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SRJ23 (3, 19-(3-chloro-4-fluorobenzylidene andrographolide), a new semisynthetic 

derivative of andrographolide (AGP) was shown to exhibit selective anticancer 

activity against the hormone-independent prostate cancer cell lines (PC-3 and DU-

145) in the USA National Cancer Institute (NCI) in vitro anticancer screen.  Hence, 

in this study SRJ23 was investigated further for its mechanisms of cell cycle arrest 

and apoptosis. The microculture tetrazolium (MTT) assay was utilized in assessing 

the in vitro growth inhibition and cytotoxicity of SRJ23 and its parent compound, 

AGP against three human prostate cancer cell lines (PC-3, DU-145 and LNCaP). 

Subsequently, flow cytometry was used to analyse the cell cycle distribution of 

treated cells. Fluorescence microscopy was performed to determine the 

morphological cell death. DNA fragmentation and annexin V-FITC/PI flow 

cytometry analyses were carried out to confirm apoptosis induced by SRJ23. 

Quantitation of cell cycle and apoptotic regulatory proteins were determined by 

western blot analysis. SRJ23 was found to be more potent than AGP in exerting 

growth inhibition and cytotoxicity. The activity of the compound was selective 
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towards PC-3 cells and induced G2/M arrest which led to predominantly apoptotic 

mode of cell death. The internucleosomal DNA fragmentation induced by SRJ23 was 

inhibited in the presence of caspase 8 inhibitor (Z-IETD-FMK). To induce G2/M cell 

cycle arrest, the compound downregulated CDK1 without affecting the levels of 

CDK4 and cyclin D1. Interestingly, the compound induced G1 cell cycle arrest in 

LNCaP and DU-145 cell lines, which attributed to increase expression of p21 and 

downregulation of CDK4 and cyclin D1 but without affecting the levels of CDK1. 

Additionally, SRJ23-treated LNCaP cells showed increased levels of wild-type p53. 

However, the compound did not affect mutant p53 level in DU-145 cells. AGP also 

induced G1 arrest in both the cell lines via increased the expressions of p21 and 

downregulated CDK4 but without affecting the levels of CDK1 and cyclin D1. 

However, unlike SRJ23, it did not affect the wild-type p53 protein in LNCaP cells. 

The induction of apoptosis by SRJ23 is associated with increased caspase 8 

expression and activation. This thought to have induced cleavage of Bid into tBid. 

Additionally, expression and activation of executioner caspase 9 and pro-apoptotic 

Bax proteins, with a concomitant down-regulation of the anti-apoptotic Bcl-2 protein 

level were noted in all the three prostate cancer cell lines. AGP produced similar 

effects except it failed to affect Bcl-2 protein level in all three prostate cancer cell 

lines. Therefore, based on these findings, SRJ23 is proven to be more potent than 

AGP in inducing growth inhibition, cell cycle and apoptosis. The molecular events 

related to these effects have been established and undoubtedly points to the fact that 

some of pathways involved in SRJ23‟s anticancer effect differ compared with AGP. 

As such the former is being considered a lead compound in the discovery of clinical 

anti-prostate cancer agents. 
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SRJ23 (3, 19-(3-kloro-4-florobenzilidin andrografolida) adalah agen semisintetik 

terbaru terbitan andrografolida (AGP). Berpandukan ujian saringan in vitro dari 

Institut Kanser Kebangsaan Amerika Syarikat, sebatian ini menunjukkan aktiviti 

antikanser terpilih terhadap sel kanser prostat jenis tidak bersandar hormon (PC-3 

dan DU-145). Justeru, kajian ini menjurus kepada penyelidikan tentang mekanisma 

penyekat kitaran sel dan apoptosis oleh SRJ23. Asai mikrokultur tetrazolium (MTT) 

in vitro telah digunakan untuk mengkaji kesitotoksikan dan perencatan pertumbuhan 

ke atas 3 jenis sel kanser prostat (PC-3, DU-145 dan LNCaP) oleh AGP dan 

terbitannya, SRJ23. Seterusnya, analisa sitometri aliran digunakan untuk 

menganalisis edaran kitaran sel terhadap sel yang telah dirawat dengan sebatian 

tersebut. Pendarfluor mikroskopi juga digunakan untuk menentukan morfologi sel 

mati. Bagi mengesahkan apoptosis, sejenis mod kematian sel, analisa fragmentasi 

DNA dan sitometri aliran annexin V-FITC/PI telah digunakan. Kuantifikasi protein 

yang terlibat dalam kitaran sel dan apoptosis telah ditentukan dengan menggunakan 

teknik „western blot‟. SRJ23 telah didapati lebih sitotoksik dan berkesan dalam 



© C
OPYRIG

HT U
PM

vi 

 

merencatkan pertumbuhan sel kanser berbanding dengan AGP. SRJ23 adalah lebih 

selektif terhadap sel PC-3 dan menyebabkan sekatan kitaran sel pada fasa G2/M. Ini 

seterusnya menyebabkan  kematian sel tersebut akibat apoptosis. Tambahan lagi, 

dengan kehadiran penambat caspase 8 (Z-IETD-FMK), fragementasi DNA 

internukleusomal yang disebabkan oleh SRJ23 adalah terhalang. SRJ23 

menyebabkan sekatan kitaran sel pada fasa G2/M dengan merendahkan ekpresi 

protein CDK1 tanpa menjejaskan ekspresi CDK4 dan cyclin D1. Penemuan yang 

menarik juga didapati di mana SRJ23 menyebabkan sekatan kitaran sel pada fasa G1 

dalam sel LNCaP dan DU-145 dengan meningkatkan ekspresi protein p21 dan pada 

masa yang sama merendahkan ekspresi protein CDK4 dan cyclin D1, tanpa 

menjejaskan ekspresi CDK1. Tambahan lagi, sel LNCaP yang telah dirawat dengan 

SRJ23 menunjukkan peningkatan ekspresi protein p53 jenis-liar. Walau 

bagaimanapun, sebatian tersebut tidak menjejaskan ekspresi mutan p53 dalam sel 

DU-145. AGP juga menyebabkan sekatan kitaran sel pada G1 di dalam kedua-dua sel 

melalui peningkatan ekspresi p21 dan merendahkan ekspresi CDK4, tetapi tanpa 

menjejaskan ekspresi CDK1 dan cyclin D1. Walaubagaimanapun, tidak seperti 

SRJ23; AGP tidak menjejaskan ekspresi protein p53 jenis-liar dalam sel LNCaP. 

Induksi apoptosis oleh SRJ23 telah dikaitkan dengan peningkatan ekpresi dan 

pengaktifan caspase 8. Ini menyebabkan penukaran daripada Bid kepada tBid. Pada 

masa yang sama, ekspresi dan pengaktifan pelaksana caspase 9 dan protein pro-

apoptotik Bax, serta penurunan ekspresi protein anti-apoptotik Bcl-2 juga dikesan  di 

dalam ketiga-tiga sel kanser prostat tersebut. AGP memberi kesan yang sama tetapi 

ia tidak menjejaskan ekspresi protein Bcl-2 di dalam ketiga-tiga jenis sel kanser 

prostat tersebut. Justeru itu, berdasarkan penemuan dalam kajian ini, dapat 

disimpulkan bahawa SRJ23 telah terbukti lebih berkesan daripada AGP dalam 
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menyebabkan perencatan pertumbuhan, sekatan kitaran sel dan apoptosis. 

Mekanisma molekular sebatian ini yang menyebabkan kesan ini telah ditemui dan 

tanpa sangsi telah dibuktikan bahawa beberapa tapak laluan  yang melibatkan kesan 

antikanser SRJ23 adalah berbeza berbanding dengan AGP. Oleh yang demikian, 

SRJ23 dianggap sebagai sebatian pendahulu dalam penemuan agen anti-kanser 

klinikal untuk rawatan kanser prostat. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1  Overview 

 

Prostate cancer is the most frequently diagnosed age-related malignancy in men and 

has become a major health issue, being the second leading cause of cancer-related 

deaths in men worldwide after lung cancer (Jemal et al., 2010). Factors that 

determine the risk of developing prostate cancer are unfamiliar. Different studies 

based on epidemiological and genetic analyses demonstrate that age and hereditary 

factors are associated with an increase in the incidence of prostate cancer (Porkka 

and Visakorpi, 2004). Exogenous factors, such as diet, may also have an important 

impact on this risk (Aus et al., 2005). 

 

During the past decade, the survival rate for advanced stages of prostate cancer has 

not improved despite significant advances in prostate cancer treatment (DeLancey et 

al., 2008). The high mortality rate observed in advanced prostate cancer patients is 

due to loss of androgen dependency for cancer cell growth that results in resistance 

to androgen ablation therapy (Cho et al., 2003). In addition, standard treatment 

options for localised prostate cancer, such as, surgical, radiation and hormone 

therapy, are associated with morbidities that often impair patient‟s quality of life, 

such as urinary incontinence and sexual dysfunction (Eton and Lepore, 2002). 
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Despite the large number of studies, scientific knowledge of the molecular 

mechanisms underlying the disease is still limited and poorly understood. This has 

become the biggest stumbling block in the discovery of new effective treatments for 

this deadly disease. Therefore, there is an urgent need to explore all possible avenues 

in finding effective therapeutic agents, be they of synthetic or natural origin. 

 

Andrographolide (AGP) is a natural compound isolated from Andrographis 

paniculata (Matsuda et al., 1994). It is endowed with an interesting pharmacophore 

that displayed various pharmacological activities, such as, anti-inflammatory 

(inhibition of inducible nitric oxide (iNOS) expression) (Chiou et al., 1998), Mac-1 

expression, and ROS production (Shen et al., 2000), anticancer (Stanslas et al., 

2001) and hepatoprotective (Kapril et al., 1993).  

 

Research on the anticancer potential of AGP has been one of the major focuses at the 

Laboratory of Natural Products, Institute of Bioscience, Universiti Putra Malaysia 

(UPM) for almost a decade, beginning with the discovery of activity of the 

compound against human breast cancer tumours in an animal model (Stanslas et al., 

2001). Subsequently, there was a report of its potential in combating colon cancer 

(Rajagopal et al., 2003). AGP was also reported to have cytotoxic activity against 

various cancer cell lines representing different tumour types (Jada et al., 2007; 

Manikam and Stanslas, 2009) but lacked tumour selectivity (Jada et al., 2007). In 

addition, this compound demonstrated the ability to induce G1 cell cycle arrest 

through induction of p27 and decreased expression of cyclin-dependent kinase 

(CDK) 4 in human tumour cell lines (Rajagopal et al., 2003).  
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Recent findings revealed AGP had anti-metastatic (Shi et al., 2009) and anti-

angiogenic potential by decreasing MMP (matrix metalloproteinase) -7 expression in 

human colorectal carcinoma Lovo cells (Sheeja et al., 2007) and VEGF (vascular 

endothelial growth factor) expression in cancer cells (Zhao et al., 2008), 

respectively.  

 

Another study by Pratheeshkumar et al. (2011) demonstrated using human umbilical 

vein endothelial (HUVEC) cells that the administration of AGP significantly 

retarded endothelial cell proliferation, migration and invasion as well as tube 

formation and inhibits in vitro angiogenesis by inhibiting MMP-2 and MMP-9 by 

regulating the nuclear translocation of transcription factors, such as p65, p50, c-Rel 

subunits of nuclear factor-κB, c-fos, activated transcription factor-2 and cyclic 

adenosine monophosphate (cAMP) response element-binding protein.  

 

The effect of AGP on apoptosis is controversial. AGP is capable of protecting 

immune cells (thymocytes) or endothelial cells against apoptosis (Chen et al., 2004; 

Burgos et al., 2005). On the other hand, other reports suggest that AGP could induce 

apoptosis by activating the caspase cascade and by regulating Bcl-2 family proteins 

in human tumour cells (Kim et al., 2005; Zhou et al., 2006). In human leukaemic 

HL-60 cells, induction of apoptosis was linked with leakage of mitochondrial 

cytochrome c and upregulation of Bax expression (Cheung et al., 2005). The 

compound also displayed cell differentiation and apoptosis in acute promyelocytic 

leukaemia cells (Manikam and Stanslas, 2009). However, the detailed molecular 

mechanisms of AGP-induced apoptosis are still largely unknown and being actively 

studied by various groups (Shi et al., 2009; Yang et al., 2009; Chao et al, 2010; Lee 
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et al., 2010a; Lee et al., 2010b; Parichatikanond et al., 2010; Yang et al., 2010; Zhou 

et al., 2010; Lee et al., 2011; Lin et al., 2011).  

 

The elucidation of the mechanism of action of AGP remains inexplicable although 

many models have been proposed to illustrate the antitumour properties of AGP. 

However, the most intriguing finding on the mechanism of antitumour activity of 

AGP came from a study by Liang et al. (2008), who revealed this compound had a 

novel mechanism through its ability to promote degradation of the oncoprotein v-Src 

by attenuation of the Erk1/2 signalling pathway. A more recent finding by Tan et al. 

(2010) points to AGP‟s ability to exert its antitumour activity by affecting the 

receptor trafficking in cancer cells. The above proposed mechanisms are supported 

in part by the discovery that AGP predicted to have novel mechanism of action 

through the analysis of the USA National Cancer Institute (NCI)‟s in silico self-

organising map (SOM) (Jada et al., 2007). 

 

Due to the immense studies reported on the pharmacological properties of AGP, in 

particular its anticancer activity, attempts to improve its antitumour potential was 

performed by derivatising AGP through various chemical modifications (Nanduri et 

al., 2004; Jada et al., 2006). The UPM group produced derivatives of AGP by 

coupling the two hydroxyl groups at C-3 and C-19 in the presence of various 

substituted benzaldehydes; an improvement in the antitumour activity of the 

derivatives was observed (Jada et al., 2008). 

 

The biological activity of AGP derivatives revealed their ability to inhibit the growth 

of breast and colon cancer cells in vitro through the induction of cell cycle arrest and 
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apoptosis as well as displayed enhanced antitumour activities in comparison with the 

parent compound (Jada et al., 2008). One of the derivatives termed SRJ23 (3, 19-(3-

chloro-4-fluorobenzylidene andrographolide) showed potent and selective growth 

inhibitory effect against prostate cancer cells in the NCI in vitro screen (Jada et al., 

2008). However, the exact mechanism of the anti-prostate cancer activity of SRJ23 is 

still largely unknown. Therefore, in the present study, investigation of the in vitro 

growth inhibitory properties and examination of the mechanisms of cell cycle arrest 

and apoptosis induced by SRJ23 were performed in a panel of prostate cancer cells. 

 

 
 

 

Figure 1.1: Chemical structures of AGP and its derivatives. 
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1.2 Hypothesis 

 

SRJ23 is able to inhibit growth of prostate cancer cell lines by inducing cell cycle 

arrest and apoptosis through modulation of key proteins involved in growth and 

survival. 

 

1.3 Objectives 

 

The general objective of this study was to determine the in vitro anti-prostate cancer 

potential of SRJ23. Therefore, the study was undertaken with the following specific 

objectives:  

 

1. To determine the in vitro growth inhibitory effects of SRJ23 on a panel of 

prostate cancer cell lines. 

2. To determine the cell cycle arrest induced by SRJ23. 

3. To investigate the mode of cell death induced by SRJ23. 

4. To determine the mechanisms of cell cycle arrest induced by SRJ23 by 

evaluating the expression of key cell cycle mediators. 

5. To determine the mechanisms of apoptosis induced by SRJ23 by evaluating 

the expression of key apoptotic mediators. 
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