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ABSTRACT 

Natural products have been playing a domain role in cancer chemotherapy and 

prevention in the past 30 years. Traditional Chinese medicine (TCM) with thousands 

years of history is a huge source for discovery and investigation of effective natural 

herbal products. A lot of compounds isolated or derived from TCM have been 

suggested to possess the property of inducing cell cycle arrest, cell differentiation 

and apoptosis in various kinds of cancer cells.   

Andrographolide (Andro) which is the main bioactive component from 

Andrographis paniculata (穿心蓮 ) has been reported to have many biological 

effects including anti-proliferative effect on several tumor cell lines. However, there 

is no detailed study about the biological effects of Andro on androgen refractory 

prostate cancer cells. Taxifolin (Taxi), a dihydroflavonol belongs to flavonoids 

group, together with its glycosides are commonly found in many species of medical 

herbs. In recent years, experimental studies have provided growing evidences for the 

protective effect of flavonoids against cancer because of their beneficial actions on 

multiple cancer-related biological pathways (e.g. carcinogen bioactivation, cell-

signaling, cell cycle regulation, angiogenesis, oxidative stress, inflammation). 

Although the reports on flavonoids and cancer are still limited and conflicting, some 

protective associations have suggested flavonoid-rich food for cancer protection. 

Results in the present study showed that Andro inhibited cell proliferation of 

androgen independent prostate cancer cell line DU145 in a time and dose-

dependent manner, with the IC50 value (48 h) of 13.70 µM. On the other hand, 

Andro exhibited little growth inhibitory effect on noncancerous human fibroblast 
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Hs27 (IC50>500 µM, 48 h). Cell cycle analysis demonstrated that, at low 

concentration (<= 40 µM), Andro-treated DU145 cells accumulated at G2/M phase 

dose-dependently. Immunoblot of Phospho-Histone H3 (Ser10) antibody (mitotic 

marker) further revealed that the G2/M accumulation of DU145 cell was caused by 

cell cycle arrest at mitotic phase. Additionally, microtubule network was visualized 

by immunostaining of tubulin, which suggested that Andro treatment leaded to the 

formation of abnormal spindle-chromosome structure resulting in cell arrest at 

prometaphase. However, in vitro microtubule assembly assay indicated that Andro 

did not interact directly with microtubule. Double staining of AnnexinV-FITC / PI 

showed that Andro also induced apoptosis dose-dependently, with the highest 

apoptotic rate after 48-hour treatment. High concentration (80 µM) of Andro 

treatment directly induced cell death without a marked alteration of cell cycle 

distribution within the first 24 hour. Western blotting analysis revealed that Andro 

exposure triggered several cell cycle regulation pathways, including up-regulation 

of cyclin B1 and cyclin-dependent kinase (CDK) inhibitor p21(Waf1/Cip1), 

dephosphorylation on Tyr15 of Cdc2 and phosphorylation of Wee1, Myt1 and 

Cdc25C, which involved in the process of cyclin B/Cdc2 complex activation and 

led to cell accumulation in mitosis. Andro-induced apoptosis was associated with 

activation and cleavage of poly (ADP-ribose) polymerase (PARP), caspase-7, 

caspase-9 and caspase-3 related to mitochondria apoptotic pathway.  

Taxi exhibited low anti-proliferative effect on DU145 cell line (IC50>500 µM, 48 h). 

On the other hand, combination of 100 µM Taxi with Andro significantly enhanced 

the growth inhibitory effect of the latter on DU145 cells. It was found that 

combinated treatments of 100 µM Taxi and Andro (10–40 µM) markedly increased 
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G2/M accumulation in DU145 cells compared to treatments with Andro-alone, 

through rising of mitotic index (approximately twice with 20 µM Andro treatment). 

Quantification of apoptosis with flow cytometry revealed that Andro-induced 

apoptosis and cell death was also promoted potently by synchronous treatment of 

Taxi, whereas exposure to Taxi alone did not exhibit marked alteration on cell 

morphology, cell cycle distribution or cell viability. Western blotting analysis 

revealed that the mitotic rate increased by combination treatment was related to up-

regulation of cyclin B/Cdc2 mitotic complex and CDK inhibitor p21; the enhanced 

apoptosis was associated with increases of PRAP, caspase-7, and caspase-9 

activation. The increase of twisted and elongated mitotic spindle after the combined 

treatment suggested that anti-microtubule activity of the two combined compounds 

was involved as a remarkable enhanced microtubule polymerization was observed. 

This study investigated the biological effect of Andro and Taxi on cell morphology 

proliferation, cell cycle, apoptosis in androgen-independent prostate cancer cell 

DU145, and the synergetic/additive anticancer effect with combination treatment. 

Hence, Andro might be effective on prostate cancer treatment and low cytotoxic 

Taxi might be a promising additive in combined drug treatment of prostate cancer. 

This study also provided experimental evidences for the potential treatment of 

cancer by dietary-flavonoid in combination with anti-cancer compounds. 

 
 
 
 
 
 
 
 
 



 vi

TABLE OF CONTENTS 
 

Page  
ABSTRACT  i  
DECLARATION  iv  
ACKNOWLEDGEMENT  v  
TABLE OF CONTENTS  vii  
ABBREVIATIONS  xii  
LIST OF TABLES  xv  
LIST OF FIGURES  xvi  
 
 
SECTION A GENERAL INTRODUCTION 

CHAPTER 1 CHINESE HERBS FOR CANCER TREATMENT 

 

1.1 Chinese Herbal Medicine for Cancer Treatment 2 

1.1.1 Herbal cancer treatment  2 

1.1.2 Traditional Chinese herbal medicine (TCHM) for cancer 
treatment 

6 

1.1.3 Problems in Traditional Chinese Medicine (TCM) 
application 

11 

1.1.4 The significance of studying combination effects of TCHM 13 

1.2 Introduction of Andrographolide and Its Anti-cancer Potential 15 

1.2.1 The Plant: Andrographis paniculata Nees 15 

1.2.2 Anti-cancer potential of androprapholide (Andro) 18 

1.2.2.1 Induction of cell cycle arrest, apoptosis and 
differentiation 

18 

1.2.2.2 Immunomostimulating properties  22 

1.2.2.3 Anti-inflammatory and anti-angiogenic properties     
 
24 

1.2.2.4 Chemoprotective effect  26 

1.3 Introduction of Taxifolin and Its Anti-cancer Potential  28 

1.3.1 The Anti-cancer potential of Dietary Flavonoids 28 

1.3.2 Taxifolin and its anti-cancer potential 31 



 vii

1.3.2.1 Anti-proliferative and anti-transformation 
properties  

31 

1.3.2.2 Anti-inflammatory and Immunomodulatory 
properties 

32 

1.3.2.3 Chemoprotective effect   33 

  

CHAPTER 2 CELL CYCLE CONTROL AND CELL DEATH  

2.1 Overview of the Cell Cycle 34 

2.1.1 Typical eukaryotic cell cycle 34 

2.1.2 Cell Cycle Control Systems  36 

2.1.2.1 Checkpoints of cell cycle 37 

2.1.2.2 Regulators of Cell Cycle Progression  39 

2.2 Overview of Apoptosis (Programmed Cell Death) 42 

2.2.1 Morphological features of apoptosis 42 

2.2.2 Central players in apoptosis  44 

2.2.2.1 Caspases 44 

2.2.2.2 The Bcl-2 family  45 

2.2.3 Apoptosis signaling pathways 48 

2.2.3.1 Intrinsic apoptosis pathway (mitochondria 
pathway) 

48 

2.2.3.2 Extrinsic apoptosis pathway (death receptor 
pathway) 

49 

2.3 Cell cycle regulation, apoptosis and Cancer therapy 52 

2.3.1 Microtubule-interaction drug for cancer treatment 54 

 
CHAPTER 3 OBJECTIVES AND STRATEGIES OF THIS STUDY  

3.1 Previous Researches in Our Laboratory 56 
3.2 Objectives and Strategies of This Study 58 
  
 
 
 
 



 viii

SECTION B EXPERIMENT 

CHAPTER 4 MATERIALS AND METHODS 

 

4.1 Cell Culture 61 
4.1.1 Cell lines and culture 61 
4.1.2 Basic techniques for mammalian cell culture 61 

4.1.2.1 Trypsinization and subculture of adherent cells 61 
4.1.2.2 Freezing cells for storage 62 
4.1.2.3 Thawing and recovering cells from storage 63 

4.2 Drug Preparation 64 
4.3 Cell Proliferation Assay 64 

4.3.1 Determining cell number and viability  64 
4.3.2 MTT assay for cell growth inhibition 65 
4.3.3 Determination of growth curve and population doubling 

time (PDT) 
67 

 
4.4 Cell Morphological Observation 68 

4.4.1 Hoechst 33342 staining  68 
4.4.2 Acridine orange/ethidium bromide (AO/EB) staining  68 

4.5 Cell Cycle Analysis Using Flow Cytometry 69 
4.6 DNA Fragmentation Assay 70 
4.7 Immunofluorescence Staining and Microscopy 71 
4.8 Flow Cytometric Immunofluorescence Analysis 72 

4.8.1 Quantification of mitotic index by flow cytometry 72 
4.8.2 Quantification of apoptosis rate by flow cytometry 73 

4.9 Western Blot Analysis 74 
4.9.1 Total cell extraction  74 
4.9.2 SDS-PAGE and western blot analysis 75 

4.10 In vitro Tubulin Turbidity Assay 77 
4.11 Statistical Analysis 77 
 
 
SECTION C RESULTS 

CHAPTER 5 ANTI-PROLIFERATIVE ACTIVITY OF ANDRO ON 
PROSTATE CANCER CELLS AND NONCANCEROUS SKIN 
FIBROBLASTS 

 

5.1 Introduction 79 
5.1.1 Growth curve and population doubling time (PDT) 79 



 ix

5.1.2 Cell proliferation/ viability assay 81 
5.1.3 Half Maximal Inhibitory Concentration (IC50) 82 

5.2 Results 83 
5.2.1 Growth curve and PDT of DU145 cell 83 
5.2.2 Growth inhibitory effect of Andro on prostate cancer cell 
DU145 

85 

5.2.3 Growth inhibition effect of Andro on skin fibroblast HS27 87 
5.2 Chapter summery  87 
  

CHAPTER 6 CELL CYCLE ARREST AND CELL DEATH INDUCED 
BY ANDRO 

 

6.1 Introduction  89 
6.2 Results 93 

6.2.1 Change in cell morphology 93 
6.2.1.1 Apoptotic body formation 93 
6.2.1.2 Nuclear condensation and fragmentation  95 
6.2.1.3 Cell membrane integrity  97 

6.2.2 Cell cycle arrest at G2/M phase 99 
6.2.3 Mitotic accumulation  102 
6.2.4 DNA fragmentation  105 
6.2.5 Quantification of apoptosis by Annexin V / PI staining  106 

6.3 Chapter Summary  109 
  

CHAPTER 7 MOLECULAR STUDY OF CELL CYCLE ARREST 
AND APOPTOSIS INDUCED BY ANDRO 

 

7.1 Introduction  110 
7.2 Results  

7.2.1 Effect of Andro on tubulin polymerization and mitotic 
spindle organization 

114 

7.2.1.1 Andro-induced spindle-chromosome 
configuration change 

114 

7.2.1.2 Andro does not affect tubulin polymerization  116 
7.2.2 Effect of Andro on expression of cell cycle regulators 118 
7.2.3 Effect of Andro on expression of Bcl-2 family proteins 121 
7.2.4 Effect of Andro on expression of procaspases and related 

substrates 
123 



 x

7.3 Chapter Summery  125 
  

CHAPTER 8 TAXIFOLIN POTENTIATES THE EFFECT OF ANDRO 
ON DU145 CELLS 

 

8.1 Introduction 126 
8.2 Results 128 

8.2.1 Low cytotoxic taxifolin (Taxi) enhances the growth 
inhibitory effect of Andro 

128 

8.2.1.1 Effect of Taxi on DU145 cells proliferation  128 
8.2.1.2 Taxi enhances the anti-proliferative effect of 

Andro 
 
130 

8.2.1.3 Taxi enhances Andro-induced morphological 
change  

132 

8.2.2 Taxi enhances Andro-induced cell cycle arrest 134 
8.2.3 Taxi promotes Andro-induced apoptosis 141 

8.3 Chapter Summery 144 
  

CHAPTER 9 MOLECULAR STUDY OF THE POTENTIATE EFFECT 
OF TAXI ON ANDRO-INDUCED CELL CYCLE ARREST AND 
APOPTOSIS 

 

9.1 Introduction 145 
9.2 Results 146 

9.2.1 Combination of Taxi and Andro promotes the formation of 
elongated and twisted mitotic spindles 

146 

9.2.2 Combination of Taxi and Andro promotes tubulin 
polymerization 

148 

9.2.3 Regulation of the cyclin B1 and Cdk1 by Taxi 
combination 

 
150 

9.2.4 Effect of Taxi on expression of procaspases and related 
substrates 

 
152 

9.3 Chapter Summery  154 
  

SECTION D DISCUSSION 

CHAPTER 10  DISCUSSION 

 

10.1 Andro Induces Mitotic Arrest and Subsequent Apoptosis in 
Androgen-Independent Prostate Cancer DU145 cells 

156 

10.1.1 Andro induces mitotic arrest mediated by activation of 158 



 xi

cyclin B/Cdc2 complex 
10.1.2 Andro induces cell death in caspase-3 dependent 

pathways 
161 

10.1.3 Andro-induced mitotic arrest and cell death is irrelevant 
to direct interaction with microtubule 

163 

10.2 Taxi Potentiates the Effect of Andro When Treated in 
Combination  

165 

10.2.1 Taxi enhances Andro-induced mitotic arrest through 
microtubule-stabilizing Effect 

167 

  

SECTION E CONCLUSIONS AND SUGGESTIONS 

CHAPTER 11 CONCLUSION AND SUGGESTIONS FOR FUTURE 
WORK 

 

11.1 Summery Conclusion 171 
11.2 Suggestions for Future Work 173 

  

SECTION F REFERENCES 175 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xv

LIST OF TABLES 
 

Table 1.1 Growth inhibitory effect of three diterpene lactones in A. 
paniculata on various cancer cells (IC50, µM) 

19 

Table 4.1 Antibodies used in Immunofluorescence staining microscopy 72 

Table 4.2 Antibodies used for Flow cytometric immunofluorescence 
analysis 

74 

Table 4.3 Antibodies used in western blot analysis  76 

Table 6.1 Some fluorochromes used to stain nucleic acids, with 
fluorochrome abbreviation, absorption and emission. 

90 

Table 8.1 Combination Index (CI) values and description of combination 
effect 

127 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xvi

LIST OF FIGURES 
 
Figure 1.1 The photo of the whole plant Andrographis paniculata Nees, 

and the illustration of the upper ground part of the herb with the 
flower structure. 

16 

Figure 1.2 Structure of the principle phytochemical compound of 
Andrographis paniculata Nees, andrographolide. 

17 

Figure 1.3 Chemical structure of flavonoid taxifolin (Taxi). 30 

Figure 2.1 Four Phases of eukaryotic cell cycle. 36 

Figure 2.2 Regulation of the cell cycle progression by means of cell cycle 
control system with cyclin-Cdk complexes at different 
checkpoints. 

38 

Figure 2.3 Hallmarks of the apoptotic and necrotic cell death processes. 43 

Figure 2.4 Structural comparison of the members of the Bcl-2 protein 
family. 

47 

Figure 2.5 Some major apoptotic signaling pathways induced by stimuli 
generated inside or outside of the cells. 

51 

Figure 5.1 Typical growth phases of mammalian cells in closed culture 
system 

80 

Figure 5.2 Yellow MTT is cleaved to purple formazan crystals by 
mitochondrial reductase. 

82 

Figure 5.3 Growth curves of prostate cancer cell line DU145 determined by 
trypan blue exclusion test and MTT assay with the exponential 
fit formula indicated. 

84 

Figure 5.4 Effect of Andro on the growth of DU145 cells. 86 

Figure 5.5 Effect of Andro on the growth of Hs27 cells. 88 

Figure 6.1 Cell cycle analysis report of control DU145 cells generated by 
ModFit software. 

91 

Figure 6.2 Celluar morphological changes of DU145 cells treated with 
Andro. 

94 

Figure 6.3 Nuclear morphological change of DU145 cells treated with 
Andro. 

96 

Figure 6.4 Morphological observation of DU145 cells treated with Andro 
by double staining with acridine orange (AO) / ethidium 
bromide (EB). 

98 



 xvii

Figure 6.5 Cell cycle distribution change of DU145 cells treated with 
Andro at different concentrations. 

100 

Figure 6.6 Cell cycle distribution change of Andro-treated DU145 cells in a 
time course. 

101 

Figure 6.7 Effect of Andro on mitotic cell occurrence in DU145 cell culture 103 

Figure 6.8 Mitotic index of DU145 cells treated with Andro at different 
concentration. 

104 
 

Figure 6.9 Apoptosis induced by Andro at different concentration in 
DU145 cells. 

107 

Figure 6.10 Apoptosis induced by Andro in DU145 cells in a time course. 108 

Figure 7.1 (A) The dynamic process of microtubule polymerization and 
depolymerization. (B) Tubulin polymerization curves generated 
by light-scattering measurements. 

111 

Figure 7.2 Spindle-chromosome configuration change of DU145 cells 
induced by Andro treatment. 

115 

Figure 7.3 Effect of Andro on tubuin assembly in vitro. 117 

Figure 7.4 Expression of cell cycle regulators in Andro-treated DU145 
cells. 

120 

Figure 7.5 Expression of Bcl-2 family proteins in Andro-treated DU145 
cells. 

122 

Figure 7.6 Expression and cleavage of caspases and related substrate in 
Andro-treated DU145 cells. 

124 

Figure 8.1 Effect of Taxi on the growth of DU145 cells. 129 

Figure 8.2 Combination effect of Taxi on Andro-treated growth inhibition 
of DU145 cells. 

131 

Figure 8.3 Effect of Taxi on Andro-induced cellular morphological changes 
of DU145 cells. 

133 

Figure 8.4 Effect of Taxi on Andro-induced cell cycle distribution 
alteration in DU145 cells in a time course. 

137 

Figure 8.5 Effect of Taxi on cell cycle distribution alteration of DU145 
cells treated with different concentration of Andro. 

139 

Figure 8.6 Effect of Taxi on mitotic index of Andro-treated DU145 cells. 140 

Figure 8.7 Effect of Taxi on Andro-induced Du145 cell death. 143 

Figure 9.1 Spindle-chromosome configuration of DU145 cells treated by 147 



 xviii

Andro with or without combination of Taxi. 

Figure 9.2 Effect of Andro and Taxi on tubulin polymerization in vitro. 149 

Figure 9.3 Change of cell cycle regulators expression induced by Andro 
and Taxi in DU145 cells. 

151 
 

Figure 9.4 Effect of Taxi on Andro-induced expression and cleavage of 
caspases and related substrate in DU145 cells.   

153 

 
 
 
 




