different biological activities of Ganoderma lucidum triterpenes 

Activities Triterpene Reference 

anti-HIV-

anti-HIV-1 protease 

anticholesterol 

ganoderiol F and 
ganodermanontrio 1 

Lucidumol B and 
ganodermanontrio I 

ganoderic acids B and C 

EI-Mekkawy S et al. 
1998 

Min BSe/a/., 1998 

Sonoda Y et al.，1988; 
Komoda Yet al., 1989 

‘. ‘. ganodenc acids A, B, and G and „ „ , antinociceptive ® . „ , Koyama K et ai, 1997 
� compound Co “ 

antihistamine ganoderic acids C1 and C2 Kohoda H et al., 1985 

anticomplement 

cytotoxic effects 

Inhibition of 
5a-reductase 
activity 

platelet 
anti-aggregation 

antioxidant 
properties 

ganoderiol F，gancxiermanondiol, 
and ganodermanontrioi 

Ganodermanondiol,丨ucidunols 
A and B，lucialdehyde C, 
lucidenic acids A and N 

ethanol extracts and ganoderol B 

ganodermic acid S 

Min BS et al” 2001 

Min BS et a/.，2000; Gao 
JJ et al., 2002 ； Wu TS et 
al., 2001 

Liu J, et al., 2006; Liu J a, 
et al.，2007; Liu J b, et al., 
2007 

Su CY et al" 
2000 

1999 & 

ganoderic acid A Paterson RR, 2006 
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Table 1.2. Anti-proliferation and apoptosis inducing mechanisms of Ganoderma 
lucidum extracts on cancer cells 

Target Molecule Biological Effect Cell Type Reference 

NF-KB \ V G2 cell cycle arrest Prostate cancer Jiang JH (b) et al., 
2004 

Akt J I 
Cyclin B ^ I 
Cdc2 � I 

p21/Waf-l ‘ 

Cyclin D1 � 

r G1 cell cycle arrest 

I 
Breast cancer Hu H et al.’ 2002; 

Jiang JH (a) et al., 
2004 

Cdk4 � 

Bax ‘ 

I 
r Induction of 

Caspase-7 ‘ 
apoptosis 

r 
Caspase-3 ‘ r Colon cancer Hong KJ et al.’ 

2004 
PKC i. G2 cell cycle arrest Hepatoma Lin SB et a/.，2003 

JNK r 
P38 MAPK r 

“个，，means up-regulation; “>l，’means down-regulation. 
NF-KB = nuclear factor KB; P K C = protein kinase C ; JNK = c-Jun N-terminal kinase; 
MAPK = mitogen-activated protein kinase. Akl = protein kinase B (PKB) 
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Figure 1.3. The chemical structure of steroids: a is ergosterol; b is ergosterol peroxide 
(EP); c is 9(11 )-dehydroergosterol peroxide (9( 11 )-DHEP) 
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Table 1.3. Overview of caspases family function 

Name of 
caspase 

Function Molercular 
WeightfkD) 

Reference 

Caspase 1 Inflammation, 45 
Cytokine maturation 

Caspase 2 NF-kB activation, 51 
Apoptosis induction 

Caspase 3 Apoptosis induction, 32 
Immuno-modulatory 
activity, 
Cell differentiation 

Caspase 4 Apoptosis induction 43 
Cytokine production 

Caspase 5 Cytokine maturation 48 

Ghayur T, et al.’ 1997; Li P, 
et al.，1995; Franchi L, et 
al., 2006; Mariathasan S, et 
al., 2005; Lamkanfi M, et 
al., 2004. 
Lamkanfi M, et al.，2005; 
Zhivotovsky B， 2005; 
Bergeron L, et al., 1998. 
De Botton S，et al.，2002 
Woo M, et al.，2003 
Fernando P, et al.’ 2005 
Miura M，et al.，2004 
Santambrogio L, et al. 
2005. 
Hitomi J, et al., 2004; 
Lakshmanan U, 2007 

Martinon F, et al., 2002 

Caspase 6 Apoptosis induction 34 Eguchi R, et al., 2009 

Caspase 7 

Caspase 8 

Caspase 9 

Apoptosis induction 

Apoptosis induction， 
NF-kB activation， 
Immunotary cell 
proliferation and 
differentiation 
Apoptosis induction 

5
 5
 

3
 5
 

46 

Eguchi R, et al., 2009 

Su H, et al.，2005; Salmena 
L，et al.，2003; Jun JI, et al.， 

2005; Chaudhary PM, et 
al., 2000; Kang TB, et al., 
2004; Black S, et a丨.，2004 
Pajak B, et al., 2009 

Caspase 10 NF-kB activation 55 
Apoptosis induction 

Caspase 11 Cytokine maturation 43 

Takahashi K, et al., 2006 

Wang S, et al.，1998 

Caspase 12 Attenuation of 50 
inflammation and 
susceptibility to sepsis 

Caspase 13 Apoptosis induction 43 

Saleh M, et al，2004; 2006. 
Roy S, et al., 2008 

Evans AC, et al.，2004 

Caspase 14 Cell differentiation 30 Lippens S，et al.，2000; 
Eckhart L, et al., 2000 
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Apoptotic 
death 

Figure 丨.4 Overview of death receptor-mediated and mitochondria-mediated 

apoptosis pathway 
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9,11-dehydroergosterol peroxide from Ganoderma lucidum mycelia 

2.1 Introduction 

Increasing evidence of health benefits of phytochemicals with expanding 

applications has prompted research on development for the production of 

phytochemicals on a commercial-scale from natural sources. Isolation methods of 

phytochemical differ from each other according to the characteristics of different 

chemicals. Traditional solvent extraction methods are commonly used for the 

production of crude extracts. Water, methanol and ethanol, or water: alcohol mixtures 

have been widely used for extraction of all sterol lipid classes from plant matrices 

(Akihisa T, et al , 2007). In recent years, microwave and ultrasound methods are 

developed into new techniques for natural product extraction. 

Once a lipid extract has been prepared it is often necessary to separate 

(fractionate) one or more of the sterol lipid classes. Traditionally, column 

chromatography (CC) and thin layer chromatography (TLC) are accessible and 

affordable separation techniques (Lagarda MJ, et al.，2006). A common method for 

the preliminary purification of phytosterol and triterpenoids after the extraction step 

involves the partitioning of them between aqueous phase and a water immiscible 

solvent such as /i-butano!. Further purification can be carried out using solvent 

precipitation, adsorption, ultrafiltration, and/or chromatography. While 

chromatographic procedures such as open column chromatography, thin layer 

chromatography, flash chromatography, liquid chromatography (low, medium and 

high pressure), and countercurrent chromatography have been well established and 

widely used for analytical scale purification of saponins (GU9lti-Usttindag 0 and 
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Mazza Q 2007). The determination of phytosterols in plant material is usually 

performed by capillary gas chromatography (GC)，with flame ionization detection 

(FID) or mass spectrometry (MS) to confirm peak identity, although HPLC can also 

be used (Moreau RA, et al.，2002). 

Phytosterols and triterpenoids in Ganoderma lucidum can be isolated by solvent 

extraction with chloroform-methanol, chloroform-methanol—water， hexane, 

methylene chloride or acetone followed by alkaline hydrolysis and chromatographic 

purification to obtain enriched total sterols. For the isolation of Ganoderma steroid, 

fruit bodies were chipped and extracted with C H C I 3 . The C H C I 3 extracts were 

individually subjected to silica gel column chromatography and eluted with hexane 

and C6H6-EtOAc (Ko HH，et al., 2008; Ziegenbein FC, et al., 2006). The isolation of 

Ganoderma triterpenoids was quite different from that of Ganoderma steroids. 

Alkaline saponification (NaHCOa) and acid hydrolysis (HCI) are essential for the 

Ganoderma triterpene purification (Tang YJ and Zhong J J’ 2002). 

In my study, two steroids were purified from the mycelia of Ganoderma 

lucidum grown under submerged culture using activity-guided purification 

procedures against human breast adenocarcinoma MCF-7 cells. TLC and HPLC were 

used for the determination of the two steroids. NMR and MS results suggested the 

two steroids were ergosterol peroxide (EP) and 9( 11 )-dehydroergosterol peroxide 

(9(I1)-DHEP). 
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2.2 Materials and Methods 

2.2.1 Chemicals and reagents 

Sodium bicarbonate, sodium pyruvate, trypsin, ethylenediam inetetraacetic acid 

(EDTA), Vitamin B and dimethylsufloxide (DMSO) were purchased from Sigma. 

Yeast extract and peptone were obtained from BD Co.. Fetal bovine serum (FBS)， 

fungizone (amphotericin B 250|j.g/inl), Triton X-100, phosphate buffered saline 

(PBS)’ penicillin (10,000unit/ml)-stretomycin (10’000^ig/ml) were obtained from 

Invitrogen Chemical Co. 3-(4,5-dimethyl-thiazoly-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) and RPMl-1640 medium were obtained from ICN. Glucose and 

acetone were bought from BDH. Sequit-blot PVDF membrane (0.2^m) was bought 

from Bio-Rad. Culture flasks (25cm^ and 75cm^) and 96-well tissue culture plate 

were obtained from Falcon. Ethanol，methanol, hydrochloric acid (HCl) and 

isopropanol were obtained from Merck. Petroleum ether, ethyl acetate and sulfuric 

acid (H2SO4) were obtained from Ajax Co. Hexane was obtained from Tedia Co. 

2.2.2 Submerged culture of Ganoderma lucidum 

Ganoderma lucidum (Leyss. ex Fr.) Karst was a gift from the Centre for 

International Services on Mushroom Biotechnology. During experimental work, the 

strain was maintained on petri dishes on potato dextrose agar (PDA) at 28®C. A shake 

flask culture was incubated in 500ml culture bottles, which contained 250ml of the 

medium. One liter of the medium consists of g/1: 35 g glucose， 5 g yeast extract, 5 

g peptone, 1 g KH2PO4, 0.5 g MgSCVTFhO and 0.05 g thiamin hydrochloride 

(Vitamin Bi); pH5.5 (Wagnera R, 2004). The inoculum for a liquid substrate 

consisted of eight agar block (about 1 cm:) of a 7 days old culture from PDA. The 

flasks were incubated on rotary shaker under the conditions of 150 rpm/min and 

30�C for 7 days. 
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2.23 

The Ganoderma lucidum mycelia were separated from culture medium by 

vacuum filtration after the incubation period, washed with distilled water several 

times. The mycelia and culture media of Ganoderma lucidum were freeze-dried 

at -80°C and then extracted as the following procedure (Figure 2.1). 

Fresh mycelia of Ganoderma lucidum were lyophilized and milled using a 

vibration mill. The powder (413g) was extracted with 70% EtOH. Then we made the 

EtOH crude extracts partitioned with chloroform and water. After concentration, two 

crude fractions were extracted from the mycelia: the chloroform fraction and the 

water fraction. 

For the culture medium，lyophilized culture medium was resolved in some water. 

By adding 3 times volume 100% EtOH, the polysaccharide was precipitated from the 

medium. The non-polysaccharide fraction was further partitioned with petroleum 

ether (PE) and ethyl acetate (EA) in turn. Finally, we got four crude fractions from 

the culture medium: the polysaccharide fraction, the PE fraction, the EA fraction and 

the non-polysaccharide water fraction. -

The antitumor activities of all the crude fractions were assessed in the human 

breast cancer cells (MCF-7) by MTT assay. 

2.2.4 The purification of antitumor compound from Ganoderma lucidum 

mycelia 

Then the chloroform extracts were chromatographied on a column of normal 

phase silica gel column. Elution was started with hexane-acetone (50:1’ 8:1，4:1 to 

2:1) and then acetone-methanol (2:1) yielded 7 fractions. The antitumor activities of 
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all the fractions were assessed in the human breast cancer ceils (MCF-7) by MTT 

assay. The crude extracts showing potency in preliminary antitumor screening 

procedures are selected for antitumor activity-guided fractionation to isolate the 

active metabolites. Analytical thin-layer and high-pressure liquid chromatography 

(HPLC) techniques are used to help determine optimal solvent systems for the 

maximal separation of active components of fraction. 

According to the results of the preliminary antitumor screening, fraction IV 

showed the most antitumor activities of the all fractions. So fraction IV was 

rechromatographied on LiChroprep® RP-18 pre-packed column (40-63pjn) (310mm 

length, 25mm diameter) (Merck Corporation, German). Finally EP and 9( 11 )-DHEP 

were identified as following steps. Measurements of IH-NMR spectra, including 

two-dimensional NMR experiments, i.e. double quantum filtered-correlation 

spectroscopy (EX)F-COSY), heteronuclear multiple bond correlation (HMBC), were 

performed on superconducting Fourier transform nuclear magnetic resonance 

spectrometry (Varian"^®^^ 500NB, USA). Mass spectrum was obtained on LC/MS 

4000QTrap system (Applied Biosystems Cor. USA). IR spectrum was obtained on 

EQUINOx55. UV absorbance was performed on UV530 (Thermo Electron Cor.， 

USA). 

2.2.5 High performance liquid chromatography (HPLC) analysis 

Chromatographic separation was achieved on a reversed-phase Cig column 

(Symmetry sheild™ RPi8, 5fim, 2.1x150mm I.D., Water Incorporation). The liquid 

chromatographic system (Waters 2695 Separation Module system) consisted of a 

Waters 2695 system, PDA and equipped with an autosampler and a Waters model 

996 photodiode array detector. 

The mobile phase consisted of ACN (eluant A) and water (eluant B). It was 
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continuously started at 75% ACN from time 0 to 15min. The flow rate was 

0.5ml/min. The two steroids were eluted by gradient 75%—80% acetonitrile in mill-Q 

water at 0.5ml/min flow rate. UV-VIS absorbance spectra from 200 to 400nm were 

collected continuously during the course of each chromatogram. Analysis was 

performed at room temperature. 

2.2.6 Studies on the anti-proliferation activities of the crude fractions 

2.2.6.1 Cell culture 

The human cell lines selected for this study included colorectal 

adrenocarcinoma Colo201 cells and SW620 cells，hepatocellular carcinoma HepG2 

cells, breast adrenocarcinoma MCF-7 cells, fibrocystic disease MCF-10-2A cells， 

esophageal squamous cell carcinoma KYSE cell and malignant melanoma A375 cells. 

The ceils of MCF-10-2A, KYSE and A375 were obtained from American Type 

Culture Collection (ATCC), while the cells of Colo201, HepG2 and MCF-7 were 

kindly provided by Dr. Ooi of Biology Department in CUHK. 

HepG2 and MCF-7 cells were cultured in RPMI-1640 supplemented with 

2.01g/L sodium bicarbonate and 2mM L-glutamine. Colo201 cells were cultured in 

RPMI-1640 medium supplemented with I.5g/L sodium bicarbonate, 4.5g/L glucose, 

2mM L-glutamine，lOmM HEPES buffer and ImM sodium pyruvate. A375 

malignant melanoma cells and esophageal squamous cell carcinoma KYSE cells 

were cultured in DMEM medium supplemented with 2.0lg/L sodium bicarbonate 

and 2mM L-glutamine. MCF-10-2A cells were cultured in Ham's F12 medium 

supplemented with 20 ng/ml epidermal growth factor’ 0.01 mg/ml insulin and 5% 

horse serum. Cells were routinely cultured in an appropriate essential medium 

supplemented with 10% heat-inactivated FBS，1% penicillin and streptomycin 

solution and 0.1% fungizone. They were grown at 37°C in a humidified atmosphere 
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with 5% CO2. The cultured cells were propagated in cell culture flasks at desired 

density with three times a week. 

Before each subsequent assay, cultured cells were seeded with desired cell 

density and pre-incubated for 24 hours at 37°C in a humidified atmosphere with 5% 

CO2. 

2.2.6.2 Sample preparation 

EP and 9( 11 )-DHEP were freshly dissolved in and filtered by a syringe filter 

with a 0.20^m PVDF membrane (Gelman Laboratory). In the subsequent assays, the 

two steroids were flirther diluted to desired concentrations. The final concentration of 

EtOH was 0.05% (v/v). 

2.2.6J MTT assay 

MTT assay is based on the ability of mitochondrial dehydrogenases in viable 

cells to convert soluble yellow tetrazolium salt (MTT) to form a dark blue formazan 

product. According to the method of Son et al. (2003) with some modifications, cells 

undergoing exponential growth were suspended in fresh medium at a concentration 

of l.25xlO'^cells/ml and were seeded onto 96-multiwelI plate (100|il/well). After 24h 

pre-incubation, exponentially growing cells were treated with a final concentration of 

0-50ug/ml steroids for additional 24, 48 and 72h. In the negative control, cells were 

treated in 0.05% EtOH (v/v) instead of steroids. After treatment, 20^1/well of MTT 

solution (Smg/ml in PBS) was added and further incubated for 5h. The culture 

medium was then discarded and 150|il acidic isopropanol (0.04M HCl in isopropanol) 

was added to dissolve the formazan crystals. Absorbance at 570nni was taken by 

96-well microplate spectrophotometer (SpectroAmax™ 250). The growth inhibitory 

activity was expressed as percentage (%) of inhibition in treatment group relative to 
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the control group (Equation 2.1). 

% inhibition = ( 1 少 一 )X 100% (2.1) 
Aicontmi 

where Atrcatment : absorbancc of treatment group 

Acontroi : absorbance of control group 

2.2.6.4 Determination of 50% effective concentration (IC50) 

C0I02OI, A375，HepG2 and MCF-7 cells were treated with the different crude 

fractions of different concentrations. The IC50 was determined in MTT assay and was 

defined as 50% of the maximum cytotoxic response as compared with control group. 

The IC50 concentration was obtained from linear regression of analysis ( r > 0.95). 

2.2.6.5 Statistical analysis 

All samples were determined in triplicate and results were expressed as mean 土 

standard deviation (SD). Statistical analysis was performed using a two-tailed 

Student's /-test. Differences with P < 0.05 were considered statistically significant. 
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Dry mycelia of G lucidum 

Extract in 70% ethanol for 3hrs, filter. 

EtOH extract 
Evaporated under vacuum at 55°C and 
separated by Chloroform. 

Chloroform-soluble fraction Water-soluble fraction 

Eluted with different concentration 
hexane and acetone 

Seven fractions (Fraction I——VII) 

(a) 

Lyophilized culture medium 

Dissolved in some water 

100%eth^ol in 3 times 
volume and centriftiged. 

Non-polysaccharide 
fractions 

，̂  Separated by PE, EA in turn 

Extra-polysaccharide 

PE-soluble EA-soluble 
fraction fraction 

Non-poly 
water-soluble 
fraction 

Figure 2.1 The procedure of antitumor substance purification from Ganoderma 
lucidum mycelia (a) and culture media (b) 
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2.3 Results 

2.3.1 Preliminary screening of antitumor activities of crude fractions from 

Ganoderma lucidum 

In a typical experiment, G lucidum mycelia powder (413g) and lyophilized 

medium was extracted as described in Materials and Methods. We investigated the 

effects of the crude extracts on the proliferation of human cancer cells and norma且 

ceils evaluated by MTT assay. IC50 were used to express the result after 72h 

treatment with the sample. The antitumor activities of different crude extracts of 

Ganoderma lucidum showed that the solvent extracts of the mycelia and medium 

were most effective (Table 2.1), suggesting that small molecular compounds such as 

triterpenes, steroid, may play a key role in antitumor activities of Ganoderma 

lucidum in vitro. The water fraction and polysaccharide of Ganoderma lucidum 

exhibited no in vitro antitumor activity (Table 2.1). However, the amount of the PE 

fraction extracted from culture medium was too low to be purified. Finally we have 

chosen the chloroform fraction of mycelia for the further purification. 

In preliminary screening studies against a panel of human cancer cells, all the 

human cancer cells were found susceptible to the chloroform extract of Ganoderma 

mycelia except for the non-tumorgenic MCF-lOA-2 cells (Table 2.3). 

2.3.2 Purification and identification of EP and 9(11)-DHEP from Ganoderma 

lucidum mycelia 

Based on the preliminary antitumor fraction screening, we managed to purify 

the antitumor metabolite from the solvent extract of the mycelia. Seven fractions 

were collected from silica gel chromatographic separation of the chloroform extract 

(3I.76g). We obtained a fraction with great antitumor activity on human breast 

cancer MCF-7 cells from the chloroform extract of Ganoderma lucidum mycelia as 
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previous described. As the Table 2.2 shown, fraction IV has the highest antitumor 

activity against MCF-7 cells with IC50 at about 20.12^g/ml. The fraction IV, which 

eluted with hexane/acetone 8:1, was applied to a RP-18 pre-packed column for 

further purification. This fraction was ftjrther subjected to reversed-phase 

chromatographic separation and two compounds (A and B) with antitumor activities 

against MCF-7 cells were obtained with a yield of 101.2mg (0.025%) and 69.1 mg 

(0.017%) respectively. The purity of these two compounds was analyzed by HPLC 

(Figure 2.2). 

The molecular formula of compound A was C28H44O3； positive ion 

electrospray mass spectrometry was observed at m/z: 451.3(M 十 Na)\ 429.3(M + 

H)\ 410( M-H20)+，393’ 375.5, 265.4, 249. The pattern of the mass spectrum was 

similar to that of 9(11)-DHEP: 427.5(M + H)\ 409( M-HsO)", 391.4( M-O：)', 

375.2( M-O2-H2O)*, 251.4. The lower of 2 mass units in the molecular weight of 

compound B suggested the presence of an additional double bond in the molecular. 

Table 2.4 showed the NMR analysis results of compound A and B. 

Based on the results above, we proposed the two steroids are ergosterol 

peroxide (compound A) and 9( 11 )-dehydroergosterol peroxide (compound B). 

4 2 



Table 2.1. The antitumor activities of different crude extracts of Ganoderma lucidum 
mycelia and culture medium on MCF-7 cancer cells by MTT assay 

Fractions IC5o(ug/ml) 

Mycelia Chloroform 7I.06db4.31 

Water ' >200 

Culture medium PE 16.43 土 4.31 

EA >200 

Polysaccharide >200 

Non-polysaccharide >200 

The IC50 concentrations represented the concentration which results in 50% inhibition of cell 

growth after incubation. Results are expressed as mean value of three independent experiments. 

Table 2.2. The antitumor activities of different fractions purified from chloroform 
extract of Ganoderma lucidum mycelia on MCF-7 cancer cells by MTT assay 

Solvent system ICso(ug/ml) 

Hexane/acetone 50:1 Fraction I 119.50±8.02 

Fraction II 30.45士 4.57 

Fraction III 55.09±2.51 

8:1 Fraction IV 20.22 土 2.81 

4:1 Fraction V 93.2913.03 

2:1 Fraction VI >200 

Acetone/methano 1 2:1 Fraction VII >200 

The IC50 concentrations represented the concentration which results in 50% inhibition of cell 

growth after incubation. Results are expressed as mean value of three independent experiments. 
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Table 2.3. Preliminary antitumor activity screening on different cell lines 

ICso (ug/ml) 

Chloroform 

fraction 

Fraction IV 

MCF-7 71.06±4.31 20.22 士 2.81 

HepG2 40.26士 3.26 13.57 土 2.30 

C0I02OI 63.83土 5.01 18.09±1.31 

A375 56.19±2.17 12.68 土 1.03 

MCF-lOA-2 > 100 > 100 

The IC50 concentrations represented the concentration which results in 50% inhibition of cell growth 

after incubation. Results are expressed as mean value of three independent experiments. 
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12 14 

rrV̂U 

RRVVU 

20 
B 

12 

reA\J 

20 
15 IL 

0 2 4 6 8 10 12 14 

Retention time (min) 

Figure 2.2. The extraction procedure of major compounds detected by HPLC 
analysis. Different fractions were analyzed by C-18 reverce silica columne (Waters) 
and were eluted by gradient 75%—80% acetonitrile in mill-Q water at 0.5ml/min 
flow rate. a. Chloroform crude extract; b. Fraction IV of first silica gel 
chromatography; c. Compound B purified from fraction IV，it was eluted at 5.476min; 
d. Compound A purified from fraction IV, it was eluted at 7.303min 

4 5 



A 

B 
Figure 2.3. The structures of the two steroids isolated from G lucidum mycelia 
ergosterol peroxide (EP); B, 9( 11 )-dehydroergosterol peroxide (9( 11 )-DHEP). 
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Table 2.4. 'H and '^C spectral data of compound A and B isolated from G lucidum 
mycelia. 

Position 

2 
3 
4 
5 
6 
7 
8 
9 

Compound A (in CDC 13) 
H (5, multiplicity, J (Hz)) "^C(5) ‘ H (6, multiplicity, J (Hz)) 

Compound B (in CDCI3J 
rr 

3.96 

6.24 
6.50 

m 

d8.5 
d 8.5 

34.7 
30.0 
66.4 
36.9 
82.1 

135.4 
130.7 
79.4 
51.1 
36.8 
23.4 
39.3 

4.0 丨 m 

6.29 
6.60 

d 8.5 
d 8.5 

5.41 
2.03 
2.27 

dd 6.0 2.0 
m 
dd 17.0 6.0 

33.1 
32.5 
66.3 
36.1 
82.7 
135.4 
130.7 
78.4 
142.6 
37.9 
119.7 

41.2 

13 44.5 43.6 
14 51.7 48.2 
15 20.6 29.1 
16 28.6 20.9 
17 56.2 55.9 
18 0.82 s 12.9 0.74 s 12.9 
19 0.88 s 18.1 1.10 s 25.5 
20 39.7 1.96 m 39.9 
21 1.00 d6.5 20.9 1.01 d6.5 20.7 
22 5.14 dd 15.0 8.5 135.2 5.16 dd 15.3 8.3 135.1 
23 5.22 dd 15.0 7.5 132.3 5.25 dd 15.3 8.0 132.4 
24 42.8 42.8 
25 33.0 33.0 
26 0 t 2 7 19.6 19.6 
26 0 丨r27 19.9 19.9 
28 0.91 d7.0 17.5 0.92 d6.5 17.5 

All the data were referred to the Appendix 1-10. 
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2.4 Discussion 

Ganoderma steroid is another major group of low molecular weight secondary 

metabolites of this fungus except for triterpenes. There are 20 steroids isolated from 

this fungus so far. They abundantly present in the cholesterol type and ergosterol type. 

Ergosterol is a membrane component of fungal cell. It is a major fungal steroid and 

has been reported in concentrations of 0.3-0.4% in Reishi. Ergosterol peroxide, a 

presumed product of the H202-clependent enzymatic oxidation of ergosterol, may 

play a role in the detoxication reaction of reactive oxygen species (Bates ML，et al.， 

1976) and in the host infection by pathogenic fungi (Sgarbi DB, et al., 1997). 

In the '^C-NMR spectrum of compound A (Table 2.4)，two of four olefinic 

carbon signals at S 135.4, 135.2，132.3 and 130.7 ppm showed the presence of two 

olefins in its structure. The simple doublet olefin protons at S 6.50 (J = 8.5 Hz) and 

6.24 {J = 8.5 Hz) showed further cis olefin couplings by protons. The relative 

down-field shifted carbon signals at S 82.1 and 79.4 ppm suggested the peroxide 

residue was related to the above olefin. The doublets of doublet olefin protons at S 

5.22 {J = 7.5, 15.0 Hz) and 5.14 ( J = 8.5，15.0 Hz) implied trans olefin coupled with 

a methyl proton，respectively. In accordance with the presence of six methyls and the 

molecular formula, the structure of compound A was identified as ergosterol 

peroxide (EP). The compound B showed a proton signal at 5.41 ppm except for 

coupled H6-H7 and H22-H23 pairs in the lower field region, which suggested that 

there may be an additional double bond in its structure. The lower field shift of C9 to 

S 142.6 ppm and the olefinic carbon signals at CI 1 II9.7ppin) revealed that the 

extra double bond was at C9-C11. A comparison of 'H- and '^C-NMR spectral data 

of compound B with that of compound A indicated that compound B was 

9( 11 )-dehydroergosterol peroxide (9(11)-DHEP). Figure 2.3 shows the chemical 

structures of EP and 9(11 )-DHEP. 
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EP is one of the nine rare sterols which were previously isolated from marine 

invertebrates such as tunicate, common pillar coral, sponge and sea hare (Gunatilaka 

AA Leslie, et al., 1981). It has been reported that 8g ergosterol and 150mg ergosterol 

peroxide were extracted from 8kg fruiting bodies of Ganoderma lucidum (Arisawa 

M, et al.，1986). In our study，EP and 9(11)-DHEP were purified from the 

Ganoderroa mycelia and found to reach 0.024% and 0.017% in Ganoderma lucidum 

mycelia, respectively. The extraction rate of EP were 245ug/g dried weight mycelia, 

greatly higher than the yield reported above of it extracted from fruiting bodies of G 

lucidum (18.75ug/g). 

In my study, EP and 9,11 -DHEP are extracted from Ganoderma lucidum 

mycelia for the first time. Our result also showed that the two compounds are the 

major fractions of the mycelia, which were responsible for the antitumor activities of 

Ganoderma lucidum mycelia. 
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Chapter III In vitro antitumor activities of ergosterol peroxide and 

9( 11 )-dehydroergosterol peroxide from Ganoderma lucidum in 

different human cancer cell lines 

3.1 Introduction 

Ganoderma lucidum is considered as a natural medicine that promotes longevity 

and maintains the vitality of human beings. Ganoderma lucidum are widely sold as 

nutritional supplements in combination with conventional chemo/radiotherapies for 

cancer treatment. It is documented that Ganoderma lucidum have antitumor activities 

on different cancer. 

Breast cancer is the second leading cause of cancer deaths in women today 

(after lung cancer) and is the most common cancer among women, excluding 

nonmelanoma skin cancers. Studies showed that Ganoderma lucidum extracts could 

significantly inhibit human breast cancer cell proliferation and invasion, which were 

regulated by the N F - K B signaling pathway. (Yue GG, et al.，2006; Jiang JH, et al.， 

2006; Thyagarajan A, et al.，2007). For liver cancer, Ganoderma lucidum has been 

widely used for the treatment of chronic hepatopathy. The hepatoprotective activity 

of peptides from Ganoderma lucidum (GLP) was evaluated against d-galactosamine 

(d-GalN)-induced hepatic injury in mice (Shia YL, et al.，2008). Previous studies 

indicated that polysaccharides of Ganoderma lucidum could effectively prevent 

ethanol induced hepatic damage in mice (Zhou et al., 2002). The triterpenoids 

isolated from Ganoderma lucidum also showed protective effects against liver injury 

induced by CCI4, d-GaIN and Bacillus Calmette-Guerin (BCG) plus 

lipopolysaccharide (LPS) in vivo (Wang et al.，2000). Ganoderenic acid A，one of the 
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triterpenoids found in Ganoderma lucidum, was proven to be a potent inhibitor of p 

-glucuronidase activity, an indicator of hepatic damage (Kim et al.，1999). For colon 

cancer, both polysaccharide and triterpene of Ganoderma lucidum significantly 

inhibited the proliferation of colon cancer SW 480 cells (Xie JT, et al.，2006) 

Substantial attention has been given to primary cancer prevention in daily life. 

Dietary factors are thought to contribute to as much as one-third of the factors 

influencing the development of cancer. Phytosterol are one of important 

chemipreventive compounds in nature. They were found to act at various stages of 

tumor development, including inhibition of tumorigenesis’ tumor promotion， 

invasion of tumor cells and metastasis (Ovesna Z，et al., 2004). One of the bioactive 

components of Ganoderma lucidum is Ganoderma steroids, which attract our specific 

attention. Our interest has been focused especially on their anti-tumor and 

chemopreventive activity. In the present study，9(11)-DHEP and EP are purified from 

Ganoderma lucidum mycelia. Both of the two Ganoderma steroids are important 

derivities of ergosterol. Ergosterol is the basic building block of vitamin D in plants. 

When ultraviolet light from the sun hits the leaf of a plant, ergosterol is converted 

into ergocalciferol, or vitamin D2. Vitamin D is one of well-studied steroids. Vitamin 

D, its active form, 1,25-dihydroxyvitamin D3 [l,25(OH)2D3] and analogs have 

important antitumoral properties (Townsend K，et al.，2005)，which might be 

explored in chemopreventive as well as in therapeutic cancer approaches. (Bortman 

P, et al.，2002). induction of apoptotic features in response to vitamin D has been 

demonstrated in breast, colon，and prostate cancer cells as well as in melanoma, 

myeloma, and glioblastoma cells in vitro (Hansen CM，et al.，2001). Besides having 

antiproliferative properties, vitamin D might also reduce the invasiveness of cancer 

cells and act as an anti-angiogenesis agent. The similarities of chemical structure of 

51 



these steroids predict their similar biological activities. EP and 9( 11 )-DHEP can 

inhibit HL60 cancer cells and HT29 colon cancer cells by inducing apoptosis (Takei 

T, et al.，2005; Kobori M, et al.，2006b), However，their molecular mechanisms of 

action have not yet to be determined. 

In the following study, our results showed that both of the two steroids could 

induce apoptosis on different cancer cell lines, including breast cancer MCF-7 cells, 

liver cancer HepG2 cells, colon cancer Colo201 cells, esophageal squamous cell 

carcinoma KYSE cells. 
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3. 2 Materials and Methods 

3.2.1 Chemicals and reagents 

N-(2-Hydroxyethyl)piperazine-N'-(2-ethansulfonic acid) hemisodium salts 

(HEPES) solution, sodium bicarbonate, sodium pyruvate, trypsin, 

ethylenediaminetetraacetic acid (EDTA), ribonuclease A (Type I-A), bovine serum 

albumin (BSA)， propidium iodide (PI), dimethylsufloxide (DMSO), 

p-mercaptoethanol, glycerol, bromophenol blue, glycine and paraformaldehyde were 

purchased from Sigma. Dulbecco's modified Eagle's (DMEM) medium, Leibovitz's 

L-15 medium，fetal bovine serum (FBS), fungizone (amphotericin B 250^ig/ml)， 

Triton X-100, phosphate buffered saline (PBS)，penicillin (10,000unit/ml)-

stretomycin (10,000|j.g/ml) and DNase (grade 1) were obtained from Invitrogen 

Chemical Co. 3-(4,5-dimethyl-thia2oly-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) and RPMI-1640 medium were obtained from ICN. Glucose was bought from 

BDH. SDS was bought from Bio-Rad. Culture flasks (25cm^ and 75cm^) and 

8-chamber polystyrene vessels (tissue culture treated glass slide) were obtained from 

Falcon. The lumi-film chemiluminescent detection film, cell proliferation 

ELISA-BrdU (chemiluminescence) assay kit, in situ cell death detection kit 

(fluorescein) and annexin-V-FLUOS staining kit were bought from Roche Molecular 

Biochemicals. Ethanol, methanol, hydrochloric acid (HCl) and isopropanol were 

obtained from Merck. Sodium citrate, Tris-HCI and acrylamide/bis (37.5:1，40%) 

solutions were purchased from JT Baker. Antibody of p-actin was purchased from 

BD Biosciences PharMingen, USA. Antibodies for anti-cleaved PARP (Asp214), 

anti-PARP, anti-Bax, anti-Bad，anti-Bale, anti-puma, anti-Bcl-2, anti-Bcl-xl, 

anti-Mcl-1 and anti-cleaved caspase 3 (Asp 175), anti-caspase 6，anti-cleaved caspase 

7 (Asp 198), anti-caspase 8 and anti-caspase 9 were obtained from Cell signaling Co. 

(USA). Goat anti-rabbit IgG-conjugated to horseradish peroxidase (HRP) and goat 
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anti-mouse IgG-conjugated to HRP were purchased from Biovision (Mountain View, 

CA). Phototope®-HRP Western blot detection system was purchased from Cell 

Signaling Technology. 

3.2.2 Sample preparation 

EP and 9(11)-DHEP were freshly dissolved and filtered by a syringe filter with a 

0.20^m PVDF membrane (Gelman Laboratory). The two steroids were further 

diluted to desired concentrations. The final concentration of EtOH was 0.05% (v/v). 

3.23 Cell culture 

Human colorectal adrenocarcinoma Colo201, hepatocellular carcinoma HepG2, 

breast adrenocarcinoma MCF-7 and esophageal squamous cell carcinoma KYSE cell 

lines were used in this study. KYSE cells were obtained from American Type Culture 

Collection (ATCC), while Colo201, HepG2 and MCF-7 cells were kindly provided 

by Dr. Ooi. 

HepG2 and MCF-7 cells were cultured in RPMI-1640 supplemented with 

2.01g/L sodium bicarbonate and 2mM L-glutamine. Colo201 cells were cultured in 

RPMI-1640 medium supplemented with U5g/L sodium bicarbonate, 4.5g/L glucose, 

2mM L-glutamine, lOmM HEPES buffer and ImM sodium pyruvate. 

Cells were routinely cultured in appropriate essential medium supplemented 

with 10% heat-inactivated FBS, 1% penicillin and streptomycin solution and 0.1% 

fungizone. They were grown at 37°C in a humidified atmosphere with 5% CO2. The 

cultured cells were propagated in cell culture flasks at desired density with three 

times a week. 

Before each assay, cultured ceils were seeded with desired cell density and 

pre-incubated for 24 hours at 37°C in a humidified atmosphere with 5% CO2. 
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3.2.4 Studies on the anti-proliferation activities of EP and 9(11)- DHEP on 

different cancer cell lines 

3.2.4.1 M i r assay 

According to the method of Son et ai. (2003) with some modifications, lOOul 

1x10^ human cancer cells/ml were plated in 96-weil tissue culture plate and 

incubated for 24 h, then treated with different concentrations of EP and 9(11)-DHEP 

for different hours. Details were referred to Chapter II. 

3.2.4.2 Cell proliferation ELISA-BrdU (chemiluminescence) assay 

The 5-bromo-2'-deoxyuridine (BrdU) assay is a chemiluminescence 

immunoassay for the quantification of cell proliferation (Huong et al” 1991; 

Porstmann et aL, 1985). For the BrdU assay，the first step is the same as MTT assay. 

After incubation at 37^C for 72h 20^1 BrdU was added to the cells and incubated 

again for 2h. The procedures were followed according to the manufacturer's 

instructions; finally, the chemiluminescence readings were measured by a microliter 

plate luminometer (ML3000). Results were expressed as the percentage (%) of 

inhibition in treatment group as compared to control i Inhibition (%) ~ (1 - A treatment/ 

Acontroi) X 100% ，where Atreatmcm mcans the absorbance of treatment group; Acontroi 

means the absorbance of control group. 

3.2.43 Determination of 50% inhibitory concentration (IC50) 

C0I02OI, HepG2，KYSE and MCF-7 cells were treated with the two steroids of 

different concentrations. The IC50 was determined in MTT and BrdU assays. IC50 

was defined as the microgram concentration of the two steroids, at which 50% of cell 

growth or cell proliferation was inhibited in relation to control, respectively. The IC50 
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values were obtained from linear regression of analysis (i^ > 0.97). 

3.2.5 Apoptosis detection 

3.2.5.1 TUNEL enzymatic labeling assay 

DNA fragmentation can be directly determined with the In Situ Cell Death 

Detection Kit, Fluorescein (Roche Molecular Biochemicals) using fluorescence 

microscopy (Gold et al.’ 2003; Sgonc et al., 1994). The TUNEL (TdT-mediated 

dUTP nick end labeling) reaction is designed to detect and quantify apoptotic cell 

death at single cell level in cells and tissues, since TUNEL preferentially labels DNA 

strand breaks generated during apoptosis. According to manufacturer's instructions. 

Cells density of 6x 1 O^cells/chamber was suspended in fresh medium and then seeded 

onto chamber slide. After 24h pre-incubation, cells were treated with 0-20ug/ml 

9(11)-DHEP or EP. For the control group (negative control and positive control), 

0.05% EtOH (v/v) was used instead of sample. After additional 72h incubation, cells 

were air dried and fixed with freshly prepared fixation solution (4% 

paraformaldehyde in PBS, pH 7.4) for Ih at room temperature. Slides were then 

rinsed with PBS (pH7.4) and were re-incubated in permeabilisation solution (0.1% 

Triton X-100 in 0.1% sodium citrate) for 2min at 2-8®C. Slides were further rinsed 

twice with PBS. Finally, the fixed and permeabilized cells were incubated with 

TUNEL reaction mixture containing nucleotide mixture and terminal 

deoxynucleotidyl transferase (TdT) for 60min in a humidified atmosphere at in 

darkness. In each experimental setup，both the negative control and the positive 

control were included. For the negative control, the fixed and permeabilized cells 

were incubated with nucleotide mixture in reaction buffer (without terminal 

transferase) instead of TUNEL reaction mixture. Prior to labeling procedures, DNA 

strand breaks were induced in positive control by incubating the fixed and 
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permeabilized cells with DNase I, grade I (lU/ml in lOmM Tris-HCl, pH7.5 

containing ImM magnesium chloride and Img/ml BSA) for lOmin at room 

temperature. After labeling, slides were rinsed three times with PBS. The fluorescein 

labels incorporated in nucleotide polymers were directly analyzed under con focal 

laser scanning microscope (CLSM) (Bio-Rad). For the evaluation of fluorescence 

microscopy’ an excitation wavelength at 488nm and emission wavelength at 515nm 

were used. Fluorescence images were collected using a Bio-Rad Radiance 2100 

system with LaserShape2000 software (Bio-Rad). 

3.2.5.2 Annexio-V-FLUOS labeling assay 

Annexin-V-FLUOS labeling assay was performed by using Annexin-V-FLUOS 

staining kit (Roche Molecular Biochemicals) (Martin SJ, et al” 1995). According to 

manufacturer's instruction, 6x10^cells were suspended in fresh medium and the cells 

were seeded onto chamber slide for pre-incubation at 37 Cells were then treated 

with 0-20ug/ml 9( 1 l)-DHEP or EP. in the negative control, cells were treated in 

0.05% EtOH (v/v) instead of the steroids. After 72h re-incubation, medium was 

removed. Slides were rinsed with PBS (pH7.4) and were covered with 

1 OOfxl/chamber of Annexin-V-FLUOS labeling solution (annexin-V-fluorescein in a 

Hepes buffer containing PI). Slides were further incubated for 10-15min at room 

temperature. After labeling, slides were directly analyzed under confocal laser 

scanning microscope (CLSM) (Bio-Rad). Fluorescence images were collected using 

a Bio-Rad Radiance 2100 system with the LaserShape2000 software (Bio-Rad). In 

order to evaluate annexin-V-fluorescein, an excitation wavelength at 488nm and 

emission wavelength at 515nm were used. On the other hand, an excitation 

wavelength at 488nm and emission wavelength at 617nm were used for PI. 
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3.2.6 Analysis of cell cycle progression by flow cytometry 

With the use of flow cytometer and DNA specific fluorescence dye, DNA 

content can be measured at single cell level. Cells at different phases in cell cycle 

(Go/ Gi, S, G2/ M) with difference of DNA content can be displayed in a flow 

cytometric diagram, these patterns give information on the cell cycle distribution and 

therefore the changes in cell cycle of a cell population can be analyzed. The DNA 

staining pattern can also be employed to confirm apoptosis. 

Cell cycle distribution of Colo20l, HepG2, KYSE and MCF-7 cells after 

treatment with 9(11)-DHEP or EP was monitored by flow cytometry. 6xl0''cells were 

seeded onto 75cm^ culture flask. After pre-incubation for 24h, cells were treated in 

the absent or presence of 9( 11 )-DHEP or EP at the concentrations between 

0--30ug/ml and were incubated at desired time. 2xl0^cells were harvested and fixed 

overnight at -20°C with 70%. Fixed cells were followed by washing twice with PBS 

(pH7.4) and centrifuge at 1500rpm for 5min to remove ethanol. Cells were further 

washed with 1% BSA and incubated in the dark at 4°C with propidium iodide (PI) 

staining mixture (1.21mg/ml Tris, 700U/ml RNase, 50.1|j.g/ml PI, pH8.0) overnight. 

Finally, stained cells were measured using Beckman Coulter Epics XL MCL flow 

cytometer (Miami, FL). Cell cycle distribution profile was analyzed using 

Multicycle software (Phoenix Flow Systems, San Diego, CA). The proportion of 

cells in Go/Gi , S, G2/M phases was represented as DNA histogram. Apoptotic cells 

with hypodiploid DNA content were observed in cell cycle pattern. 

3.2.7 Western immunoblotting and detection 

3.2.7.1 Preparation of protein lysates 

6xl0^cells were seeded in 75cm^ culture flask. After pre-incubation for 24h, 

exponentially growing cells were treated with 0~30ug/ml 9(1 l)-DHEP or EP for 
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additional desired incubation times. Cell number of 2xl0^cells was harvested and 

was centrifuged at 1500rpm for 5min. Cell pellets were then resuspended with 50vil 

ice-cold lysis buffer (20mM Tris-HCl, pH8.0, l50mM NaCI, 5mM EDTA, 0.2% 

BSA and 1% Triton X-100) and incubated for 45min on ice. After centrifugal ion at 

4°C for 15min at 14,000rpm, cell Iysates were collected as supernatant and stored at 

-20�C until analysis. 

3.2.7.2 SDS-polyacrylamide gel (SDS-PAGE) 

Total cellular protein was determined by using the BCA assay kit (Sigma). 

Equal amounts of protein (50-100p.g) were mixed with 2X sample loading buffer 

(0.0625M Tris-HCl, pH6.8’ 2% SDS, 1% p-mercaptoethanol, 10% glycerol and 

0.01% bromophenol blue) and heated at 95°C for 5min. The samples were resolved 

in 13% SDS-PAGE in electrode buffer (25mM Tris, 0.19M glycine and 0.1% SDS, 

pH 8.3) at 50V for 30min and followed at lOOV for 90min. After electrophoresis, the 

gel was stained in colloidal coomassie solution (0.1% coomassie brilliant blue G-250, 

34% methanol, 17% ammonium sulfate and 3% phosphoric acid) for 24h or further 

proceed the procedure of Western blot analysis in section 3.2.7.3. 

3.2.7.3 Western blot analysis 

The protein samples (in the gel) were blotted onto nitrocellulose membrane 

(Amesham bioscience, USA) using Mini Trans-Blot cell (Bio-Rad) and then 

transferred in Towbin buffer (25mM Tris, 0.2M Glycine and 20% methanol) at lOOV 

for 90min. After transfer，the blotted membrane was first blocked in 0.2% Aurora 

blocking (w/v) with T B S " (0.1% Tween-20, 20mM Tris, 137mM NaCI, and IM 

HCl) for Ihr and incubated with primary monoclonal antibody (anti-cleaved PARP 

(Asp2^14), anti-Bax, anti-Bad, anti-Bak, anti-BID, anti-Bmf, anti-Bim, anti-puma, 
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anti-Bcl-2, anti-Bcl-xl anti-Mcl-1 and anti-cleaved caspase 3 (Asp 175)，anti-caspase 

6，anti-cleaved caspase 7 (Asp198), anti-caspase 8 and anti-caspase 9 antibody (Cell 

signaling)) in desired dilution for 3hr at room temperature. The membranes were 

also probed with p-actin antibody in 1:5000 dilution to verify uniform protein 

loading across samples. This was followed by washing in TBS-T and then incubating 

with horseradish peroxidase (HRP)-conjugated secondary antibody (1:2000) and 

HRP-conjugated anti-biotin antibody (1:1000) (Cell signaling. Inc.) to detect 

biotinylated protein markers with gentle agitation for I hr at room temperature. After 

several washings，membranes were subjected to chemiluminescent Western detection 

with LumiGLO® reagent as described in the manual of Phototope®-HRP Western 

Blot detection system (Cell Signaling Technology, Inc.). The membranes were 

visualized by Digital Imaging System (Bio-Gene Technology Ltd.). Quantification 

was performed by densitometric analysis (Model GS-690 Imaging Densitometer) 

(Bio-Rad). 

3.2.8 Statistical analysis 

Dates were expressed as mean 土 standard deviation (SD) in three independently 

experiments. p-Actin was used as the internal control in Western blot. The amount of 

protein was expressed as arbitrary densitometric units of p-actin. The data were 

expressed as the relative density compared to their respective controls (untreated 

cells), taken as 1.0. Statistical analysis was performed using a two-tailed Student's 

r-test. Differences with p<0.05 were considered statistically significant. 
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3.3 Results 

3.3.1 9(11)-DHEP and EP inhibited the cell proliferation of different cancer 

cells 

Effects of various concentrations of 9(1 l)-DHEP or EP on cancer cells growth 

were examined in different cancer cells by MTT assay. IC50 were used to express the 

result after 72h treatment with the sample. The IC50 (concentration causing 50% 

inhibition) of steroids on different cancer cell lines were determined and listed in 

Table 3.1. The results showed that 9(1 l)-DHEP selectively mediated growth 

inhibition on different cancer cells in a dose-dependent manner. For EP, it can greatly 

decrease all cancer cells growth. The rank of inhibitory activity with regard to IC50 

was 4.42ug/ml in KYSE cells > I0.77ug/ml in SW620 ceils > 12.93ug/ml in Coio201 

cells > 14.04ug/ml in HepG2 cells > 16.80ug/ml in MCF-7 cells. In contrast, they 

were less toxic to the MCF-lOA-2, a non-tumorgenic ceil line. At the concentrations 

up to more than 50(ig/ml, the two steroids did not significantly inhibit the growth of 

MCF-lOA-2 cells. 

Meanwhile, the inhibitory effects of the two steroids on different cancer cells 

also behaved in a time-dependent manner (Figure 3.1-3.4). Significant inhibition of 

both the two steroids on cell growth was started at 24h for all the observed cancer 

cell lines and after 48h treatment the viability of the cancer cells was suppressed 

above 50%. 

To illustrate the antiproliferative effect of the two steroids, we investigated the 

inhibitory effects of the two steroids on the DNA synthesis of selected human cancer 

cells evaluated by BrdU assay. This is based on the measurement of 

5-bromo-2‘-deoxyuridine-labeled dUTP incorporation during DNA synthesis in 

proliferating cells. The maximum anti-proliferative response of EP and 9(11 )-DHEP 

was observed after 72h of treatment. IC50 were used to interpret the result of the 
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sample (Table 3.2). The result suggested that both the two steroids could inhibit DNA 

synthesis in all the cancer cell lines (Figure 3.5). Results of MTT assay and BrdU 

assay showed that both of two steroids have the strongest inhibition on the Colo201 

cancer cells. The concentration of EP and 9(11)-DHEP required inhibiting 50% of 

Colo20l cancer cells proliferation (IC50) is 12.93jig/ml and 13.02|j.g/ml in MTT 

assay, and is about for 12.39 |ag/ml and 16.55fj.g/ml in BrdU assay, respectively. 

3.3.2 Flow cytometry analysis on the difTerent cancer cells treated with 

9(ll)-DH£Pand EP 

To investigate the mechanism by which the two steroids inhibited cancer cells 

growth, cell cycle analysis was performed with flow cytometry. The cancer ceil line 

MCF-7 (Figure 3.6), HepG2 (Figure 3.8), Colo20l (Figure 3.11) and KYSE (Figure 

3.14) were treated with different concentrations of 9(11)-DHEP and EP for 72hrs. 

The number of the cells in subGl phase increased gradually in a dosage-dependent 

manner after 72hr treatment with the steroids in different cancer ceils (Figure 3.7, 

Figure 3.9, Figure 3.12，and Figure 3.15). The totaJ number of cells in subGi was 

increasing from the treatment of lO^ig/ml EP; this percentage significantly rose to 

above 80% with the 20|j.g/ml EP treatment. These results suggested that the two 

steroids inhibit the cancer cell by inducing apoptosis. In addition，subGl distribution 

results of HepG2 and Colo201 cancer cells treated with 9( 11 )-DHEP and EP showed 

that the cancer cells seemed to more sensitive to EP than them to 9( 11 )-DHER 

The different cancer cells were treated with 20fig/ml 9( 11 )-DHEP or EP for 24h, 

48h，and 72h. Results showed that both the two steroids could induce apoptosis of 

cancer cells in a time-dependent manner (Figure 3.10，Figure 3.13，and Figure 3.16). 

A significant increase on subGl phase appeared in Colo201, HepG2 and KYSE cells 
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treated with 20ug/nil EP for 24h or treated with 20ug/ml 9( 11 )-DHEP for 48h. After 

24h inhibition，the apoptotic cells of EP-treated increased dramatically. The subGl 

cells increased from 5.09 土 0.69% to 51.33 土 0.31% on HepG2 cells, 2.92 土 0.52% to 

22.45 土 3.390/0 on Colo201 cells and 6.66 士 0.67o/o to 15.48 土 1 .94� /�on KYSE cells. 

The inhibition on different cancer cells was over 50% after 48h treatment with 

9(1I)-DHEP and EP. 

3.33 Analysis of apoptotic morphology in HepG2 cancer cells treated with 

9(11)-DHEP and EP 

To understand characteristic of the apoptotic effect，human hepatoma HepG2 

cancer cells were subjected to apoptosis assays, including TUNEL enzymatic 

labeling assay {In situ Cell Death Detection Kit, Fluorescein) and 

Annexin-V-FLUOS assay. Cells were cultivated with 9(11)-DHEP and EP in 

concentration of Oug/ml, lOug/ml, 20ug/ml for 72h. The results were represented as 

image under the confocal laser scanning microscope (CLSM). 

The TUNEL enzymatic labeling assay measures apoptosis by direct labeling and 

detection of DNA strand breaks in individual cells. Those apoptotic ceils are 

intensely stained green and are easily visible under fluorescence microscopy. This 

allows discrimination of apoptosis from necrosis and from primary DNA strand 

breaks induced by antitumor drugs and irradiation (Gorczyca et al.，1993; Gavrieli Y, 

et al” 1992). Compared with the negative control, apoptotic bodies were seen in the 

HepG2 cells by TUNEL staining treated with the two steroids above lOug/ml as the 

Figure 3.17 showed. The results suggested that exposure to the two steroids caused 

cell death by apoptosis in HepG2 cancer cells. 

Annexin V staining and propidium iodide (PI) accumulation were used to 
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determine the percentage of apoptotic cells as well as the morphological changes 

characteristic of this process. Early events in the apoptotic process are loss of plasma 

membrane asymmetry accompanied by translocation of phosphatidylserine (PS) from 

the inner to the outer membrane leaflet, thereby exposing PS to the external 

environment. The phospholipid-binding protein annexin V has a high affinity for PS 

and binds to cells labelled with fluorescence. In this research of Annexin-V-FLUOS 

assay, the green dye, Annexin-V, is used and serves as a marker for apoptotic cells. 

Simultaneously, the red dye, propidium iodide, is used for DNA staining. This can 

help to discriminate between early phase, late phase apoptosis and necrosis at single 

ceil level (Vermes I, et al., 1995; Koopman G, et al” 1994). The Annexin V-/P1-

population was regarded as normal healthy cells, while Annexin V十/PI- cells were 

taken as a measure of early apoptosis，Annexin V+/PI+ as late apoptosis, and 

Annexin V-/PI+ as necrosis. These results showed that the number of apoptotic ceils 

increased concomitantly with dosage and that annexin V/PI double-positive cells also 

increased at 20^g/ml steroids. At lOug/ml 9( 11 )-S)HEP or EP, HepG2 cells were 

living and observed with low staining of annexin and PI (Figure 3.18 and Figure 

3.19). Nevertheless，late apoptotic cells with high annexin and high PI staining were 

shown at 20^g/ml 9(11)-DHEP or EP (Figure 3.18 and Figure 3.19), which suggested 

that apoptosis was the major reason of the cancer cells death. 

3.3.4 9(11)-DHEP and EP induced apoptosis of Colo201 cancer cells by 

mitochondria-mediated pathway 

To investigate how the two steroids induce apoptosis of Colo201 cancer cells, 

the expressions of PARP, caspase family and Bcl-2 family were investigated in our 

work. Colo201 cancer cells were treated with EP for 24h or 9(11)-DHEP for 48h. 

The proteins were extracted and separated by 12% SDS-PAGE. 
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Our results indicated that the increase expression of cleaved PARP fragments 

(89kb) were observed in both the steroids treated cancer cells in a dosage-dependent 

manner (Figure 3.20). The PARP is the downstream product of caspase 3 and its 

cleavage suggested that the two Ganoderma steroids could induce apoptosis on 

Colo201 cancer cells. 

Caspases, a family of cysteine acid proteases, are central regulators of apoptosis. 

Several caspase proteins were detected in Colo201 cancer cells treated by the two 

steroids. Results showed the effect of EP and 9( 11 )-DHEP on the expression of 

caspase-3, caspase-6, caspase-7，caspase-9 in Colo201 cancer cells. Both the two 

steroids noticeably stimulated the cleavage of caspase 3，7，9 in tumor cells in a 

dosage-dependent manner but not the caspase 8 (Figure 3.21). In addition, 

9(11 )-DHEP can also induce the cleavage of caspase 6. The result suggested that the 

apoptosis induced by the two steroids is caspase-dependent. 

Meanwhile, the expressions of the Bcl-2 family of Colo201 cancer cells under 

the two Ganoderma steroids treatment were detected. Our result showed that the 

Bcl-2 protein was down-regulated in a dosage-dependent manner, whereas the 

expressions of Bcl-xl, Bad, Bax, Bak were not changed (Figure 3.22). The ratio of 

Bax and Bcl-2 was significant shift after EP and 9(1 l)-DHEP treatment (Figure 3.23 

and Figure 3.24). In addition, 9(11)-DHEP could also induce the decrease expression 

of Mcl-l (Figure 3.25) and the increase expression of Puma (Figure 3.26). 
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Table 3.!. Preliminary antitumor activity screening of 9( 11 )-DHEP and EP on 
different cell lines by MTF assay 

ICso (ug/ml) 

9(11)-DHEP EP 

HepG2 13.99±2.55 14.04 土 1.32 

SW620 32.87士 0.76 10.77 士 0.83 

Colo201 13.02±0.34 12.93 士 0.57 

MCF-7 16.89±1.40 17.22 土 1.31 

KYSE 7 . 8 _ . 9 4 4.42±1.65 

MCF-10-2A 67.89±2.64 72.69±2.70 

The ICjo concentrations represented the concentration which results in 50% inhibition of cell 

growth after incubation. Results are expressed as mean value 土 S D of three independent 

experiments (p<0.05) 
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Figure 3.1. Inhibitory effects of 9( 11 )-DHEP and EP on HepG2 cancer cells in a 
time-dependent manner. Cells were treated with various concentrations of the two steroids 
for 72h; and cell viability was determined by the MTT assay. Results are expressed as 
percentages of proliferation compared to the control (mean 士 SD，n=3). Differences with 
P<0.05 (•), P<0.01 (••), PO.OOl (»••) were considered significantly different. 
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Figure 3.2. Inhibitory effects of 9(1I>-DHEP and EP on Colo201 cancer cells in a 
time-dependent manner. Cells were treated with various concentrations of the two steroids 
for 72h; and cell viability was determined by the MTT assay. Results are expressed as 
percentages of proliferation compared to the control (mean 土 SD, n=3). Differences with 
P<0.05 (幸)，P<0.01 (••), P<0.001 (傘_*) were considered significantly different. 
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Figure 3.3. Inhibitory effects of 9( 11 )-DHEP and EP on SW620 cancer cells in a 
time-dependent manner. Cells were treated with various concentrations of the two steroids 
for 72h; and cell viability was determined by the MTT assay. Results are expressed as 
percentages of proliferation compared to the control (mean 士 SD, n=3). Differences with 
P<0.05 (•)，P<0.01 (••), P<0.001 (•••) were considered significantly different. 
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Figure 3.4. Inhibitory effects of 9( 11 )-DHEP and EP on KYSE cancer cells in a 
time-dependent manner. Cells were treated with various concentrations of the two steroids 
for 72h; and cell viability was determined by the MTT assay. Results are expressed as 
percentages of proliferation compared to the control (mean 土 SD, n=3). Differences with 
P<0.05 (•), P<0.01 (•»), P<0.001 ( " • ) were considered significantly different. 
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Table 3.2. Anti-proliferation activity screening of 9( 11 )-DHEP and EP on different 
cancer cells by BrdU assay 

ICso (ug/ml) 

9(11)-DHEP EP 

MCF-7 30.31±2.13 40.43士 1.86 

HepG2 27.01 士 1.09 36.22 土 0.98 

Colo201 16.55 土 1.21 12.39±0.77 

KYSE 21.75 土 1.14 13.87 土 2.17 

The ICSO concentrations represented the concentration which results in 50% inhibition of cell 

growth after incubation. Results are expressed as mean value 土 S D of three independent 

experiments (p<0.05) 

71 



MCF-7: 

/ Z 

C0I0201 

Figure 3.5. Inhibitory effects of 9( 11)-DHEP and EP on different cancer cells m a 
dosage-dependent manner. Cells were treated with various concentrations of the two steroids 
for 72h; and cell proliferation was determined by the BrdU assay. Results are expressed as 
percentages of proliferation compared to the control (mean 士 SD, n=3). Differences with 
P<0.05 (•)，P<0.01 (") , P<0.001 (•••) were considered significantly different. 
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Figure 3.6 Effects of 9(11 )-DHEP and EP treatment on the morphological changes of MCF-7 
cells. MCF-7 cancer cells were treated with different concentrations of 9(11 )-DHEP (A) and 
EP (B) for 72h. Light microscope photographs were obtained at 200>< magnification. For 
each diagram, a.control; b. lOug/ml; c. 20ug/ml; d.30ug/ml. 
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Figure 3.7. Fluorescence-activated cell sorting analysis of MCF-7 cancer cells after 72hr 
treatment with 9(11 )-DHEP and EP at different concentration. Cell cycle phase distributions 
were quantified by staining cells with propidium iodide, (a) Control; (b) lOug/ml; (c) 
20ug/ml; (d) 30ug/ml. Results are expressed as percentage of cells in sub-G], Go/Go, S and 
G2/M phase at each time point after exposure. Data are mean 土 SD (n=3). Differences with 
P<0.05 (•)，P<0.01 (**) were considered significantly different. 
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A. 

Figure 3.8. Effects of 9( 11 )-DHEP and EP treatment on the morphological changes of 
HepG2 cells. HepG2 cancer ceils were treated with different concentrations ot 9( 11 )-DHEF 
(A) and EP (B) for 72h. Light microscope photographs were obmined ai 200magnificafion. 
For each diagram, a.control; b. lOug/ml; c. 20ug/ml; dJOug/ml. 
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Figure 3.9 Fluorescence-activated cell sorting analysis of HepG2 cancer cells after 72hr 
treatment with 9(1 l)-DHEP and EP at different concentration. Cell cycle phase distributions 
were quantified by staining cells with propidium iodide, (a) Control; (b) lOug/ml; (c) 
20ug/ml; (d) 30ug/ml. Results are expressed as percentage of cells in sub-Gi, Go/Go, S and 
G2/M phase at each time point after exposure. Data are mean± SD (n=̂ 3). Differences with 
P<0.05 (•)，P<0.01 (••)，P<0.001 (•••) were considered significantly different. 

7 6 

9(n)-DHEP EP 

Control 
Sub-G|： 5.09 t 0.69 % 

Go/C,: 60.87 ± 0.02 % 

S: 31.37±Q.35% 

G , /M : 19.77 ±0 .37% 

C o n t r o l 

Sub-G,： 10.47 士 0，33 % 

Go/G,: 60.43 士 0.54 % 

S: 27.13 ±0 .62% 

G , /M: 12.50 i 0.22 % 

I 

lOug/ml 
Sub-G,: 15.53 士 0.34 

Go/G,: 62.17 ± 0 73 % 

S: 26.47 土 0.62 % 

G, /M: 11 J7±0 . 17% /V "’丨 

lOug/ml 
Sub-G,: 73.98± 

50.57 ± 0 94 

S: 3 4 J 0 ± 1 . 2 5 % 

/ M : 15.17 ±0 .38 % 

(C) lOug/ml 
Sub-G,: 91.39 ± 0.28 •/。*• 

G»/G,: 44.70 土 0.79。/o 

42.90 ± 0.45 % 

12.30 土 0.6] % 

20ue/nil 
Sub-G,: 90.41 士 0.68 %• ‘ 

G»/G,: 31.10 ±0 .75% 

63.90 士 1.45 % 

5.00 ± 0.63 % 

d) 

N
o
.
 o
f

 ev
e
n
t
s
 



I ^ ^ Control 
i[ZZ]24h 
I 14fih 

sub G1 G1 G2/M 
Cell phase 

M 

I 

I 
_ 

圆 Control 

J24h 

丄 

_ 
I 

sub G1 G1 G2/M 
Cell phase 

Figure 3.10 Effects of 20ug/inl 9( 11 )-DHEP (a) or EP (b) on cell cycle phase distribution 
in HepG2 cancer cells at different incubation times. Results are expressed as mean 土 SD 
(n=3). P<0.05 (•)，P<0.01(")，P<0.001("*) were considered significant difference 
comparing with the control. 
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Figure 3.11 Effects of 9( 11 )-DHEP and EP treatment on the morphological changes of 
Colo201 cells. Colo201 cancer cells were treated with different concentrations of 
9(11)-DHEP (A) and EP (B) for 72h. Light microscope photographs were obtained at 200^ 
magnification. For each diagram, a.control; b. lOug/ml; c. 20ug/inl; d.30ug/ml. 
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Figure 3.12 Fluorescence-activated cell sorting analysis of Colo201 cancer cells after 72hr 
treatment with 9(11>-DHEP and EP at different concentration. Cell cycle phase distributions 
were quantified by staining cells with propidium iodide, (a) Control; (b) lOug/ml; (c) 
20ug/ml; (d) 30ug/ml. Results are expressed as percentage of cells in sub-G,, Go/Go, S and 
G2/M phase at each time point after exposure. Data are mean± SD (n=3). Differences with 
P<0.05 (•)，P<0.01 (••)，P<0.001 (•••) were considered significantly different. 
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Figure 3.14 Effects of 9(11)-DHEP and EP treatment on the morphological changes of 
KYSE cells. KYSE cancer cells were treated with different concentrations of 9(11)-DHEP 
(A) and EP (B) for 72h. Light microscope photographs were obtained at 200x magnification. 
For each diagram, axontrol; b. lOug/ml; c. 20ug/ml; d.30ug/ml. 

8 1 



30ug/ml 

Sub-G,:72.30 土 2.96。/。•• 

G « / G , : 66 .10 ± 0 . 1 0 % 

S: 18.45 土 3.830/0 

G ’ / M : 15.40 ± 3.70。/o 

JOug/ml 

Sub-G,: 85.12 ±0.80%* 

Go/G,: 70.77 土 4.97 % 

S: 20.13 土 2.65 0/0 

G ^ / M : 9.10±2.66。/o 

DNA Content 

Figure 3.15. Fluorescence-activated cell sorting analysis of KYSE cancer cells after 72hr 
treatment with 9( 11 )-DHEP and EP at different concentration. Cell cycle phase distributions 
were quantified by staining cells with propidium iodide, (a) Control; (b) lOug/ml; (c) 
20ug/ml; (d) 30ug/ml. Results are expressed as percentage of cells in sub-Gi, Go/Go, S and 
G2/M phase at each time point after exposure. Data are mean 土 SD (n=3). Differences with 
P<0.05 (•)’ P<0.01 (••)，P<0.001 ( " • ) were considered significantly different. 
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in KYSE cancer cells at different incubation times. Results are expressed as mean 土 SD 
(n=3). P<0.05(*)，P<0.0!(••), P<0.001(*") were considered significant difference 
comparing with the control. 

83 

w 
2 50 

o 
求 40 

30 

20 

( a ) . 

S
 8

 8

 ?
 S

 S
 

S
J
U
5
®
 I
B
I
O
J

 i
O

 y
o
 

(b). 

n
 



control 

Negative 

10ug/ml 

9(11)-DHEP 

20ug/ml 

9(11)-DHEP 

10ug/ml 

EP 

20ug/ml 

EP 

A B C 
Figure 3.17. Effects of 9(11)-DHEP and EP on HepG2 cancer cells by con focal laser 
scanning microscopy using TUNEL assay. Cells were cultivated for 72h in the presence of 
different concentration sample. For the image, (A) single-parameter analysis by TUNEL 
treatment; (B) visible image of living cells. (C) dual-parameter analysis of TUNEL treatment 
and visible image of living cells. Cells of negative control were treated with 100% EtOH; 
cells of positive control were treated with DNasI before TUNEL staining. 
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Figure 3.18. Effects of 9( 11 )-DHEP on HepG2 cancer cells by confocal laser scanning 
microscopy after staining with Annexin-V-FLUOS and propidium iodide. Cells were 
cultivated for 72h in the presence of different concentrations of samples. For the images, (A) 
single-parameter analysis staining with Annexin-V-FLUOS; (B) single-parameter analysis 
with propidium icKiide; (C) dual-parameter analysis of TUNEL treatment and visible image 
of living ceils; (D) visible image of living cells. 
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Figure 3.19. Effects of EP on HepG2 cancer cells by confocal laser scanning microscopy 
after staining with Annexin-V-FLUOS and propidium iodide. Cells were cultivated for 72h 
in the presence of different concentrations of samples. For the images, (A) single-parameter 
analysis staining with Annexin-V-FLUOS; (B) single-parameter analysis with propidium 
iodide; (C) dual-parameter analysis of TUNEL treatment and visible image of living cells; (D) 
visible image of living cells. 
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Figure 3.21. Dose-dependent effects of 9(11)-DHEP and EP on Colo201 cancer cells by 
Western blot analysis using cleaved caspase 3 antibody, cleaved caspase 7 antibody (human 
specific), cleaved caspase 6，caspase 9 and caspase 8. Cells were treated with different 
concentrations of EP for 24h & 9(11)~DHEP for 48h. Total protein (60-80^ig) was resolved in 
12% SDS-PAGE and blotted on nitrocellulose membrane. The amount of protein was 
normalized to the densitometric units of P-actin. 
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Figure 3.20 Dose-dependent effects of 9(11 )-DHEP and EP on Colo201 cancer cells by 
western blot analysis using cleaved PARP(Asp214) antibody (human specific) 89Kb. Cells 
were treated with different concentrations of EP for 24h & 9( 11 )-DHEP for 48h. Total 
protein (60^g) was resolved in 10% SDS-PAGE and blotted on nitrocellulose membrane. 
The amount of protein was normalized to the densitometric units of p-actin. 
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Figure 3.22. Dose-dependent effects of 9( 11 )-DHEP and EP on Colo201 cancer cells by 
western blot analysis using Bad, Bax, Bak, puma, Mcl-1, Bcl-2 and Bcl-xl antibodies. Cells 
were treated with different concentrations of EP for 24h & 9(11)̂ DHEP for 48h. Total 
protein (60-80ng) was resolved in 10-12% SDS-PAGE and blotted on nitrocellulose 
membrane. The amount of protein was normalized to the densitometric units of p-actin. 
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Figure 3.23 Dose-dependent effects of 9( 11 )-DHEP and EP on Bax/Bcl-2 expression in 
Colo201 cancer cells. Cells were treated with 9(11)-DHEP for 48h or EP for 24h. The 
density of the band is expressed as the relative density compared to that in untreated cells 
(control) that were taken as 1.0. Results are expressed as mean 士 SD (n=3). P<0.05(*), 
P<0.01(") were considered significant difference comparing with the control. 
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Figure 3.25 Dose-dependent effects of 9( 11 )-DHEP and EP on Mcl-l expression in 
C0I02OI cancer cells. Cells were treated with 9(11)-DHEP for 48h or EP for 24h. The 
density of the band is expressed as the relative density compared to that in untreated cells 
(control) that were taken as 1.0. Results are expressed as mean 土 SD (n=3). P<0.05(*) were 
considered significant difference comparing with the control. 
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Figure 3.24 Dose-dependent effects of 9( 11 )-DHEP and EP on Bax/Bcl-2 expression 
ratio in Colo201 cancer cells. The density of the band is expressed as the relative density 
compared to that in untreated ceils (control) that were taken as 1.0. Results are expressed as 
mean 土 SD (n=3). P<0.05(*), P<0.01(_*) were considered significant difference comparing 
with the control 
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Figure 3.26 Dose-dependent effects of 9( 11 )-DHEP and EP on Puma expression in 
Colo201 cancer cells. Cells were treated with 9(ll)-DHEP for 48h or EP for 24h. The 
density of the band is expressed as the relative density compared to that in untreated cells 
(control) that were taken as 1.0. Results are expressed as mean 士 SD (n=3). P<0.05(*), 
P<0.01(") were considered significant difference comparing with the control. 
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3.4 Discussion 

Induction of apoptosis is one of important anticancer strategy. Apoptosis, called 

programmed cell death, is a normal process involved in tissue remodelling and 

removal of damaged cells. Our studies found that both the two steroids can induce 

apoptosis in human breast cancer MCF-7 cells, hepatoma cancer HepG2 cells and 

colorectal carcinoma Colo20l cells but did not significantly inhibited growth of 

MCF-10-2A non-tumorigenic epithelial cells (they do not form tumors in 

immunosuppressed mice). Cells undergoing apoptosis show characteristic 

morphology and biochemical features. The biochemical hallmark of apoptosis is 

DNA fragmentation; this is an irreversible event that commits the cell to die. Flow 

cytometry results suggested that the two Ganoderma steroids can lead to the 

formation of subGl cell on different cancer cells in a dosage- and time-dependent 

manner. In TUNEL assay, DNA strand breaks can be detected by enzymatic labeling 

the free 3'-OH termini with modified nucleotides. By using TUNEL method, the 

apoptosis induction effect of the two Ganoderma steroids which was revealed by 

cleavage of DNA strands was identified once again. Annexin V is a 

calcium-dependent phospholipids-binding protein; it has a high affinity for 

phosphatidylserine. They do not bind to normal and intact cells. Our results of 

Annexin V analysis showed that apoptosis is the major cause of HepG2 cancer cells 

death. 
4 

Phytosterols, structurally similar to dietary cholesterol, have been shown 

experimentally to inhibit colon cancer development, which act by competing with 

cholesterol at the luminal absorption site. Cholesterol is correlated etiologically to 

the incidence of colon cancer, to increase susceptibility to colon tumorigenesis (Rao 

AV，Janezic SA. 1992). The Colo201 cells are used as model to study the apoptosis 

molecular mechanisms of the two Ganoderma steroids on cancer cells. Apoptosis can 
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be divided into two classical pathways: the death receptor and mitochondrial 

pathway. In mitochondria-mediated pathway, the mitochondria stress will reduce the 

mitochondria membrane potential, which result in cytochrome C，released from the 

intermembrane space of the mitochondria into the cytosol. In turn, it binds to 

cytosolic procaspase-9 with oligomerized APAF-1 in an apoptosome complex, 

resulting in autoactivation and release of mature caspase-9. The latter enzyme 

activates caspase 3 and caspase 7, which in turn activate a downstream caspase 

cascade (Igney FH，et al.，2002). 

Caspases are a ubiquitous family of cysteine proteases that include both 

upstream (initiator) and downstream effector caspases. Downstream effector 

caspases are cleaved and activated by initiator caspases. Initiator caspases (including 

8，9，10 and 12) are closely coupled to proapoptotic signals. Once activated, these 

caspases cleave and activate downstream effector caspases (including 3 and 7)， 

which in turn cleave cytoskeletal and nuclear proteins like PARP, a-Fodrin, DFF and 

Lamin A，and induce apoptosis. Our results indicated that both the two steroids could 

activate the caspase 3 and 7，which resulted in the cleavage of PARP. PARP，a 116 

kDa nuclear poly (ADP-ribose) polymerase, appears to be involved in DNA repair 

predominantly in response to environmental stress. It is an important downstream 

protein in the apoptosis pathway and thought to be indicating protein of apoptosis. 

This indicated that apoptosis induced by the two Ganoderma steroids on colon cancer 

ceil was caspase-dependent. In addition，the expression of caspase 8 and 9 were 

observed. The two caspase were considered as signaling and key caspase in extrinsic 

and intrinsic pathway, respectively. In our case, caspase 9 but not caspase 8 was 

involved in the EP/9( 11 )-DHEP-mediated apoptosis of colon cancer cells, which 

suggested that intrinsic pathway might be involved in the two steroids induced 

apoptosis. 
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Bc!-2 and related cytoplasmic proteins are key regulators of apoptosis, the cell 

suicide program critical for development, tissue homeostasis, and protection against 

pathogens. They govern mitochondrial outer membrane permeabilisation (MOMP) 

and can be divided into pro-apoptotic members (Bax, Bad, Bak and Bok among 

others) or anti-apoptotic members (including Bcl-2 proper, Bcl-xL, and Bcl-w, 

among an assortment of others). The relative ratios of mitochcmdrial proapoptotic 

and antiapoptotic mediators determine the ultimate release of cytochrome c. In our 

work, the decrease of Bcl-2 expression was observed whereas the expression of the 

pro-apoptotic members Bax, Bad and Bak was not changed. Moreover，9( 11 )-DHEP 

could induce the down-regulation of Mcl-l and up-regulation of Puma. Mcl-l, also 

call myeloid cell leukaemia-1，is an anti-apoptotic member of Bal-2 family. It is 

thought to promote cell survival by involving in the suppression of cytochrome c 

release from mitochondria, possibly via heterodimerisation with and neutralisation of 

pro-apoptotic Bcl-2 family proteins，for example, Bim or Bak (Michels J, et al.， 

2005). Puma (p53 upregulated modulator of apoptosis) is a highly potent 

pro-apoptotic protein that induces the rapid and complete death of many malignant 

cell types. Abundant experimental evidence supported that Puma was a critical 

mediator of p53-dependent apoptosis (Karst AM and Li G，2007). The protein was 

found to be exclusively located at mitochondria and initiated apoptosis through 

displacing Bax from Bcl-2, binding to Bcl-2 and Bcl-xL through a BH3 domain (Yu 

J, et al.，2001; Ming LH, et al., 2006). This work indicated the apoptosis under the 

two Ganoderma steroids was by regulating the ratio of Bax/Bcl-2 groups, which 

and triggered the apoptotic pathway (Figure3.27). 

Taken together, based on the results obtained above and the current paradigms 

of apoptosis reported in the literature, we found that apoptosis induced by EP and 
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9,11 -DHEP in Colo201 cancer cells was through the intrinsic pathway. Our work 

also suggested that both 9( 11 )-DHEP and EP might be natural potential 

apoptosis-inducing agent for colon cancer treatment. Therefore, they have a bright 

future in clinical application. Further investigation to explore their potential in tumor 

treatment may prove to be worthwhile. But the acting mechanism of the two steroids 

against other tumor cells is not clear, what the structure-activity relationship is 

between the EP and 9,11-DHEP is also unknown to us. All this will need fiirther 

studies. 
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Figure 3.27 Mitochondria-mediated apoptosis induced by 9(11)-DHEP and EP in 

Colo201 cancer cells 

9 6 



Chapter IV Mechanisms studies on the in vitro and in vivo antitumor 

from Ganoderma lucidum mycelia against human A375 malignant 

melanoma 

4.1 Introduction 

According to their origin, there are three types of skin cancer: a. Basal cell 

carcinomas (BCC) are the most common type, accounting for about 90 % of all skin 

cancers. They arise from the skin cells at the bottom (or basal) layers of the skin; b. 

Squamous cell carcinomas (SCC) arise from the outer layers of the skin. They are less 

common than basal cell carcinomas, but are more dangerous because they can spread to 

other parts of the body. Both the basal cell carcinomas and squamous cell carcinomas 

belong to non-melanoma skin cancers, c. Malignant melanoma, although far less 

prevalent than non-melanoma skin cancers, is the major cause of death from skin cancer 

and is more likely to be reported and accurately diagnosed than non-melanoma skin 

cancers. Melanoma is a cancer of melanocytes - the melanin-producing cells in the skin, 

which is the least common type of skin cancer. Melanin is a dark pigment which absorbs 

the UV light and prevents it from doing damage to skin cells. The ultraviolet light in 

sunlight damages the DNA in skin，causing skin cells to mutate and grow into cancers. 

Studies showed that many important molecule are mutated in the melanoma cells. The 

mitogen-activated protein kinase (MAPK) pathway is activated in virtually all 

melanomas regardless of the status of the B-raf gene. Melanoma cells frequently lack 

endogenous raf inhibitors, and their absence contributes to MAPK activation 
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(Eisenmann KM, et al.，2003; Panka DJ, et al.，2006). So the melanoma is thought to be 

one of the most lethal cancers in the world. 

Betulinic acid, oleanolic acid and ursolic acid (UA) are belonging to oleanane-type 

triterpene (Cragg GM and Newman DJ, 2005), which have very similar structure to the 

EP and 9(11)-DHEP. They were well studied to have unit function on the therapy for the 

skin cancer in Japan. 

Betulinic acid (BetA) is a pentacyclic lupane-type triterpene derived from white 

birch trees that is widely distributed throughout the plant kingdom. A variety of 

biological activities have been ascribed to betulinic acid including anti-inflammatory 

and in vitro antimalarial effects. However, betulinic acid is most highly regarded for its 

anti-HIV-l activity and specific cytotoxicity against a variety of tumor cell lines 

(Cichewicz RH and Kouzi SA，2004). Betulinic acid is a prototype cytotoxic agent that 

triggers apoptosis by a direct effect on mitochondria (Fulda S, et al., 1998) and activates 

NF-icB in a variety of tumor cell lines (Kasperczyk H，et al., 2005). 

Oleanolic acid and ursolic acid are ubiquitous triterpenoids in plant kingdom, 

medicinal herbs, and are integral part of the human diet (Liu J，2005). They were found 

to be important for anti-angiogenesis (Sohn KH, et al.，1995). UA blocked cell cycle 

progression in the G1 phase and also resulted in the triggering of apoptosis (Hsu YL, et 

al., 2004; Es-saadya D, et al.，1996). Both of them were recommended for skin cancer 

therapy in Japan (Muto Y, et al.，1990). 

In this chapter, EP and 9( 11 )-DHEP induced apoptosis mechanism in A375 

malignant melanoma in vitro and in vivo were studied. Meanwhile, the antitumor 

activities of the three positive control (betulinic acid, oleanolic acid and ursolic acid) 

were also documented. 
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乂 

COOH COOH 

Ursolic acid (UA) 
(3b)-3-Hydroxyurs-12-en-28-oic acid 

Oleanolic acid (OA) 
(3b)-3-Hydroxyolean-12-en-28-oic acid 

b. 

Betulinic acid (BetA) 
3b-Hydroxy-lup-20(29)-en-28-oic acid 

Figure 4.1 The chemical structure of natural triterpenes: a. Ursolic acid; b. Oleanolic 

acid; c. Betulinic acid. 

99 



4. 2 Materials and Methods 

4.2.1 Chemicals and reagents 

N-(2-Hydroxyethyl)piperazine-N'-(2-ethansulfonic acid) hemisodium salts 

(HEPES) solution, sodium bicarbonate, sodium pyruvate, trypsin, 

ethylenediaminetetraacetic acid (EDTA), bovine serum albumin (BSA), propidium 

iodide (PI), dimethylsufloxide (DMSO), P-mercaptoethanol, glycerol, bromophenol 

blue and glycine were purchased from Sigma. Dulbecco's modified Eagle's (DMEM) 

medium，Leibovitz's L-15 medium, fetal bovine serum (FBS), fungizone 

(amphotericin B 250)j.g/ml), Triton X-100, phosphate buffered saline (PBS), 

penicillin (10,000unit/ml)-stretomycin (10,000(ig/ml) and DNase (grade 1) were 

obtained from Invitrogen Chemical Co.. 3-(4,5-dimethyl-thiazoly-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT). SDS was bought from Bio-Rad. Culture flasks (25cm^ 

and 75cm^) and 8-chamber polystyrene vessel (tissue culture treated glass slide) was 

obtained from Falcon. The lumi-film chemiluminescent detection film，cell 

proliferation ELISA-BrdU (chemiluminescence) assay kit, cytotoxicity detection kit 

(LDH), in situ cell death detection kit (fluorescein) and Annexin-V-FLUOS staining 

kit were bought from Roche Molecular Biochemicals. Ethanol, methanol, 

hydrochloric acid (HCl) and isopropanol were obtained from Merck. Sodium citrate, 

Tris-HCl’ acrylamide/bis (37.5:1, 40%) solution was purchased from JT Baker. 

Antibody of P-actin was purchased from BD Biosciences PharMingen, USA. 

Antibodies for anti-cleaved PARP (Asp214), anti-PARP, anti-cytochrome c, anti-Bax, 

anti-Bad, anti-Bak, anti-BlD，anti-Bmf, anti-Bim, anti-puma, anti-Bcl-2，anti-Bcl-xl, 

anti-Mci-1 and anti-cleaved caspase 3 (Asp 175), anti-caspase 6，anti-cleaved caspase 

7 (Asp 198), anti-caspase 8，anti-caspase 9 and anti-caspase 10 were obtained from 

Cell signaling Co. (USA). Goat anti-rabbit IgG-conjugated to horseradish peroxidase 

(HRP) and goat anti-mouse IgG-conjugated to HRP were purchased from Biovision 



(Mountain View, CA). Phototope®-HRP Western blot detection system was 

purchased from Cell Signaling Technology. 

4.2.2 Sample preparation 

EP and 9(11)-DHEP were freshly dissolved in 100% EtOH and filtered by a 

syringe filter with a 0.20^m PVDF membrane (Gelman Laboratory). In the 

subsequent assays, the two steroids were further diluted to desired concentrations. 

The final concentration of EtOH was 0.05% (v/v). 

4.23 Cell culture 

The human cell lines selected for this study included A375 malignant melanoma 

cells and normal skin fibroblast Hs68 cells. The cells of A375 malignant melanoma 

were obtained from American Type Culture Collection (ATCC) and the cells of Hs68 

were kindly provided by Dr. Ngai of Biology Department in CUHK. 

A375 malignant melanoma cells were cultured in DMEM medium 

supplemented with 2.01g/L sodium bicarbonate and 2mM L-glutamine. Hs68 

fibroblast cells were cultured in DMEM with 1.5g/L sodium bicarbonate, 4.5g/L 

glucose and 4mM L-glutamine. 

Cells were routinely cultured in appropriate essential medium supplemented 

with 10% heat-inactivated FBS，1% penicillin and streptomycin solution and 0.1% 

fungizone. They were grown at 37°C in a humidified atmosphere with 5% CO2. The 

cultured cells were propagated in cell culture flasks at desired density with three 

times a week. 

Before each subsequent assay, cultured cells were seeded with desired cell 

density and pre-incubated for 24 hours at 37°C in a humidified atmosphere with 5% 

CO2. 
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4.2.4 Analysis of anti-proliferative activities of EP and 9(11)-DHEP on A375 

malignant melanoma cells 

4.2.4.1 MTT assay 

According to the method of Son et al. (2003) with some modifications, the I x 10̂  

A375 human malignant melanoma cells/ml were plated in 96-well tissue culture plate 

and incubated for 24 h, then treated with different concentrations of the two steroids 

for different hours. Details were referred to 2.2.4.1 of Chapter II. 

4.2.4.2 Cell proliferation ELiSA-BrdU (chemiluminescence) assay 

The 5 -bromo-2 ‘ -deoxyurid ine (BrdU) assay is a chemiluminescence 

immunoassay for the quantification of cell proliferation (Huong et al., 1991; 

Porstmann et a!.’ 1985). This is based on the measurement of BrdU incorporation 

during DNA synthesis in proliferating cells. Details were referred to 3.2.4.2 of 

Chapter II. 

4.2.43 Determination of 50% inhibitory concentration (IC50) 

A375 malignant melanoma cells and Hs68 fibroblast cells were treated with the 

two steroids of different concentrations. The IC50 was determined in MTT assay and 

BrdU assays. It was defined as 50% of ceil growth or cell proliferation was inhibited 

in relation to control, respectively. The IC50 values were obtained from linear 

regression of analysis (r̂  > 0.97). 

4.2.5 Cytotoxicity detection 

4.2.5.1 Lactate dehydrogenase (LDH) assay 

LDH assay is based on the measurement of cytoplasmic enzyme activity 
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released by damaged cells (Lobner, 2000) and is used for the quantification of 

cellular cytotoxicity. Using Cytotoxicity Detection Kit, LDH (Roche Molecular 

BiochemicalsX cytotoxic potential of steroids on both human cancer cells and normal 

fibroblast cells were determined. 

4.2.5.2 Optimal of cell density for LDH assay 

Different cell types may contain different amount of LDH. In a preliminary 

experiment, the optimum cell concentration for specific ceil lines should be 

determined for subsequent assay. In this cell concentration, the difference between 

the low and high control is at a maximum. 

According to manufacturer's instruction, cell densities from 1.2x10^ to 

were suspended in fresh medium. Aliquots of lOOfii/weil cells were 

seeded onto 96-mutiweil plate. In each experimental setup, a background control, a 

low control and a high control were performed (Table 4.1). In the group of 

background control, 200p>lAveli culture medium was filled into triplicate wells. The 

absorbance value obtained in backgroud control was subtracted from all other values， 

this provided information about the LDH activity contained in assay medium. For the 

low control, 100M_l/wel丨 culture medium was added to triplicate wells containing 

lOOjil of cells, this provided information about LDH activity released from the 

untreated normal cells. On the other hand，in high control, 100|il/wel! Triton X-100 

solution (2% Triton X-100 in assay medium) was added to triplicate wells containing 

iOO îl of cells，this provided information about the maximum reieasable LDH 

activity in cells. After 72h incubation at 7tTC in a humidified atmosphere with 5% 

CO2, cells were removed from culture medium by centriftigation at 300g for lOmin 

using a Beckman GS-15R centrifuge. To determine the LDH activity, lOOfil/well of 

cell-free culture supernatant was removed from the plate and then added into 1 OOpl 
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reaction mixture, which containing catalyst (Diaphorase/NAD^ mixture) and dye 

solution (INT and sodium lactate). After 30min incubation in darkness, absorbance at 

490nm was taken using a microplate spectrophotometer (SpectroAmax™ 250). 

4.2.5.3 Detection of LDH activity 

After preliminary experiment，desired cell densities of each human cancer cells 

were determined. Aliquots of lOO^ilAvell ceil suspension with determined cell density 

were plated in 96-mutiwell and pre-incubated at 37®C for 24h. The cells were then 

re-incubated with a final concentration of steroids for 72h in a humidified incubator 

with 5% CO2. In each experimental setup, the background control, the low control, 

the high control and the substance control were performed as mentioned in Table 4.1. 

The following steps of LDH detection were the same as optimal cell concentration in 

section 4.2.5.2. According to manufacturer's instructions, results were represented as 

percentage cytotoxicity (�/�). The average absorbance values of treatment were 

subtracted from corresponding absorbance value obtained in the background control. 

The resulting values were substituted in equation 4.1: 

Cytotoxicity ( % ) = ( 八 的 — / ) ^ � 嫩 。 (4.i) 
( A high contvl “ A low control ) 

where A treatment : absofbance of treatment group 

Alow control ： absorbancc of low control 

Ahigh control : absorbance of high control 

4.2.5.4 Determination of 50% effective concentration (EC$o) 

A375 malignant melanoma cells and Hs68 fibroblast cells were treated with the 

two steroids of different concentrations. The E C 5 0 was determined in LDH assay. It 



was defined as 50% of the maximum cytotoxic response as compared with control 

group. The E C 5 0 concentration was obtained from linear regression of analysis > . 

0.95). 

4.2.6 Apoptosis detection 

4.2.6.1 Terminal deoxynocleotidyl transferase-mediated biotinylated UTP 

nick end-labeling ( TUNEL) enzymatic labeling assay 

For TUNEL assay，cells density of 3x 10'^cells/chamber was suspended in fresh 

medium and then seeded onto chamber slide. After 24h pre-incubation, A375 

malignant melanoma cells were treated with the two steroids at final concentration of 

10，20 îg/ml. For the control group (negative control and positive control), 0.5% 

EtOH (v/v) was used instead of steroids. Details were referred to 3.2.5.1 of the 

Chapter III. 

4.2.6.2 Annexin-V-FLUOS labeling assay 

Detection of PS on outer leaflet of apoptotic cell membrane can be performed 
« 

by using Annexin-V-FLUOS staining kit (Roche Molecular Biochemicals). For 

detection and quantification of apoptosis, both apoptotic cells and necrotic cells were 

stained by Annexin-V labeling, while propidium iodide (PI) only stained the DNA of 

leaky necrotic cells, this can help to discriminate between apoptosis and necrosis at 

single cell level. According to manufacturer's instruction, 3x10"* A375 human 

melanoma cells was suspended in fresh medium and was seeded onto chamber slide 

for pre-incubation at 37®C. A375 human malignant melanoma cells were treated with 

the two steroids at final concentration of 5，10，20, 30^ig/ml. For the control group 

(negative control and positive control), 0.05% EtOH (v/v) was used instead of 

steroids. Details were referred to 3.2.5.2 of the Chapter III. 
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4.2.7 Analysis of cell cycle progression by flow cytometry 

With the use of flow cytometer and DNA specific fluorescence dye, DNA 

content can be measured at single cell level. Cells at different phases in cell cycle 

(Go/ Gi, S, G2/ M) with difference of DNA content can be displayed in a flow 

cytometric diagram, these patterns give information on the cell cycle distribution and 

therefore the changes in ceil cycle of a cell population can be analyzed. The cell 

cycle pattern can also be employed to confirm apoptosis. 

Cell cycle distribution of A375 malignant melanoma cells after treatment with 

9(11)-DHEP or EP was monitored by flow cytometry. Cell suspension of 6xl0^cells 

was seeded in 75cm^ culture flask. After pre-incubation for 24h, cells were treated in 

the absent or presence of 9( 11 )-DHEP or EP at the concentrations between 0 to 30^g 

and were incubated at desired time. Cell number of 2xl0^cells was harvested and the 

proportion of cells in Go/Gi, S, G2/M phases was represented as DNA histogram. 

Apoptotic cells with hypodiploid DNA content were observed in cell cycle pattern. 

4.2.8 Western immonoblottiDg and detection 

4.2.8.1 Preparation of protein lysates 

Cells density of 6x10^ A375 malignant melanoma cells was seeded in 75cm^ 

culture flask. After pre-incubation for 24h, exponentially growing cells were treated 

with EP for 24h or 9(11)-DHEP for 48h at a concentration of 0,10,20 or 30 ug/ml. 

After harvesting, 2xl0^cells was centrifuged at 1 SOOrpm for Smin. Cell pellets were 

then resuspended with 50nl ice-cold lysis buffer (Cell signaling，USA) and incubated 

for at least 2hrs on ice. After centrifugation at 4°C for 30min at 14,000rpm, cell 

lysates were collected as supernatant and stored at -80�C until analysis. 
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4.2.8.2. Preparation of mitochondria-free cytosolic fraction and mitochondria 

fraction 

A375 malignant melanoma cells (3x10^ cells/dish) were grown in 75cm^ culture 

flask for 24h and then treated with EP for 24h or 9(11)-DHEP for 48h at 

concentration of 0,20,30 ug/ml. We used the 0.05% EtOH treated cells as a control. 

Both adherent and floating cells were collected, cytosolic extracts were prepared by 

incubation for 30 min on ice in hypotonic buffer pH 7.5 (20 mM Hepes, 10 mM KCl, 

1.5 mM MgCb, 1 mM EDTA，1 mM EGTA, 250 mM sucrose, 1 mM dithiothreitol, 

aprotinin, leupeptin and pepstatin 2 mg/ml each). Then cells were broken in and 

centrifiiged at lOOOg for 10 min at 4°C, to remove unbroken cells and nuclei. The 

homogenates were then centrifiiged twice at 12,000g for 30 min at 4°C, and the 

mitochondria-free supematants were frozen at -80°C until further analysis. The rest 

pellet were continuously extracted in the ice-cold lysis buffer (Cell signaling, USA) 

for 2h, and then centriftiged at 14,000g for 30min at 4°C, and the supematants were 

collected as mitochondria control for further analysis. 

4.2.83 Tricine-SDS-polyacrylamide gel (Tricine-SDS-PAGE) 

Total cellular protein was determined by using the BCA assay kit (Sigma). 

Equal amounts of protein (50-100p.g) were mixed with 2X sample loading buffer 

(0.0625M Tris-HCl, pH6.8, 2% SDS, 1% P-mercaptoethanol, 10% glycerol and 

0.01% bromophenol blue) and heated at 95°C for lOmin. The samples were resolved 

in 10-12% Tricine-SDS-PAGE in electrode buffer (25mM Tris, 0.19M glycine and 

0.1% SDS，pH 8.3) at 50V for 30min and followed at lOOV for 90min (Schagger H， 

2006). After electrophoresis, the gel was stained in colloidal Coomassie solution 

(0.1% coomassie brilliant blue G-250，34% methanol, 17% ammonium sulfate and 

3% phosphoric acid) for 24h or further proceed the procedure of Western blot 
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analysis in section 2.3.6.2.3. 

4.2.8.4 Western blot analysis 

Protein samples (in the gel) were blotted onto nitrocellulose membrane 

(Amesham bioscience, USA) using Mini Trans-Blot cell (Bio-Rad) and then 

transferred in transfer buffer (25mM Tris, 0.2M Glycine and 20% methanol) at 200A 

for 90min. After transfer, the blotted membrane was first blocked in 0.2% Aurora 

blocking (w/v) with TBS/T (0.1% Tween-20, 20mM Tris, 137mM NaCI, and IM 

HCl) for Ihr and incubated with primary antibody in desired dilution for overnight at 

4°C. The membranes were also probed with p-actin antibody in 1:5000 dilution to 

verity uniform protein loading across samples. This was followed by washing in 

TBS-T and then incubating with horseradish peroxidase (HRP)-conjugated 

secondary antibody (1:2000) and HRP-conjugated anti-biotin antibody (1:1000) (Ceil 

signaling. Inc.) to detect biotinylated protein markers with gentle agitation for 丨 hr at 

room temperature. After several washings, membranes were subjected to 

chemiluminescent Western detection with LumiGLO® reagent as described in the 

manual of Phototope®-HRP Western Blot detection system (Cell Signaling 

Technology, Inc.). The membranes were visualized by Digital Imaging System 

(Bio-Gene Technology Ltd.). Quantification was performed by densitometric 

analysis (Model GS-690 Imaging Densitometer) (Bio-Rad). 

4.2.9 In vivo studies on the xenograft mice 

4.2.9.1 Chemicals and reagents 

Propylene glycol was purchased from Sigma. EP was filtered by a syringe 

filter with a 0.20nm PVDF membrane (Gelman Laboratory) before use. 



4.2.9.2 

5-to 6- weeks-old male nude athymic mice were obtained from Laboratory 

Animal Services Centre, the Chinese University of Hong Kong. Nude mice were 

housed in metabolic cages under a 12/12h light/dark cycle (light period from 8a.m. to 

8p.m.). The mice were divided randomly into 2 groups, and each group includes 7 

mice. The animals were subcutaneous injected with 2x 10̂  cells/ml of A375 human 

malignant melanoma cells in 0.1 ml DMEM medium per mouse. When the size of 

solid tumor in tumor-bearing nude mice reached 100 mm ,̂ the tumor-bearing nude 

mice were treated with ergosteroi peroxide via celiac injection at the dosage of 25 

mg/kg for 12 days, another group was given 20% propylene glycol instead of 

ergosteroi peroxide to act as control group and then observed for another consecutive 

5 days. At the end of the experiments, animals were euthanized with carbon dioxide 

inhalation, followed by cervical dislocation, and then the solid tumors were picked 

up. Data were statistically analyzed by solid tumor weight. Tumors were measured in 

two dimensions by using calipers at every 3 days intervals and the volume of the 

tumor was calculated according to the formula: Volume = (length x width^)/2. 

(Zhang YH, et al.，2006) 

4.2.93 Analysis of protein expression in the tumor by western blotting 

Total protein of solid tumor was extracted by blandering in liquid nitrogen with 

1ml ice-cold lysis buffer (Cell signaling, USA). After centrifugation at 4°C for 30min 

at 14,000rpm, cell lysates were collected as supernatant and stored at -80°C until 

analysis. 

Total protein content was detected by BSA assay and separated by 

tricine-SDS-polyacrylamide gel (Trcine-SDS-PAGE). Details was followed 4.2.8.3. 



4.2.9.4 Analysis of gene expression in the tumor by real-time PCR 

Total RNA from solid tumor was extracted using Trizol® Reagent (Invitrogen， 

Carlsbad，CA，USA) according to the manufacturer's instructions. 50-100mg solid 

tumor block of seven tumors from the control and treatment group was homogenized 

in 1ml Tri Reagent at room temperature. After mixing in chloroform, the mixture was 

centrifliged at 12,000 xlSmin at 4°C. The supernatant was collected and SOO^L 

isopropanol was added to precipitate the RNA. Then RNA pellet was collected and 

washed with 75% ethanol. Finally the pellet was dried and dissolved in 20nL of 

Diethyl pyrocarbonate (DEPC) water for further use. RNA concentration was 

determined by spectrophotometric measurement and the RNA sample quality was 

checked by formaldehyde agarose gel electrophoresis. 

Before RT-PCR reaction, RNA sample was treated with DNase I (lU/^iL) to 

remove DNA contaminant. The cDNA was synthesized from RNA samples using 

Superscript II Rnase H Reverse Transcriptase and oligo(dT) (Invitrogen, USA) 

according to the manufacturer's instructions. The treated RNA samples were 

incubated at 65°C for 5min after adding 200^M Oligo dT and 10 mM dNTPs. Then 

the mixture was cooled on ice and incubated in 42°C for 2min with reaction mixture 

of 5X first strand buffer，0.1 M DTT and RNase OUT. Subsequently, Superscript II 

Reverse Transcriptase was added to the mixture and reacted at 42°C for 2hrs. Finally, 

the reaction was stopped by heating to 70°C for ISmins. The cDNA was diluted to 

desired concentration. 

For quantitative analysis of caspase 7, Bcl-2 and Bax mRNA, the human 

GAPDH gene served as endogenous control. Primer pairs were designed according 

to the sequences in the GenBank. Caspase 7: forward 

5‘-GTCTCACCTATCCTGCCCTCAC-3‘； reverse 5'- TTCTTCTCCTGCCTCAC 

TGTCC-3，. BAX: forward 5 ‘ -CC AGCTGCCTTGG ACTGT-3 ‘ ； reverse 5,-
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ACCCCCTCAAGACCACTCTT-3’. GAPDH: forward 5'-CCAGGCGCCC 

AATACGA-3，； reverse 5'-GCCAGCCGAGCCACATC-3‘. (Huand TC, et al.，2007; 

Bodzioch M，et al. 2005). Quantitative gene expression was performed with SYBR 

Green I (Bio-Rad) on Bio-Rad IQ5 Multicolor Real-Time PCR detection system with 

iCycler PCR machine. The reaction mixture (20nL) (5mM forward and reverse 

primers, cDNA, DEPC-water and 2X SYBR Green I) was added to Axygen PCR 

microplate with dot cap covered. The thermal cycling condition of the RT-PCR was 

done according to So et al. (2005) with some modification: comprised an initial 

denaturation step at 95°C for 10 min and 40 cycles at 95°C for 15 s and 60°C for 1 

min. The fold change is given as a mean according to Livak KJ and Schmittgen TD， 

2001. The fold change showed linear correlation with relative DNA copy numbers. 

Experiments were performed in triplicate for each data point. Multiple negative 

controls (water control and no template control) were included in each set of reaction. 

The signals were collected at the end of each cycle and data analysis was performed 

using Bio-Rad IQ 5 version 2.0 Standard edition. 

4.2.10 Statistical analysis 

P-Actin was used as the internal control in Western blot. The amount of protein 

was expressed as arbitrary densitometric units of p-actin. The data were expressed as 

the relative density compared to their respective controls (untreated cells), taken as 

1.0. Dates were expressed as mean 士 standard deviation (SD) in three independently 

experiments. Statistical analysis was performed using a two-tailed Student's Mest. 

Differences with p<0.05 were considered statistically significant. 
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4.3 Results 

4.3.1 9(11)-DHEP and EP inhibited the A375 malignant melanoma ceils 

proliferation 

Effects of various concentrations (0-50ug/ml) of 9(11)-DHEP and EP on human 

skin cancer A375 malignant melanoma cell growth were examined by MTT assay. 

9(11)-DHEP and EP mediated growth inhibition in a dose-dependent manner (Figure 

4.2). ICso after 72h treatment with the sample were 9.462ug/ml for 9(11)-DHEP and 

9.147ug/inl for EP. The inhibitory effect also behaved in a time-dependent manner 

(Figure 4.3). Significant inhibition of both the two steroids on cell growth was 

observed at 24h for all the cancer ceil lines. After 48h treatment, the viability of the 

two cancer cells was suppressed above 50%. Meanwhile, natural triterpenes were 

also documented. Results showed that ursolic acid and betulinic acid also inhibited 

the A375 malignant melanoma cells growth. 

Furthermore, we investigated the effects of the two steroids on the DNA 

synthesis of A375 malignant melanoma ceils evaluated by BrdU chemiluminescene 

assay. The maximum anti-proliferative response of different concentration 

(0-50ug/ml) 9(11)-DHEP and EP was observed after 72hr treatment. IC50 were used 

to interpret the result of the sample. As showed in Figure 4.4，9(11)-DHEP and EP 

inhibited A375 malignant melanoma cells proliferation in a dose-dependent manner. 

Above 5fxg/ml both the two steroids showed significant inhibitory effects. The 

concentration of EP and 9( 11 )-DHEP required to inhibit 50% of A375 malignant 

melanoma cells proliferation (IC50) in BrdU assay is about for 12.57 ^g/ml and 15.89 

fig/ml, respectively. 
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4丄2 The cytotoxicity of 9(11)-DHEP and EP on the A375 malignant 

melanoma cells and Hs68 normal fibroblast cells 

Cellular membrane integrity was monitored using the permeability assay based 

on the determination of the release of LDH into the medium. This assay measured 

the conversion of tetrazolium salt into a red formazan product. Cells were treated 

with 9( 11 )-DHEP and EP in concentration ranging from 0 to lOOn-g/ml for 72h. The 

results were represented as cytotoxicity (%). Both the two steroids were found to be 

cytotoxic in A375 malignant melanoma cells; the effect was observed when 

concentration exceeded lOfig/ml (Figure 4.5). 

On the other hand, in order to determine the cytotoxic effect on human normal 

cells, the E C 5 0 of 9(11)-DHEP and EP on skin fibroblast (Hs68) cells were illustrated 

in Table 4.2. 9( 11 )-DHEP and EP were observed to have less cytotoxic effect in Hs68 

cells. 

4 3 3 Cell cycle analysis on the A375 malignant melanoma cells by flow 

cytometry 

To investigate the mechanism by which the two steroids inhibit cancer cells 

growth, ceil cycle analysis was performed with flow cytometry. The A375 malignant 

melanoma cells were treated with different concentration of the two steroids for 

72hrs (Figure 4.6). As shown in Figure 4.7，the number of the cells in subGI phase 

increased gradually in a dosage-dependent manner after 72hr treatment with the 

steroids. These results suggested that the two steroids inhibited the cancer cells by 

inducing apoptosis. The cancer cells seemed to more sensitive to EP than to 

9(11)-DHEP. 

The A375 malignant melanoma ceils were treated with 20fig/ml EP or 
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9(11)-DHEP for 24h, 48h. Results showed that both the two steroids could induce 

apoptosis of A375 malignant melanoma cells in a time-dependent manner (Figure 

4.8). A significant increase on subGl phase appeared after treatment with 20ug/ml EP. 

The subGl cell increased from 1.03 土 0.11% to 32.89 土 0.81% on 24h，3.97 土 0.09% 

to 44.62 土 0.74% on 48h and 1.14 士 0.10% to 49.89 ± 1.04% on 72h. After different 

time inhibition，the apoptosis cell of 9( 11 )-DHEP-freated was increase dramatically. 

The subGl cell increased from 1.03 土 0.11% to 5.57 土 0.45% on 24h，3.97 土 0.09% 

to 29.62 土 1.06% on 48h and 1.14 土 0.10% to 36.49 土 0.39% on 72h. 

In addition, the positive control betulinic acid and ursolic acid could also 

arrested the A375 malignant melanoma cells on subGl phase in a dosage-dependent 

manner (Figure 4.9). 

4.3.4 Analysis of apoptotic morphology in A375 malignant melanoma cells 

treated with 9(ll)-DH£Pand EP 

To understand characteristic of the cytotoxic effect, the A375 malignant 

melanoma cells were subjected to apoptosis assays, including TUNEL enzymatic 

labeling assay {In situ Cell Death Detection Kit, Fluorescein) and 

Annexin-V-FLUOS assay. Cells were cultivated with 9(11)-DHEP and EP in 

concentration of Oug/ml, lOug/ml, and 20ug/ml for 72h. The results were represented 

as image under the confoca且 laser scanning microscope (CLSM). 

In TUNEL assay, DNA strand breaks can be detected by enzymatic labeling of 

the free 3'-OH termini with modified nucleotides. Those apoptotic cells are intensely 

stained green and are easily visible under fluorescence microscopy. Compared with 

the negative control, apoptotic bodies were greatly induced in the A375 malignant 

melanoma cells by TUNEL staining treated with the two steroids above lOug/ml as 
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the Figure 4.10 showed. 

In this research of Annexin-V-FLUOS assay, the green dye, Annexin-V，is used 

and serves as a marker for apoptotic cells. Simultaneously，the red dye, propidium 

iodide, is used for DNA staining. This can help to discriminate between early phase, 

late phase apoptosis and necrosis at single cell level (Vermes I, et al.，1995; 

Koopman G, et ai” 1994). The Annexin V-/PI- population was regarded as normal 

healthy cells, while Annexin V+/PI- cells were taken as a measure of early apoptosis, 

Annexin V+/PI+ as late apoptosis, and Annexin V-/PI+ as necrosis. These results 

show that the number of apoptotic cells increased concomitantly with dosage and 

that annexin V/PI double-positive cells also increased at 20fi.g/ml steroids. At 5ug/ml 

9(11)-DHEP (Figure 4.11) or EP (Figure 4.12)，A375 cancer cells were living and 

observed with low staining of annexin and PI. Nevertheless, late apoptotic cells with 

high annexin and high PI staining were shown at 20 îg/ml 9( 11)-DHEP (Figure 4.11), 

which suggested that apoptosis was the major reason of the A375 malignant 

melanoma cells death. 

4.3.5 9(11)-DHEP and EP induced apoptosis of A375 malignant melanoma 

cells by mitochondria-mediated pathway 

To study how the two steroids induce apoptosis of A375 malignant melanoma 

cells, the expressions of PARP, caspase family and Bcl-2 family were investigated in 

our work. PARP，a 116 kDa nuclear poly (ADP-ribose) polymerase, appears to be 

involved in DNA repair predominantly in response to environmental stress. It is an 

important downstream protein in the apoptosis pathway and thought to be labeling 

protein of apoptosis. Our results indicated that the significant increase expression of 

cleaved PARP fragments were observed in A3 75 malignant melanoma cells treated 

with 9(11)-DHEP and EP in a dosage-dependent manner (Figure 4.13), which 
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suggested that the two Ganoderma steroids can induce apoptosis on A375 malignant 

melanoma cells. 

Caspases, a family of cysteine acid proteases, are central regulators of apoptosis. 

Several caspase expressions were detected in A375 malignant melanoma cells treated 

by the two steroids. The data are shown in Fig.4.15, both the two steroids noticeably 

stimulated the activities of caspase 3, 7，9 in tumor cells in a dosage-dependent 

manner but not the caspase 6，8，10. The result suggested that the apoptosis of A375 

maiignant melanoma cells induced by the two steroids is caspase-dependent. 

In addition，cytochrome C plays an important role in the mitochondria pathway. 

Here our results showed that cytochrome C in the cytosolic fraction significantly 

increased in a dosage-dependent manner after treated with both of the two steroids 

(Figure 4.14), while that in the mitochondria fraction decreased a little. These 

suggested that cytochrome C released from the mitochondria into the cytosol. 

Meanwhile, the expressions of the Bcl-2 family of A375 maiignant melanoma 

cell under the two Ganoderma steroids treatment were detected. Our result showed 

that the Mcl-l protein was down-regulated (Figure 4.17) and Bak was slightly 

up-regulated (Figure 4. i 8) in a dosage-dependent manner, whereas the expressions of 

Bad，Bax，puma, BID，Bmf，Bim，Bcl-xl and Bcl-2 were no changed (Figure 4.16). 

4.3.6 EP inhibited tumor growth in xenograft tumor-bearing nude mice 

When the solid tumors in xenograft tumor-bearing nude mice were treated with 

25mg/kg EP, the suppression of tumor growth was observed. As the Figure 4.21b 

showed, average tumor volume increased rapidly over the 18 days treatment period 

in control mice. In EP-treated mice，tumor volume almost did not increase during the 

first 10 days of treatment and then little increase in tumor volume between 12 to 20 

days. The tumor volume was dramatically lower in the group treated with 25mg/kg 
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EP than in the control group，which decreased 53% compared with the control group. 

While for the final tumor weights, the EP-treated tumor decreased significantly by 

47.7% of the control level (Figure 4.21c). But there is no significant difference 

between the control group and the treatment group on the body weights of nude mice 

after 20 days growth (Figure 4.21a). Our results suggested that EP could effectively 

inhibit tumor growth in vivo, but had little side effect on the body weight. 

To ftirther study the mechanism of tumor growth suppression of EP，RNA and. 

crude protein were extracted from each solid tumor. Real time-PCR and Western 

blotting were used to study how EP affected the tumor cell on the transcription level 

and the translation level in vivo. Our results showed that cleaved PARP fragments 

significantly increased in the 25mg/kg EP-treated group compared with the control 

group (Figure 4.22). For the Real time-PCR analysis，EP greatly enhanced the 

effecter caspase 7 gene expression but not BAX gene in the treatment group (Figure 

4.23). Gene expression of caspase 7 in the tumor treated with 25ing/kg EP increased 

74.39% compared to the control group. Both the above dates suggested that EP could 

inhibit the tumor growth by inducing the tumor cell apoptosis. 
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9(11)-DHEP EP Oteanolic acid Ursolic acid Betuiinic acid 

Different natural compounds 

Figure 4.2 Inhibitory activities of different natural compounds on A375 malignant 

melanoma cells growth. Cells were treated with various concentrations of different fractions 

for 72h; and celt viability was determined by the MTT assay. 
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Figure 4.3 Inhibitory effects of natural compounds on A375 malignant melanoma cells in a 

time-dependent manner. Cells were treated with various concentrations of the two steroids 

for 24h, 48h, 72h; and cell viability was determined by the MTT assay, a. 9(11 )-DHEP; b. EP; 

c. Oleanoiic acid; d. Usolic acid; e. Betulinic acid. Results are expressed as percentages of 

proliferation compared to the control (mean 土 SD，n=3). P<0.05 (•), P<0.01 (傘•), P<0.001 

( " • ) were considered significantly different. 
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-V^EP 

20 30 

Concentration (ug/ml) 

50 

Figure 4.4. Inhibitory effects of 9(11)-DHEP and EP on A375 malignant melanoma cells in a 

dosage-dependent manner by BrdU assay. Cells were treated with various concentrations of 

the two steroids for 72h; and cell viability was determined by the BrdU assay. Results are 

expressed as percentages of proliferation compared to the control (mean 土 SD，n=3). P<0.05 

(•), P<0.01 (••), P<0.001 (•••) were considered significantly different. 
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Table 4.2 The E C 5 0 values of 9(11 )-DHEP and EP on different cell lines after 

72h incubation as determined by LDH assay. 

ECso (ug/ml) 

9(11)-DHEP EP 

Hs6g 65.61±3.08 39.74士 1.79 

A375 30.79±1.76 15.43±2,45 

The EC50 concentrations are calculated graphically and represented the concentration which 

results in 50% cytotoxicity after incubation. Results are expressed as mean value of three 

independent experiments. 
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Figure 4.5 The cytotoxicity of 9(11 )-DHEP and EP on different cells as determined by LDH 

assay after 72h incubation, (a) A375 malignant melanoma cells; (b) Hs68 normal cells. 

Results are expressed as mean 土 SD (n=3). P<0.05 (•)，P<0.01 (••), P<0.001 (•••) were 

considered significantly different. 
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Figure 4.6 Effects of 9(11)-DHEP and EP treatment on the morphological changes of A375 

cells. A375 cancer cells were treated with different concentrations of 9(11)-DHEP (A) and 

EP (B) for 72h. Light microscope photographs were obtained at 200x magnification. For 

each diagram, a.control; b. lOug/ml; c. 20ug/ml; d.30ug/inl. 
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Figure 4.7 Fluorescence-activated cell sorting analysis of A375 malignant melanoma cells 

after 72hr treatment with 9(11)-DHEP and EP at different concentration. Cell cycle phase 

distributions were quantified by staining cells with propidium iodide, (a) Control; (b) 

lOug/ml; (c) 20ug/ml; (d) 30ug/ml. Results are expressed as percentage of cells in sub-Gi, 

Go/Go, S and G2/M phase at each time point after exposure. Data are mean± SD (n二3). 

P<0.05 (•)’ P<0.01 (••) were considered significantly different. 

125 

9(11)-DHEP EP 

Con t r o l 

Sub-G , : 5.17 土 1 . 3 4 % 

G . / G , : 56.30 ± 0.68 % 

S: 26.63 ±0.31 0/0 

Gj/M: 17.07 ±0.45 0/0 

k A 

Con t r o l 

Sub-G , : 1.14 ± 0 . 1 0 % 

Gt/Gt： 57.40 土 0.40 % 

S: 28.63 ± 0 . 1 9 % 

G j / M : 13.90 ± 0 . 2 2 % 

lOug/ml 

Sub "G, :3 .23±0.10。/o 

Gt/Gi： 59.87 土 0.46 % 

S: 26.10 ± 1 . 1 4 % 

G i / M : 14.07 土 1.16 0/0 

lOug /m l 

Sub-G , : 0.81 ±0.03 % 

G t / G i : 59.73 土 0.42 % 

S: 28.00 ± 0 . 5 1 % 

G j / M : 12.27 ± 0 . 1 2 % 

A • • • 

20ug/ml 

Sub-G , : 36.49± 0.39 % • 

G« /G , : 57.15 ±0 .58 0/0 

S: 27.20 土 0.05 % 

G j / M : 15.65 ±0 .63 0/0 

20ug/ml 

Sub-G , : 49.81 土 1 . 0 4 % " 

Go/G , : 59.70 土 2.50 % 

S: 26.00 ± 1.94。/o 

G i / M : 14.27 ± 0.87 ®/o 

)
 No
.

 o
f

 ev
e
n
t
s
 



_ 
9(11HDHEP 

SubGI 

Figure 4.8 Effects of 20ug/ml 9( 11 )-DHEP and EP on cell cycle phase distribution 

in A375 cancer cells at different incubation times. Results are expressed as mean 土 SD 

(n=3). P<0.05(_)’ P<0.01(")，P<0.001(*") were considered significant difference 

comparing with the control. 
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Figure 4.9 Fluorescence-activated cell sorting analysis of A375 malignant melanoma 

cells after 72hr treatment with natural triterpcnes at different concentration. Cell cycle phase 

distributions were quantified by staining cells with propidium iodide, (a) Control; (b) 

lOug/ml; (c) 20ug/inl; (d) 30ug/inl. Results are expressed as percentage of cells in sub-G,, 

Go/Go, S and G2/M phase at each time point after exposure. Data are meant SD (n=3). 

P<0.05 (•), P<0.01 (••) were considered significantly different. 
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Figure 4.10. Effects of 9(11)-DHEP and EP on A375 malignant melanoma cells by 

confocal laser scanning microscopy using TUNEL assay. Cells were cultivated for 72h in the 

presence of different concentration EP and 9( 11 )-DHEP. (A) single-parameter analysis by 

TUNEL treatment; (B) visible image of living cells. (C) dual-parameter analysis of 

TUNEL treatment and visible image of living cells. Cells of negative control were 

treated with EtOH; cells of positive control were treated with DNasI before TUNEL staining. 
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Figure 4.11. Effects of 9( 11 )-DHEP on A375 malignant melanoma cells by confocal laser 

scanning microscopy after staining with Annexin-V-FLUOS and propidium iodide. (A) 

single-parameter analysis staining with Annexin-V-FLUOS; (B) single-parameter analysis 

with propidium iodide; (C) dual-parameter analysis of TUNEL treatment and visible image 

of living cells; (D) visible image of living cells. 
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Figure 4.12. Effects of EP on A375 malignant melanoma cells by confocal laser scanning 

microscopy after staining with Annexin-V-FLUOS and propidium iodide. (A) 

single-parameter analysis staining with Annexin-V-FLUOS; (B) single-parameter analysis 

with propidium iodide; (C) dual-parameter analysis of TUNEL treatment and visible image 

of living cells; (D) visible image of living cells. 
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PARP • , iiOKfc 

)3-actin 

Figure 4.13 Dose-dependent effects of 9( 11 )-DHEP and EP on A375 malignant melanoma 

cells by western blot analysis using total PARP antibody (human specific). Cells were treated 

with different concentrations of EP for 24h & 9(11)-DHEP for 48h. Total protein (60^g) was 

resolved in 10% Tricine-SDS-PAGE and blotted on nitrocellulose membrane. The amount of 

protein was normalized to the densitometric units of P-actin. 
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)3-actin 

Figure 4.14. Dose-dependent effects of 9( 11 )-DHEP and EP on A375 malignant melanoma 

cells by western blot analysis using an anti-cytochrome c antibody. Cells were treated with 

different concentrations of 9( 11 )-DHEP for 48h & EP for 24h. Both cytosolic and nuclear 

protein (50ug) were separated by 12% Tricine-SDS-PAGE and blotted on nitrocellulose 

membrane. The amount of protein was normalized to the densitometric units of P-actin. 

131 



Cleaved caspase 3 

Cleaved caspase 7 

Caspase6 

Caspase9 

Caspase8 

Caspase 10 

9{11)-0HEP 

0 10 20 30 

EP 

0 10 20 30 (ug/ml) 

17kb 

Figure 4.15. Dose-dependent effects of 9( 11 )-DHEP and EP on A375 malignant melanoma 

cells by western blot analysis using cleaved caspase 3 antibody, cleaved caspase 7 antibody 

(human specific), caspase 6，caspase 9，caspase 8 and caspase 10. Cells were treated with 

different concentrations of 9(11)-DHEP for 48h & EP for 24h. Total protein (60-80^g) was 

resolved in 10% Tricine-SDS-PAGE and blotted on nitrocellulose membrane. The amount of 

protein was normalized to the densitometric units of p-actin. 
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Figure 4.16. Dose-dependent effects of 9(11)-DHEP and EP on A375 malignant 

melanoma cells by western blot analysis using Bad, Bax，Bak, puma, Mcl-l, Bcl-2 and 

Bcl-xl antibodies. Cells were treated with different concentrations of 9(11)-DHEP for 48h & 

EP for 24h. Total protein (60-80^g) was resolved in 10-12% Tricine-SDS-PAGE and blotted 

on nitrocellulose membrane. The amount of protein was normalized to the densitometric 

units of p-actin 
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Figure 4.17 Dose-dependent effects of 9(11 )-DHEP and EP on Mcl-1 expression in A375 

malignant melanoma cells. Cells were treated with 9( 11 )-DHEP for 48h or EP for 24h. The 

density of the band is expressed as the relative density compared to that in untreated ceils 

(control) that were taken as 1.0. Results are expressed as mean 土 SD (n=3). P<0.05 (*) were 

considered significantly different compared with the control. 
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Figure 4.18 Dose-dependent effects of 9( 11 )-DHEP and EP on Bak expression in A375 

malignant melanoma cells. Cells were treated with 9( 11 )-DHEP for 48h or EP for 24h. The 

density of the band is expressed as the relative density compared to that in untreated cells 

(control) that were taken as 1.0. Results are expressed as mean 土 SD (n=3). P<0.05 (•) were 

considered significantly different compared with the control. 
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Figure 4.19 Nude mice with A375 malignant melanoma solid tumor. Two groups of the 

tinqor-bearing mice each received 0，25 __0__ __ EP respectively for 12 consecutive days. 
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25 mg/kg 

Figure 4.20 A375 malignant melanoma solid tumor excised from EP-treated and control 

group of xenograft tumor-bearing nude mice. Two groups of the tumor-bearing mice each 

received 0，25 mg/kg of EP respectively for 12 consecutive days. The solid tumors were then 

enucleated, the longest and shortest dimensions were measure, the final weight was detected. 

Numeric dates are shown in Fig 4.21. 
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Figure 4.21. The inhibitory effect of EP on A375 malignant melanoma cells in xenograft 

tumor-bearing nude mice. a. the change of body weights of the nude mice; b. the change of 

tumor volumes; c. the change of the final tumor weight. Significance was assessed by t-test. 

P<0.05 (•), P<0.01 (••), P<0.001 (•••) were considered significantly different compared 

with the control. 
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Figure 4.22 Effect of EP on A375 malignant melanoma tumor by Western blot analysis using 

cleaved PARP(Asp214) antibody (human specific) 89kb. Nude mice with tumor were treated 

with 25mg/kg of EP for 12 days. Total protein (lOOpg) was extracted from seven solid tumor 

of both control and treatment group, resolved in 10% SDS-PAGE and blotted on 

nitrocellulose membrane. The amount of protein was normalized to the densitometric units 

of p-actin. The number means the individual mice. 
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Figure 4.23 EP induced gene expression changes in A375 malignant melanoma tumor. RNA 

was extracted from every tumors of each group and Real time PGR was then performed. 

the control group. Values shown are the means±S.D. of seven tumors of each group. P<0.05 

(*)’ P<0.01 (**) were considered significantly different compared with the control. 
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4.4 Discussion 

Chemopreventive agents of natural origin，often a part of our daily diet, may 

provide a cheap, effective way of preventing and controlling cancer. A wide range of 

studies in recent years has shown that triterpenoids and steroids hinder 

carcinogenesis by intervening in pathways such as carcinogen activation，DNA repair, 

cell cycle arrest, cell differentiation and the induction of apoptosis in cancer cells. 

This is the first study to investigate the molecular mechanisms of the anfi-tumoral 

and pro-apoptotic effects of EP and 9(11)-DHEP in A375 malignant melanoma cells. 

Apoptosis，called programmed cell death, is a normal process involved in tissue 

remodelling and removal of damaged cells. Cells undergoing apoptosis show 

characteristic morphology and biochemical features. The biochemical hallmark of 

apoptosis is DNA fragmentation; this is an irreversible event that commits the cell to 

die. Flow cytometry results suggested that the A375 malignant melanoma cells 

treated with the two Ganoderma steroids could be stopped in subGl phase in a 

dosage- and time-dependent manner. By using TUNEL assay and Annexin-V-FLUOS 

analysis, the apoptosis induction effect of the two Ganoderma steroids which was 

revealed by cleavage of DNA strands was identified once again. In TUNEL assay, 

DNA strand breaks can be detected by enzymatic labeling the free 3'-OH termini 

with modified nucleotides. Annexin V is a calcium-dependent phospholipids-binding 

protein; it has a high affinity for phosphatidylserine. They do not bind to normal and 

intact ceils, which can be used to differentiate early apoptotic cell from late apoptotic 

cell. In our studies, the morphology of cancer cells treated with the two steroids have 

been observed in TUNEL and Annexin V assay and results suggested that both of the 

two steroids could inhibit the growth of A375 malignant melanoma cell by inducing 

apoptosis. Meanwhile, betulinic acid and ursolic acid, which have similar chemical 

structure with EP and 9( 11 )-DHEP, could also induce apoptosis on A375 malignant 
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melanoma cell. 

Apoptosis can be divided into two classical pathways: the exogenous death 

receptor pathway and the endogenous mitochondrial pathway. In the endogenous 

mitochondria-mediated pathway, the mitochondria stress will reduce the 

mitochondria membrane potential, which results in cytochrome c, released from the 

intermembrane space of the mitochondria into the cytosol. In turn, it binds to 

cytosolic procaspase-9 with oligomerized APAF-1 in an apoptosome complex, 

resulting in autoactivation and release of mature caspase-9. The latter enzyme 

activates caspase 3 and caspase 7, which in turn activate a downstream caspase 

cascade (Igney FH, et al.，2002). One key mechanism in the process involved in the 

function of antitumoral drugs is the activation of the mitochondrial apoptotic 

pathway. Triterpenoids such as betulinic acid, ursolic acid，and CDDO 

(2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid) have been reported to produce 

apoptosis by activating this pathway (Wick W, et al.，1999; Gopa丨 DVR，et al” 2004 

&2005; Harmand PO，et al., 2005; Konopleva M, et al.，2004). 

Caspases are a ubiquitous family of cysteine proteases that include both 

upstream (initiator) and downstream effector caspases are cleaved and activated by 

initiator caspases. Initiator caspases (including 8’ 9，10 and 12) are closely coupled to 

proapoptotic signals. Once activated，these caspases cleave and activate downstream 

effector caspases (including 3，6 and 7)，which in turn cleave cytoskeletal and nuclear 

proteins like poly(ADP-ribose polymerase) (PARP), a-Fodrin, DFF and Lamin A， 

and induce apoptosis. Our results indicated that both the two steroids could activate 

the caspase 3，6 and 7 in a dosage-dependent manner. Caspase 3 cleaved PARP, 

which responded to DNA fragmentation, and eventually leaded to A375 cancer cells 

apoptosis. This suggested that apoptosis induced by the two Ganoderma steroids on 

A375 cancer ceil was caspase-dependent. In addition, the expression of caspase 8，9 

142 



and 10 were observed. The three caspase were considered as signaling and key 

caspase in extrinsic and intrinsic pathway, respectively, in our case, caspase 9 but not 

caspase 8 and caspase 10 was involved in the EP/9( 11 )-DHEP-mediated apoptosis of 

A375 cancer cells. 

In order to elucidate if mitochondria are an important target for the apoptotic 

induction by 9(11)-DHEP and EP，cytochrom c content were detected in both the 

cytoslic and mitochondria fraction. Our results showed that both the two steroids 

could induce the release of cytochrome c into the cytosol, which hinted that 

apoptosis induced by the two steroids might be via the mitochondria pathway. 

In our work, the decrease of Mcl-l and a slight increase Bak expression was 

observed whereas the expression of the other members Bcl-2，Bcl-xl, Bax, Bad，Bim， 

BID, Bmf and puma was not changed. Mcl-l, also call myeloid cell leukaemia-1, is 

an anti-apoptotic member of Bal-2 family. It is thought to promote ceil survival by 

involving in the suppression of cytochrome c release from mitochondria, possibly via 

heterodimerisation with and neutralisation of pro-apoptotic Bcl-2 family proteins, for 

example, Bim or Bax (Michels J, et al.，2005). The Mcl-l protein is often 

overexpressed in melanoma and has been shown to affect the susceptibility of 

melanoma cells to apoptotic stimuli in other system (Thailinger C, et al.’ 2003). So 

the Mcl-l was supposed to be one of important diagnostic target in the melanoma 

cell line (Panka DJ, et al.，2008). Proapoptotic multidomain proteins (prototypes: Bax, 

Bak) contain three BH domains. In healthy cells, the protein Bak is associated with 

the outer mitochondria membrane, whereas the other protein Bax resides in the 

cytosoi. Once activated, the motichondria potential may result from a conformational 

change of Bax or Bak (with exposure of their NH2 terminus), their full insertion into 

mitochondrial membranes as homooligomerized multimers，and formation of giant 

protein-permeable pores by binding to components of the permeability transition 
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pore complex (PTPC). The resulting heterooligomers may provide intermembrane 

space (IMS) proteins (Cty C etc.) with a route for release (Kroemer G, et al.，2007; 

Kuwana T，et al.’ 2002; Nechushtan A, et al.，2001;) This work proposed the 

apoptosis under the two Ganoderma steroids was by regulating the ratio of Bax/Bcl-2 

groups. 

We recently demonstrated that some extracts of G. lucidum myceiia proved to 

have great antitumor activities which implicated G. lucidum myceiia as a potential 

chemopreventive and/or therapeutic natural product. Further studies are necessary to 

confirm this preventative/therapeutic potential of G. lucidum myceiia in vivo. EP was 

found to be one of the major steroids of G. lucidum myceiia and was responsible for 

the antitumor activity of chloroform extract of G. lucidum myceiia. Previous studies 

found that EP markedly inhibited tumor promotion by DMBA and TPA in two-stage 

carcinogenesis in mouse skin (Yasukawa K, et al., 1996). The inhibition of tumor 

growth of A375 melanoma subcutaneous xenografts in nude athymic mice further 

supported the antitumor property of EP. In the present study, untreated tumors 

volume increased 15-fold (O.lcm^ to 1.5cm^), whereas a significantly delay of tumor 

growth was seen after EP treatment. EP also demonstrated a growth inhibitory 

activity of decreasing 47% to the control group in the tumor weight. Furthermore, the 

results suggested that cleaved PARP and caspase 7 gene expressions were greatly 

enhanced in the EP-treated tumor. Caspase-7 is highly related to caspase-3, and these 

two caspases are activated by both death receptor- and mitochondria-induced 

apoptosis. Caspase-7 might be involved in the development of human cancers 

(Soung, YH et al.，2003). These result suggested that EP could inhibit the tumor 

growth by inducing apoptosis，which provided in vivo evidence that EP could 

provide therapeutic benefit as potential anti-cancer drug. 

Taken together, based on the results obtained above and the current paradigms 
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of apoptosis reported in the literature, we could identify that the apoptosis of A375 

malignant melanoma cells induced by EP and 9(11)-DHEP was through intrinsic 

pathway. Our work also suggested that both of the two Ganoderma steroids might be 

natural potential apoptosis-inducing agents for malignant melanoma treatment. But 

the structure-activity relationship of EP and 9( 11 )-DHEP is also unknown to us. All 

this will need further studies. 
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Figure 4.24 Mitochondria-mediated apoptosis induced by EP and 9(11 )-DHEP in 

A375 cancer cells 



Chapter V Conclusion 

Ganoderma lucidum is a popular medicinal mushroom, which has been used for 

the treatment of a variety of diseases in traditional Chinese medicine. Great interest 

is currently being paid to bioactive compounds from this mushroom. They are known 

to be anti-proliferative and may play an important role in cancer chemoprevention. In 

our studies，two steroids 5a,8a-c|)idioxy-22£-ergosta-6,22-dien-3(3-ol (ergosterol 

peroxide (EP)) and 5a,8a-epidioxy-22£-ergosta-6,9( 11 ),22-trien-3P-ol 

(9,11-dehydroergosterol peroxide (9( 11 )-DHEP)) were purified from Ganoderma 

lucidum on submerged culture using activity-guided purification procedures against 

human breast adenocarcinoma MCF-7 cells. The yields of EP and 9( 11 )-DHEP were 

101.23mg and 69.07mg from 413g of Ganoderma lucidum dried mycelia, which 

were found to reach 0.024% and 0.017% in Ganoderma lucidum mycelia, 

respectively. Our result showed that the two compounds are the major fractions 

responsible for antitumor activities of Ganoderma lucidum mycelia. The results 

obtained in this study are very useful for the simultaneous, highly efficient 

production of Ganoderma steroid on a large scale. Meanwhile，it was hoped to be 

developed into the quality control marker and nutrition parameter of mycelium 

production. 

The anti-proliferative effects of EP and 9( 11 )-DHEP were observed in a dose-

and time-dependent manner by MTT assay and BrdU assay. In the study of in vitro 

cytotoxicity, EP and 9(11)-DHEP were found to exert cytotoxic effect on A375 cells 

but with less effect on the viability of normal ceils (human normal skin fibroblast 

cells Hs68). Different cancer cell lines showed selectively susceptivity when exposed 
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to EP and 9(11)-DHEP. EP was found to have a stronger anti-proliferative activity 

than 9(11)-DHEP in HepG2, MCF-7 and Colo201 cells. Meanwhile, we compared 

the anti-proliferation activities of EP and 9(11)-DHEP extracted from different fungi 

source on different cancer cells (table 5.1). Studies documented that both of the 

steroids had greater inhibitory effects on human colon carcinoma cells，such as HT29, 

Caco-2. It may be due to their structure similarity with the dietary cholesterol. 

Dietary cholesterol is correlated etiologically to the incidence of colon cancer, with 

changes in serum cholesterol levels and fecal bile acid profiles suggested to increase 

susceptibility to colon tumorigenesis (Rao AV，Janezic SA. 1992). It was suggested 

that they can act by competing with cholesterol at the luminal absorption site. 

Therefore, they have a bright future in clinical application (Radtke & Clevers，2005). 

As reported to have stronger anti-proliferative activities on human cancer cells, 

EP and 9(11)-DHEP was further investigated for their possible mechanisms. Cell 

cycle analysis indicated that both of the two Ganoderma steroids could stop different 

cancer cells on subGl phase in a dose- and time-dependent manner. Furthermore, the 

two steroids induced apoptosis on HepG2 heptoma cancjer cells and A375 malignant 

melanoma cells by TUNEL assay and Annexin-V-FLUOS assay. All of the above 

results suggested that the anti-proliferative activities of EP and 9( 11 )-DHEP were 

mediated via inducing apoptotic. 

Results demonstrated that apoptosis induced by EP and 9( 11 )-DHEP in the 

human colon carcinoma Colo201 cells and malignant melanoma A375 cells involved 

the activation of caspase 3，7 and 9，which were followed the cleavage of PARR The 

ratio of expression levels of Bcl-2/Bax family member were changed after different 

concentration EP and 9( 11 )-DHEP treatment in human colon carcinoma Colo201 

cells. In A375 human malignant melanoma cells, the two steroids-induced apoptosis 

resulted in release of mitochondria cytochrome c. In addition，Mcl-l protein was 



down-regulated and Bak was little up-regulated in a dosage-dependent manner. 

These indicated that the mitochondria-mediated pathway was involved in the 

apoptosis signal pathways of Colo201 cancer cells and malignant melanoma A375 

cells induced by the two steroids. 

Moreover, EP greatly suppressed the growth of A375 human malignant 

melanoma tumor in an A375 xenograft model, which inhibited 49% tumor weight 

growth compared with the control group. Further studies showed that EP could result 

in the PARP cleavage and total caspase 7 gene expression enhancement in the tumor 

cells, which suggested that EP might be inhibiting solid tumor growth through 

inducing apoptosis. 

According to these results we proposed an intrinsic mechanism for the induction 

of apoptosis by EP and 9(11)-DHEP in cancer cells. This mechanism is regulated via 

the inhibition of Bcl-2 family protein expression，producing mitochondrial disruption 

and the release of cytochrome-c, which leads finally to the activation of caspases 9 

and 3. Triterpenoids such as betuiinic acid，ursolic acid, and CDDO 

(2-cyano-3,12-dioxoolean-1,9-dien-28-oic add)，which have similar chemical 

structure with EP and 9( 11 )-DHEP, have been reported to produce apoptosis by 

similar mechanisms. The following events have been proposed in the apoptosis 

induced by steroids and triterpenoids: (a) participation of the Bcl-2 protein family; (b) 

increase in mitochondrial membrane permeability; (c) cytochrome-c release and (d) 

caspase-9 and -3 activation. 

In conclusion，EP and 9( 11 )-DHEP are novel natural compounds and they are 

able to induce caspase-dependent apoptosis in human cancer ceils via the intrinsic 

mitochondrial pathway. But the precise mechanisms by which EP and 9( 11 )-DHEP 

triggers mitochondria permeability remains to be identified. Many cancer cells 

exhibit a disturbed intracellular redox balance. Some tumors, such as solid lung 



carcinoma, are hypoxic, and its cells are therefore more reducing than normal, while 

others, such as the ones of breast and prostate cancer，proliferate under oxidative 

stress (OS). These biochemical differences between normal and tumor tissue are 

significant, which provide new target for the cancer treatment (Fry FH and Jacob C, 

2006). Previous studies found that ergosterol peroxide showed potent antioxidant 

activities (Kim SW, et al. 1999). It is possible that the two steroids inhibited cancer 

cell growth but not MCF-lOA-2 and Hs68 cells through changing its redox status, 

which result in the mitochondria potential change and induce cancer cell apoptosis. 

Nevertheless, our data could contribute to the development of EP and 9( 11 )-DHEP 

and related drugs for use as cancer chemotherapeutic or chemopreventive agents. 
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