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Abstract 

Marine indole-based compounds, including precursors and isomers of the ancient 

purple dye, Tyrian purple, are known for their biological activity. In particular, the 

precursors 6-bromoisatin and tyrindoleninone from the Australian whelk, Dicathais 

orbita are compounds that have gained specific interest over the past few years for 

their anticancer effects in several cancer cell lines. Previous in vivo studies in mice by 

administration of D. orbita extract has indicated the potential for these bioactive 

compounds to prevent colon cancer, but with possible idiosyncratic liver toxicity. 

Therefore, purification of the most likely bioactive compounds (tyrindoleninone and 

6-bromoisatin) from D. orbita could be helpful to enhance the anticancer properties 

and potentially reduce the toxicity associated with the crude extract. Synthetic 6-

bromoisatin is commercially available, so testing the pure synthetic compound will 

also help confirm any activity associated with this compound. Tyrindoleninone is a 

compound which can be easily oxidized to other components. Therefore, stabilizing it 

by using antioxidants might be beneficial to increase its bioactive effects. The 

objective of this project was to optimize the purification of tyrindoleninone and 6-

bromoisatin and examine the effects of these compounds, along with crude extract 

from D. orbita, on colorectal cancer in vitro and in vivo. The toxicity of these 

compounds and extracts was also assessed in vivo to establish the safety of these 

compounds in the body system.  

To optimize the purification of tyrindoleninone and 6-bromoisatin, initially the 

compounds were separated from the extract using thin layer chromatography (TLC) 

using a gradient of hexane, dichloromethane and methanol. Then flash 

chromatography was used to purify these compounds using the most effective solvent 
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system from TLC. The purified compounds were analysed using liquid 

chromatography/mass spectrometry (LC/MS) to confirm their identity and purity. The 

chemical composition of crude extracts from egg masses and hypobranchial glands 

were also compared by LC/MS and found to contain a very similar percent 

composition of the main brominated compounds. In order to inhibit the degradation of 

tyrindoleninone, a fraction containing tyrindoleninone and tyrindolenine was exposed 

to oxygen overnight in the presence of two antioxidants, Vitamin A and Vitamin E, 

and then reanalysed by LC/MS. The synergic anti-proliferative effect of 

tyrindoleninone with the most effective antioxidant was then tested on HT29 cells 

using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl) tetrazolium bromide (MTT) assay. 

The antioxidant experiment showed that 0.1 % Vitamin E was the most effective 

antioxidant for inhibiting tyrindoleninone degradation, but it failed to increase the 

cytotoxic effect of tyrindoleninone on HT29 cells and in fact appeared to provide some 

protection against the cytotoxic properties of tyrindoleninone. 

In the next in vitro experiments, an egg mass extract was used for purification of the 

bioactive compounds with the optimised flash silica chromatography method. 

Bioassay guided fractionation was performed to identify the compounds with the 

greatest antiproliferative effects against colon cancer cells. The identity of the main 

bioactive compounds was confirmed by LC/MS, GC/MS and NMR as tyrindoleninone 

(>99% purity) and 6-bromoisatin (90% purity). These compounds were then tested for 

cytotoxic, apoptotic or necrotic effects using MTT, caspase 3/7 and membrane 

integrity assays respectively, on HT29 and Caco2 cells. The apoptotic effects of the 

bioactive compounds were confirmed by flow cytometry using Annexin-V-FITC and 

PI staining. Cell cycle analysis was also performed on HT29 cells treated with the 
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most bioactive compound. The 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) assay showed that semi-purified 6-bromoisatin inhibited the viability 

of both cell lines (IC50= 100 ɛM). The fraction containing 6-bromoisatin activated 

caspase-3 and -7 enzymes in Caco2 and HT29 cells at approximately 100 µM (0.025 

mg/mL) and 200 µM (0.05 mg/mL) respectively, much lower concentrations than 

those required to cause LDH release and necrosis (~1000 to ~2000 µM). Flow 

cytometry showed that semi-purified 6-bromoisatin (~200 ɛM) induced 77.6% 

apoptosis in HT29 cells. Cell cycle analysis showed the accumulation of 25.7% of 

HT29 cells treated with semi-purified 6-bromoisatin (~100 ɛM) in G2/M phase. The 

other compound, tyrindoleninone, was also found to inhibit the proliferation of Caco2 

cells (IC50= 98 ɛM) and HT29 (IC50= 390 ɛM). Caspase-3 and -7 activity significantly 

increased only in HT29 cells treated with 195 µM (0.05 mg/mL) tyrindoleninone. 

LDH was released in both cell lines treated with high concentrations of 

tyrindoleninone. 

In an in vivo trial, the effects of the purified tyrindoleninone and semi-purified 6-

bromoisatin, along with the crude extract were tested for prevention of colorectal 

cancer in a two week mouse trial to determine whether these compounds can enhance 

the acute apoptotic response to genotoxic carcinogens (AARGC). The anti-

proliferative effects of the extract and purified/semi-purified compounds were also 

tested by immunohistological examination using Ki-67 antibody. To evaluate any 

possible toxicity of the compounds, mouse general health, behavior, body weight and 

liver weight were assessed. Liver damage was also tested using histopathology and 

also biochemistry by measuring liver enzymes (ALT, AST and ALP) in the serum. 

Some other biochemical and also hematological blood tests were performed to 
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evaluate any other toxicity or side effects in blood and kidney. Semi-purified 6-

bromoisatin (0.05 mg/g) was found to be the most bioactive compound in the crude 

extract capable of enhancing the apoptotic index in distal colon of mice. 

Tyrindoleninone did not increase the apoptotic index significantly. Semi-purified 6-

bromoisatin did not show any toxic effect on liver, as indicated by no significant 

difference in the liver enzymes in comparison to the controls. In contrast, 

tyrindoleninone caused an increase in AST level compared to the saline control and 

also caused a reduction in red blood cell counts. 

In my last experiment, pure synthetic 6-bromoisatin was tested for in vitro anticancer 

activity and prevention of the colorectal cancer using the same in vivo model. 

Administration of pure synthetic 6-bromoisatin to the mice, confirmed the results from 

the semi-purified 6-bromoisatin, with a significant increase in apoptosis at 0.05 mg/g, 

without any sign of toxicity in the liver or blood cells. However, a decrease in the 

potassium levels in the blood indicated the possibility of a diuretic effect associated 

with synthetic 6-bromoisatin.  

This research confirmed the anticancer effects of 6-bromoisatin against two colorectal 

cancer cell lines in vitro, as well as the potential cancer preventative effects in vivo 

based on the ability to induce apoptosis in DNA damaged cells. This supports the 

potential development of this molluscan extract or natural 6-bromoisatin as a 

nutraceutical for chemoprevention of colorectal cancer. In addition, synthetic 6-

bromoisatin is a promising lead for further pharmaceutical development for prevention 

of this disease. However, future studies in longer term animal models are required to 

confirm that the early stage prevention of tumors by apoptosis in DNA damaged cells 
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by 6-bromoistain does prevent the formation of actual tumors at the later 

developmental stages. 
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1.1 Colorectal cancer 

Colorectal (CRC) often called colon or bowel cancer, is the third most common cancer 

worldwide (McLeod et al., 2009, Jemal et al., 2011) and the second leading cause of 

cancer-related death in the United States (Chan and Giovannucci, 2010). About 1.2 

million new incidences of CRC (9.7% of all cancers excl. non-melanoma skin cancers) 

and 608,000 deaths have been reported globally in 2008 (Ferlay et al., 2010). The 

highest incidence rates of CRC have been reported in Australia and New Zealand, 

North America and Europe, while the lowest rates found in South-Central and Asia 

Africa (Jemal et al., 2011). More than two-third of the CRC cases are in the colon and 

less than one-third occur in the rectum (ACS, 2013). The tumor usually starts as a 

noncancerous polyp which grows in the colon or rectum and can become cancerous. 

Adenomas or adenomatous polyps are one type of these polyps that have the potential 

to develop into cancer (Levine and Ahnen, 2006). It is estimated that one-third to one-

half of all people develop one or more adenomas during their life (Schatzkin et al., 

1994, Bond, 2000); however, just less than 10% of adenomas become cancerous 

(Levine and Ahnen, 2006). More than approximately 95% of colorectal cancers are 

adenocarcinomas, but there are several less common kinds of tumors that may also 

develop in the colon and rectum, such as carcinoid tumors, gastrointestinal stromal 

tumors and lymphomas (Stewart et al., 2006, Cascinu and Jelic, 2009). Once the 

cancer forms, it can invade the colon wall and rectum and also penetrate lymph vessels 

or blood (ACS, 2013). It usually takes about 10-15 years for CRC to develop (Kelloff 

et al., 2004). Lifetime risk for being diagnosed with CRC has been reported about 5% 

in both males and females (ACS, 2013). 



3 

 

1.2 Biology of colorectal cancer  

CRC develops from the progressive accumulation of mutations in tumor suppressor 

genes and oncogenes that activate pathways for CRC initiation and progression in a 

multistep process (Migheli and Migliore, 2012). To date, four main molecular 

pathways have been identified in association with CRC carcinogenesis, including 

chromosomal instability pathway (CIN), CpG island methylator phenotype pathway 

(CIMP), the microsatellite instability pathway (MSI) and the serrated pathway (Figure 

1.1); (Harrison and Benziger, 2011). 
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Figure 1.1 Adenocarcinoma progression model for colorectal cancer by Harrison and 

Benziger (2011). CIN = Chromosomal Instability pathway; CIMP = CpG Island 

Methylator Phenotype pathway; MSI = Microsatellite Instability pathway; MMR = 

Mismatch Repair system. BRAF is a member of the RAF family of serine/threonine 

kinases. Mutation in BRAF leads to activation of the cellular proliferation (Minoo et 

al., 2007) which is associated with aberrant genomic methylation in CRC (Nagasaka 

et al., 2008). Mutation in APC and P53 which are tumour suppressor genes and KRAS, 

which is an oncogene, are also linked to CRC.  
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The CIN pathway is the most common genetic aberration, occurring in 80-85% of 

CRC (Grady and Carethers, 2008). It is associated with a mutation in the adenomatous 

polyposis coli (APC) gene (a tumour suppressor gene) and KRAS gene (a proto-

oncogene) (Harrison and Benziger, 2011). In this pathway, mutations of the APC gene 

predispose adenoma formation. Larger adenomas and early carcinoma formation 

involves mutation of KRAS and loss of chromosome 18q with SMAD4 protein that is 

downstream of transforming growth factor-ɓ (TGFɓ), followed by mutations of P53 

in the carcinoma (Walther et al., 2009). KRAS mutations have been found in over 50% 

of the CRC cases. This demonstrates the important role of this gene in the pathogenesis 

of CRC (Yuen et al., 2002). The KRAS gene plays an important role in cellular 

proliferation by intracellular signal transduction and extracellular signal integration 

(Harrison and Benziger, 2011).  

The CIMP pathway is the second most common pathway (15% of all sporadic CRC) 

in colorectal carcinogenesis (Boland et al., 2009) and is associated with 

hypermethylation of the respective promoters that result in silencing of tumour 

suppressor genes (Kim and Kim, 2010). The KRAS gene has also been shown to have 

a prominent role in the CIMP pathway (Jiang et al., 2009). The MSI pathway is 

associated with the mismatch repair (MMR) system that corrects DNA polymerase 

errors during replication, so this pathway relates to any mutation in the MMR system 

that impairs its efýcacy (Vilar and Gruber, 2010, Shah et al., 2010). Finally, the 

serrated pathway is a distinct pathway to CRC carcinogenesis that has been recognized 

recently (Sheffer et al., 2009). This pathway explains the progression of serrated 

polyps (sessile serrated adenomas and traditional serrated adenomas) to CRC (Leggett 

and Whitehall, 2010).  
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There are several other biochemical pathways that act in conjunction with the above 

mentioned pathways that can predispose people to the development of cancer 

(Harrison and Benziger, 2011). Mutation of the P53 gene is one of the most common 

predispositions that has been recognized in approximately 50% of all CRC (Kern et 

al., 2002) and occurs with high frequencies in some other cancers as well (Harrison 

and Benziger, 2011). P53 is a tumor suppressor that is triggered in cellular stress 

conditions such as hypoxia, DNA damage, depletion of nucleosides and oncogenes 

(Molchadsky et al., 2010). The other pathways that are involved with development of 

CRC include the TGF-ɓ pathway (Harrison and Benziger, 2011), the EGFR pathway 

(Roda et al., 2007) and loss of heterozygosity (LOH) of 18q (Popat and Houlston, 

2005).  

Inflammation has also been shown to have an important role in CRC carcinogenesis. 

Chronic inflammation can often predispose people to the development of cancer 

(Terziĺ et al., 2010, Harrison and Benziger, 2011). This has been evidenced by 

increased incidence of CRC in patients suffering from inþammatory bowel disease 

(IBD) (Harpaz and Polydorides, 2010, Harrison and Benziger, 2011). This process 

involves a complex interplay of various inflammatory factors, such as cyclo-

oxygenase-2 (COX2), TNF-Ŭ, NF-əB and toll like receptors (TLR) (Zisman and 

Rubin, 2008). The role of COX2 is highlighted in studies showing that genetically 

modified mice deficient in the APC gene had a lower rate of polyp formation after 

treatment with a COX2 inhibitor (Kitamura et al., 2004). Activation of NF-kB has 

been linked to the expression of anti-apoptotic factors (Bcl-2 family members) and 

various inflammatory cytokines and also COX2 (Harrison and Benziger, 2011). 

Activation of TNF-a has also been associated with the activation of inflammatory 
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responses via NF-kB or activation of caspase-8 (Balkwill, 2006). People who are 

predisposed to CRC via these pathways, genetic mutation of P53 and other genes, or 

due to IBD, could benefit from functional foods or nutracueticals that reduce the risk 

of CRC developing. 

1.3 Treatment and prognosis of colorectal cancer 

The treatment and prognosis of CRC often depends on its stage. Staging is a process 

that shows whether the cancer has spread and how far and how widespread it may be 

at the time of diagnosis. The two most usual systems using for staging colorectal 

cancer are: 1) the Tumor Node Metastasis (TNM) system, which is used more often in 

clinical studies; and 2) the Surveillance, Epidemiology and End Results (SEER) 

summary staging system, which is used to statistically describe and analyze tumor 

registry data. The SEER summary staging system shows the spread of the cancer in 

relation to the wall of the colon and rectum or other tissues next to them and also other 

distant organs. This system includes four stages (ACS, 2013): 

1) In situ: the cancer has not invaded into the wall of colon or rectum   

2) Local: the cancer has invaded into the wall of colon or rectum but not through the 

nearby tissues 

3) Regional:  the cancer has invaded into the wall of colon or rectum and also in to 

the nearby tissue such as lymph nodes 

4) Distant: the cancer has spread to the distant organs such as the liver, lung, 

peritoneum and ovaries 

Surgery, chemotherapy, radiation therapy and targeted therapies, called monoclonal 

antibodies, are the four main types of treatment for colorectal cancer. Polypectomy 
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(polyp removal) at the in situ stage, and surgery during the localized stage of CRC are 

the standard treatments and might be the only treatment needed for early cancers. The 

5-year survival rate for people in these two stages of CRC are 90%, but only 39% of 

colorectal cancers are diagnosed at early stages because most people with early colon 

cancer do not have any symptoms of the disease (ACS, 2013). If the cancer is in the 

regional stage and has spread to nearby lymph nodes, adjuvant chemotherapy and 

radiation therapy are usually recommended with surgery to lower the risk of 

recurrence. The 5-years survival rate decreases to 70% at this stage (ACS, 2013). For 

cancer in the distant stage that has spread to other organs, the aim of surgery is usually 

to prevent colon blockage and other local complications, though surgery is not 

recommended in all cases. Patients with CRC at the distant stage might be given 

radiation, chemotherapy and targeted monoclonal antibody therapies, in combination 

or alone, to prolong life and relieve the complications (ACS, 2013). The 5-years 

survival rate drops to only 12% at this stage (ACS, 2013). 

As discussed, surgery is the main treatment for colon cancer and segmental resection 

is performed in most operations. However, 40-60% of stage II patients who are not 

typically eligible for adjuvant chemotherapy and undergo resection, die because of 

metastasis (Liefers et al., 1998). Some side effects of surgery include blood clots in 

the legs, bleeding from the surgery, damage to nearby organs during the operation, 

infection and adhesions that can cause the bowel to become blocked (Obrand and 

Gordon, 1997, Benson et al., 2004), temporary or permanent colostomy, constipation 

or diarrhea, sexual dysfunction in men and the possibility of fatigue for a long term 

(ACS, 2013). 
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Adjuvant chemotherapy (after surgery) and/or neoadjuvant chemotherapy (before 

surgery) can increase the survival rate for CRC patients by reducing the risk of 

recurrence and metastasis because it may eliminate a small number of cancer cells that 

may have escaped from the primary tumor and settled in other organs (ACS, 2013). 

Fluorouracil (5-FU) is one of the most common chemotherapies used after, or before 

surgery, and in metastatic CRC as part of the treatment (de Gramont et al., 2000, ACS, 

2013) and provides a 78% three year survival rate (André et al., 2004). The 

combination of 5-FU, irinotecan and leucovorin (FOLFIRI) has been used as the first-

line chemotherapy regime for metastatic colorectal cancer (Van Cutsem et al., 2011). 

The addition of cetuximab (targeting monoclonal antibody) to FOLFIRI in patients 

with KRAS wild-type disease was shown to significantly increase the survival rate 

(Van Cutsem et al., 2011). Oxaliplatin is another drug that is often used after surgery 

or for the treatment of metastatic CRC (ACS, 2013). The first-line oxaliplatin-based 

chemotherapy regime in patients with metastatic CRC are 5-FU/folinic acid plus 

oxaliplatin (FOLFOX-4) and capecitabine plus oxaliplatin (XELOX), (Saltz et al., 

2008). The addition of bevacizumab to oxaliplatin-based chemotherapy in patients 

with metastatic colorectal cancer significantly improved the median progression-free 

survival (Saltz et al., 2008). 

Although chemotherapy drugs can kill cancer cells, they may also damage some 

normal cells. The type of chemotherapy drugs, length of treatment and their dosage 

are the main factors that determine the severity of side effect associated with these 

drugs (ACS, 2013). For example, 5-FU and leucovorin, as a standard chemotherapy 

for metastatic colorectal, has many serious side effects reported, such as 

myelosuppression, mucositis (Elting et al., 2003, Benson et al., 2004, Peterson et al., 
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2013), peripheral sensory neuropathy (Cassidy et al., 2008), pulmonary embolus, 

myocardial infarction and death (Rothenberg et al., 2001). There are some other side 

effects associated with current chemotherapeutic treatment regimes, such as 

neutropenia leading to infection (Hoff et al., 2001), bleeding or bruising after minor 

cuts or injuries (due to a shortage of blood platelets); (Benson et al., 2004), fatigue 

(due to low red blood cell counts); (Cassidy et al., 2008), myocardial infarction, 

pulmonary embolus, stroke and death (Rothenberg et al., 2001). 

Although 5-FU and leucovorin are relatively inexpensive, many of the anti-cancer 

drugs used in chemotherapy are very expensive. It has been reported that adding 

combinatorial therapy drugs such as oxaliplatin to leucovorin/5-FU can significantly 

improve the 6-year overall survival rate in the adjuvant treatment of stage II or III 

colon cancer (André et al., 2009), but 5-FU or leucovorin, with a combination that 

includes oxaliplatin or irinotecan, costs at least $20,000 to $30,000 for 6 months 

treatment (Lines, 2008). Cheaper combinatorial therapies could be tested using known 

anticancer compounds that are no longer under patent protection by pharmaceutical 

companies. 

Similar to chemotherapy, radiation therapy alone or in combination with 

chemotherapy can be also used with surgery to lower the risk of recurrence and 

increase the survival rate for CRC patients (ACS, 2013). However, radiation therapy 

is more effective for patients with rectal cancer than colon cancer (Glimelius et al., 

2003). In addition, there are some side effects associated with radiotherapy such as 

nausea, sexual problems, diarrhea, fatigue, bladder irritation and rectal irritation. 

Bladder or rectal irritation can be a permanent side effect (ACS, 2013). 
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Symptoms of CRC usually appear with more advanced disease and most of patients 

with CRC often remain undiagnosed until they present with metastasis and 

micrometastases (Beart Jr et al., 1990, Brown and DuBois, 2005), thus increasing 

global mortality from CRC, which is approximately 50% of incidence (IARC, 2008). 

Therefore, due to the morbidity and poor prognosis of the cancer therapy regimes, 

along with the large economic burden colorectal cancer presents, prevention of this 

disease is an important priority (IARC, 2008). 

1.4 Prevention of colorectal cancer 

1.4.1 Screening tests: 

Although the exact cause of most colorectal cancer is not known, it is possible to 

prevent many colorectal cancers. Therefore a significant body of research is focused 

on identifying causes and new ways to prevent colorectal cancer. For the early 

detection of cancer, screening or testing can be done to find any abnormalities, like 

the detection of polyps that might eventually become cancer, before any signs and 

symptoms of disease (ACS, 2013). These polyps can be removed and thus prevent the 

development of cancer.  

There are two groups of screening tests for colorectal cancer. In the first group there 

are two tests that primarily detect cancer (stool tests) as follow (ACS, 2013): 

a) Fecal occult blood test (FOBT): Blood vessels at the surface of colorectal tumors 

or some large  polyps can be damaged by the passage of faeces, so hidden blood 

in stool can be determined by this test (ACS, 2013). 

b) Stool DNA test: DNA mutations often affect certain genes in colorectal cancer 

cells (such as the APC gene, p53 tumor suppressor gene and K-ras oncogene). 
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Studies are testing new ways to find the polyps and colorectal cancers at earlier 

stage by screening DNA mutations in the cells found in stool samples (Diehl et al., 

2008). 

Although some polyps may be detected by these tests, the potential for detecting 

adenomatous polyps are incidental and cannot be the aim of these tests (ACS, 2013). 

In the second group, there are some tests that detect both precancerous growths 

(adenomatous polyps) and cancer as follow: 

a) Flexible sigmoidoscopy: The rectum and part of the colon can be viewed by this 

method to detect any abnormality. If a polyp or tumor is observed, the patient can 

be further examined by colonoscopy.  

b) Colonoscopy: This is a longer version of a sigmoidoscope and allows the doctor 

to monitor the lining of the rectum and the entire colon and remove the polyps if 

present (ACS, 2013). Colonoscopy can prevent approximately 65% of colorectal 

cancer incidents (Brenner et al., 2007). The rescreening interval for colonoscopy 

is the longest among other tests and it is not required to be repeated for 10 years if 

the exam is normal (Levin et al., 2008).  

c) Barium enema with air contrast: Barium sulphate is used to fill and open up the 

colon and it spreads throughout the colon. Then an x-ray picture can be used to 

determine large polyps (ACS, 2013). 

d) Computed tomographic colonography (CTC): This is also called virtual 

colonoscopy. In this method the colon is opened by a flexible tube that allow air 

or carbon dioxide be inserted to the colon. Then a special x-ray machine is used to 

CT scan the colon and rectum. Patients are referred to colonoscopy if any polyp is 

observed (Butterworth et al., 2006, Johnson et al., 2008).  
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For the early detection of cancer, screening tests can be helpful to find abnormalities 

in the bowel (Cappell, 2007). However, there are some limitations and there can be 

complications with the testing procedures. Indeed, stool tests are useful to detect 

colorectal cancer, but they are not reliable for finding premalignant colonic polyps that 

might eventually become cancer (ACS, 2013). Among the other mentioned tests, 

colonoscopy has been shown as a most sensitive method to detect adenomatous polyps 

or CRC by preventing approximately 65% of colorectal cancer incidents (Rockey et 

al., 2005, Brenner et al., 2007). However, colonoscopy has a higher risk of 

complications when compared to other tests, such as bowel tears or bleeding, 

especially when specialists remove a polyp (Levin et al., 2008). In addition, screening 

tests are not always successful due to some problems such as ineffective 

implementation of protocols by physicians, under-referral for screening, patient fears 

about screening tests and test costs (Cappell, 2007). 

1.4.2 Impact of life style in colorectal cancer prevention 

Lifestyle alteration is an important way to lower the risk of developing colorectal 

cancer. CRC is initiated via the alteration of genes in a multistep process and is 

classified into hereditary and sporadic cases (Benito and Díaz-Rubio, 2006). More 

than 95% of colorectal cancer cases are sporadic, without a significant hereditary risk 

(Watson and Collins, 2011). A few non-modifiable hereditary factors increase the risk 

of CRC, such as the family history of colorectal cancer (Butterworth et al., 2006), 

chronic inflammatory bowel disease (Bernstein et al., 2001) and diabetes (Huxley et 

al., 2009). So CRC is usually preventable because it is mainly associated with 

environmental factors (Lynch and de la Chapelle, 2003, Gingras and Béliveau, 2011).   
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Lifestyle, especially in western populations (physical inactivity, smoking and 

drinking, high caloric intake and obesity), is an important factor in the etiology of CRC 

(Le Marchand et al., 1997). Therefore, changes in lifestyle to reduce the risk of 

developing CRC is recommended (Cappell, 2007). Eating plenty of vegetables, fruits 

and whole grain food can reduce the intake of high-fat foods like red and processed 

meat (Courtney et al., 2004, Cappell, 2007). Studies have shown some potential 

mutagens are present in meat cooked diets, such as heterocyclic amines (HCAs) and 

polycyclic aromatic hydrocarbons (PAHs) (Cross and Sinha, 2004). These 

carcinogens produce different types of DNA-adducts, which can cause damage and 

mutation in DNA resulting in the formation of aberrant crypt foci (ACF), mucosal cell 

clusters, polyps, adenomas or colonic polyps, and ultimately adenocarcinomas (Al-

Saleh et al., 2008, Cappell, 2007).  

Some studies suggest taking daily calcium, Vitamin D and folic acid to reduce 

colorectal cancer risk (Park et al., 2007). Another recent study showed that a high 

magnesium diet may also reduce colorectal cancer risk in Japanese men (Ma et al., 

2010). There are some studies that show long-term and regular use of non-steroidal 

anti-inflammatory drugs (NSAIDs) such as aspirin, ibuprofen and naproxen is 

associated with the lower risk of colorectal cancer (Giardiello et al., 1995, Rothwell et 

al., 2010). Cyclooxygenase-2 (COX-2) inhibitors such as celecoxib are also useful 

(Steinbach et al., 2000). However, NSAIDs can cause serious side effects such as 

gastrointestinal bleeding and selective COX-2 inhibitors can cause heart attack, so 

NSAIDs or selective COX-2 inhibitors are not advised as CRC chemopreventatives, 

due to uncertainties about their potential toxicity, appropriate dose and effectiveness 

(ACS, 2013).  
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Some other risk factors such as physical inactivity (Kirkegaard et al., 2010), alcohol 

consumption (Ferrari et al., 2007), smoking and obesity (Huxley et al., 2009) have 

been shown to increase the risk of CRC. Physical activity for 45 minutes on 5 days per 

week and decrease in smoking can lower the risk for colorectal cancer (Soerjomataram 

et al., 2007, ACS, 2013). Nevertheless, implementing global life style alteration is 

inherently difficult (Courtney et al., 2004). For example, the trend towards diets that 

are too high in calories and fat in the last few decades have increased the susceptibility 

to CRC (Shike, 1999). It is believed that overall mortality from cancer is unlikely to 

be changed statistically unless there is trend towards increased use of scientifically 

substantiated natural products as a new chemopreventatives (Reddy et al., 2003).  

1.5 Natural products benefits and their anticancer properties 

An important strategy for the development of new medicines owes its success to the 

discovery of bioactive natural products. In recent decades many of the new antibiotics 

and new antitumor drugs approved by the US Food and Drug Administration (FDA), 

or comparable entities in other countries, were natural products or derived from natural 

products (Harvey, 2000, Esmaeelian et al., 2007, Newman and Cragg, 2012). Natural 

products have been used as traditional anticancer medicines for thousands of years 

(Rajamanickam and Agarwal, 2008). They are usually low toxic, cost effective and 

socially acceptable alternatives to pharmaceutical chemopreventatives (Manson et al., 

2005). Of the 183 antitumor agents approved world-wide from the beginning of formal 

chemotherapy (World War one mustard gas) until middle of June 2012, 87 compounds 

(48 %  of total) are natural products or derived from natural products (Newman and 

Giddings, 2013). For examples, some current anticancer natural product drugs 

approved in 2012 include homoharringtonine (a cephalotaxine alkaloid) with the name 
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of Omacetaxine, approved by FDA to treat chronic myeloid leukemia (Newman and 

Cragg, 2012) and another drug with the name of mitoxantrone (a derivative of an 

anthraquinone), approved by the European Medicines Evaluation Agency (EMEA), 

for treatment of B cell lymphomas (Newman and Giddings, 2013). Results from a 

clinical trial revealed that 12 months treatment with garlic extract significantly 

reduced the number and size of colonic adenomas in patients with CRC (Tanaka et al., 

2006, Rajamanickam and Agarwal, 2008). 

Polygenic cancer drug resistance has been identified in conventional chemotherapy 

over the past decade, which limits the utility of the associated drugs (Al-Lazikani et 

al., 2012). One strategy to resolve this challenge could be the replacement of the 

conventional chemotherapy with combinatorial targeted therapy (Al-Lazikani et al., 

2012). The last decade has seen a renaissance in applying combinatorial chemistry to 

natural product libraries for the development of novel multi-target therapies (Boldi, 

2010). For example, the inhibiting effects of the natural products geldanamycin and  

radicicol has been combined with the purine scaffoldon the molecular chaperone 

HSP90 for a novel targeted cancer treatment reviewed by Workman et al. (2007).  

One of the benefits of the natural compounds in crude organic extracts, such as 

typically used nutraceuticals, could be the synergic effect of some bioactive 

compounds that increase each other's effectiveness. This synergic effect has been 

shown in several extracts with various activities, including anticancer and 

antimicrobial activities (Bankole et al., 2008, Chen et al., 2010, Machana et al., 2012). 

However, some potential toxicity, especially on liver and kidney, have been reported 

in association with certain compounds in some crude extracts (Huang and Sun, 2010, 

Nascimento et al., 2012). This toxicity can be eliminated by isolating or fractionating 
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the bioactive compounds from the crude extracts, although possibly limiting the 

potential synergic interaction of the purified compounds with others. Quality control 

for developing nutraceuticals and pharmaceuticals is an important issue that requires 

identification of the main bioactive components and efficacy studies using the purified 

compounds. 

1.5.1 Marine natural products and molluscs as a potential source of anticancer 

compounds  

One of the major sources for natural products comes from marine environment, due to 

the vast biodiversity in this environment it is expected that there are still a great variety 

of potential bioactive compounds in organisms that are yet to be discovered or 

chemically screened for novel secondary metabolites (Blunt et al., 2013). The ocean 

covers about 70% of the earth and the biodiversity of marine organisms and their 

associated natural products is much greater than the terrestrial environment (Haefner, 

2003). Marine natural products play a major role in the discovery and development of 

new drugs (Nuijen et al., 2000). Over 7000 marine natural products and 2500 different 

metabolites have been isolated from species such as algae, bryozoans, sponges, 

tunicates and molluscs (Jimeno et al., 2004).  

In 1950, some of the first bioactive compounds, such as spongouridine, 

spongothymidine and c-nucleosides, were discovered from marine resources (Nuijen 

et al., 2000, Newman and Cragg, 2007). 1-Beta-d-arabinofuranosylcytosine (Ara-C), 

a synthetic analogue derived from the structure of these compounds, showed anti-

proliferation activity against acute myeloid leukaemia (Jimeno et al., 2004). Ara-C is 

also called cytosine arabinoside because it combines an arabinose sugar with a 

cytosine base. This compound is incorporated into human DNA due to its similarity 
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with human cytosine deoxyribose (deoxycytidine) which kills cancer cells (Groothuis 

et al., 2000). Ara-C is used for the clinical treatment of leukaemia nowadays (Jimeno 

et al., 2004).  

Some of these marine drugs are in various stages of preclinical or clinical trials, whilst 

others are in their infancy of development (Chin et al., 2006). Simmons et al. (2005) 

have reviewed marine natural products in the various stages of anticancer preclinical 

or clinical trials. For example, Aplidine is a compound isolated from the marine 

tunicate Aplidium albicans and demonstrates in vivo angiogenesis effects in human 

ovarian cancer by arresting the cell cycle at G1 (Taraboletti et al., 2004). Aplidine is 

a cyclic depsipeptide, a cyclic peptide, with a very similar chemical structure to 

didemnin B (Celli et al., 2004). Phase1 clinical trials have shown that Aplidin has 

anticancer activity on pre-treated solid tumours and lymphoma (Jimeno et al., 2004, 

Chin et al., 2006). Some other marine natural products with established mechanism of 

action have been reviewed by Sarfaraj et al. (2012). In addition, marine natural 

products and related compounds as anticancer agents with their clinical status (Five 

molecules approved and 11 molecules currently on the clinical pipeline for anticancer 

chemotherapy) have been comprehensively reviewed in a current review by Petit and 

Biard (2013), (Table 1.1). For example, Ecteinascidin-743 is anti-cancer compound 

derived from a tunicate (sea squirt, Phlyum Chordata). This alkaloid down-regulates 

p-glycoprotein in cell membranes and is in phase II clinical trials for prostate cancer 

and osteosarcoma and phase III for metastatic ovarian cancer and breast cancer (Carter 

and Keam, 2007, Kim, 2013). The FDA and European Commission (EC) granted 

orphan drug status to trabectedin for ovarian cancer and soft tissue sarcomas in April 

2005 (Kim, 2013).  
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Table 1.1 Status of marine-derived natural products in anticancer clinical trials, 

adapted from Petit and Biard (2013) 

 

Compound name Chemical 

Class 

Source Organism Production Clinical status 

Cytarabine  

(Ara-C) 

Nucleoside Sponge, Thetya 

crypta 

Synthesis, 

analogue of 

spongothymidine 

Approved, Cytosar-U® for 

leukemia; Depocyte® for 

lymphomatous meningitis 

Phase I to IV in combination 

therapies 

Trabectedin  

(ET-743) 

Tetrahydrois- 

quinolone 

alkaloid 

Tunicate, 

Ecteinascidia 

turbinata 

Hemisynthesis Approved in EU, Yondelis® for 

sarcoma 

Phase I to III for various cancers 

such as ovarian etc. 

Eribulin 

(E-7389) 

Macrolide Sponge, 

Halichondria okadai 

Synthesis, 

analogue of 

halichondrin B 

Approved, Halaven® for breast 

cancer 

Phase I to III for various cancers 

such as NSCLC etc. 

Brentuximab vendotin 

(SGN-35, MMAE) 

Peptide Mollusc, Dolabella 

auricularia 

Synthesis, 

analogue of 

dolastatin10, 

antibody- drug 

conjugate 

Approved in USA, Adcentris® for 

Hodgkin Lymphoma and sALCL 

Keyhole Limpet 

Hemocyanin (KLH) 

Glycoprotein Mollusc, Megathura 

crenulata 

Extraction Approved, Immucothel® for 

bladder cancer 

Phase I to III for various cancers 

such as myeloma, lymphoma, etc. 

Plinabulin 

(NPI-2358, KPU-2) 

Diketo-

piperazine 

Fungus, Aspergillus 

ustus 

Synthesis, 

analogue of 

halimide 

Phase II 

Plitidepsin 

(dehydrodidemnin B) 

Cyclic 

depsipeptide 

Tunicate, 

Trididemnum 

solidum 

Synthesis Phase I to II, alone, Aplidin® 

Phase I in combination 

Elisidepsin 

(PM02734) 

Depsipeptide Mollusc, Elysia 

rufescens and his 

diet green alga 

Bryospis sp. 

Synthesis, 

analogue of 

kahalalide F 

Phase I to II, Irvalec® 

PM00104 Tetrahydroiso

- quinolone 

alkaloid 

Nudibranch, Joruna 

funebris 

Synthesis, inspired 

by jorumycin, 

renieramycins, 

ET-743 

Phase I to II, Zalypsis® 

PM01183 

(lurbinectedin) 

Alkaloid Tunicate, 

Ecteinascdia 

tubinata 

Synthesis, 

analogue of ET-

743 

Phase I to II 

ILX -651 

(Tasidotin, 

Synthadotin) 

Peptide Mollusc, Dolabella 

auricularia 

Synthesis, 

analogue of 

dolastatin 15 

Phase I to II 

TZT-1027  

(auristatin PE, 

soblidotin) 

Peptide Mollusc, Dolabella 

auricularia 

Synthesis, 

analogue of 

dolastatin 10 

Phase I to II 

MMAE/MMAE+ 

antibody: PSMA-

ADC, ASG-5ME, 

CR011-vcMMAE, 

BAY79-4620, SGN-

35, Glembatumumab 

vedotin CDX-011 

Peptide Mollusc, Dolabella 

auricularia 

Synthesis, 

analogue of 

dolastatin 10, 

antibody- drug 

conjugate 

Phase I to II 

MMAF + antibody: 

AGS-16M8F, SGN-75 

Peptide Mollusc, Dolabella 

auricularia 

Synthesis, 

analogue of 

dolastatin 10, 

antibody- drug 

conjugate 

Phase I  

Salinosporamide A 

(NPI-0052) 

ɓ-lactone ɔ-

lactam 

Bacterium, 

Salinospora tropica 

Synthesis Phase I  

PM060184 Unspecified Sponge Synthesis Phase I 
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The gastropod class of molluscs includes the largest diversity of species (about 80% 

of living molluscs) ranging from an estimated 40,000 to over 100,000 species (Bieler, 

1992). Some potential pharmaceuticals are being developed from the bioactive 

compounds of several species of mollusc (Chin et al., 2006, Benkendorff, 2010). The 

linear peptides derived from Dollabella auricularia, a shell-less mollusc, have 

demonstrated anti-neoplastic, antibacterial and fungicidal properties, as well as anti-

tumour effects on breast and liver cancer (Chin et al., 2006). Of the anticancer 

compounds derived from marine molluscs, Dolastatin-10 and kahalalide F are under 

phase II of clinical trials for the treatment of cancer, as reported by Simmons et al. 

(2005). The bioactive compound Kahalaide F derived from Elysia rufescens, a shell-

less marine mollusc, shows promising anti-tumour activity against breast, melanoma, 

hepatoma and pancreatic carcinomas (Janmaat et al., 2006, Chin et al., 2006). 

Considering the huge species diversity of molluscs and the fact that natural products 

from only <1% of molluscan species have been tested (Benkendorff, 2010), there is 

potential for further new drug development using molluscs as a source of bioactive 

compounds. 

1.5.2 Muricidae molluscs as a source of bioactive compounds  

The family of Muricidae includes a large group of predatory snails (whelks) that live 

in many parts of the world. Dicathais orbita is one of the larger species of muricid, 

which can be found in the southern regions of Australia, New Zealand, Norfolk Island 

and Howe Island (Tan, 2003). It has been investigated due to a number of bioactive 

compounds and pigments produced in its tissues (Baker and Duke, 1973, Benkendorff 

et al., 2000, Benkendorff et al., 2001, Benkendorff et al., 2004, Westley et al., 2010, 

Benkendorff et al., 2011, Edwards et al., 2012, Benkendorff, 2013). 
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The first compound identified from the Muricidae was a brominated indole derivative 

known as Tyrian purple (6,6ô-dibromoindigo); (Friedlaender, 1907); (6, Figure 1.2). 

This compound is stored as a choline ester precursor salt of tyrindoxyl sulphate (1, 

Figure 1.2) in the hypobranchial gland and egg masses of Muricidae marine molluscs 

and produced after a series of oxidative, enzymatic and photochemical reactions 

(Baker, 1974, Benkendorff et al., 2000, Cooksey, 2001, Baker and Duke, 1976, 

Westley et al., 2006). The purple secretion from the Muricidae is also the source of 

ñMurex purpureaò a homeopathic remedy used for the treatment of gynaecological 

disorders, including cancer (Dunham, 1864, Benkendorff et al., 2011). Tyrian purple 

has not revealed any notable biological activity itself, largely due to its insolubility in 

water and most organic solvents (Benkendorff 2013); however, some of its precursors 

such as tyrindoleninone (3, Figure 1.2) and the oxidation product 6-bromoisatin (7, 

Figure 1.2) have shown good anticancer effects on different human cancer cell lines 

(Vine et al., 2007a, Benkendorff et al., 2011, Edwards et al., 2012). For example, 

tyrindoleninone has been reported for its cytotoxic effect on U937 human lymphoma 

cells (Vine et al., 2007a). Furthermore, an extract containing this compound 

significantly reduced cell viability and induced apoptosis in Jurkat cells (Benkendorff 

et al., 2011) and female reproductive cancer cells (Edwards et al., 2012). Studies on 

synthetic 6-bromoisatin, reduced the cell viability of lymphoma U937 and colorectal 

HCT-116 cell lines (Vine et al., 2007a) and purified extracts containing 6-bromoistain 

showed anti-proliferative and apoptotic effects on female reproductive cancer cells 

(Edwards et al., 2012). Moreover, it has been shown that the minor dye pigment of 

Tyrian purple 6,6ô-dibromoindirubin (8, Figure 1.2) is an inhibitor of protein kinase 

and efficiently inhibits cell proliferation by selectively targeting glycogen synthase 

kinase-3 (GSK-3); (Meijer et al., 2003, Leclerc et al., 2001). All known brominated 
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indole metabolites from D. orbita and their generation in the mollusc are shown in 

Figure 1.2. 

 

 

Figure 1.2 Dicathais orbita, the source of biologically active secondary metabolites, 

adapted from Westley and Benkendorff (2008). 
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Crude extracts from D. orbita  have also been shown to have some in vitro anticancer 

activity inducing apoptosis in Jurkat cell lines and these extracts appear to have more 

anti-proliferation activity toward cancer cells in comparison to human untransformed 

mononuclear cells (Vine, 2002, Benkendorff et al., 2011). The crude extract from this 

mollusc has also been tested for in vivo efficacy by Westley et al. (2010) using a short-

term rodent model for the prevention of colorectal cancer. The results from this study 

revealed that the extract induced apoptosis in the colon in response to genotoxic 

damage (Westley et al., 2010). However, a four week toxicity study in mice revealed 

the potential for idiosyncratic liver toxicity associated with the oxidized extract 

(Westley et al., 2013). 

The crude extract from D. orbita used in the in vivo study contained significant 

amounts of brominated indoles, dominated by  tyrindoleninone and 6-bromoisatin 

(Westley et al., 2010). So purification of the most likely bioactive compounds 

(tyrindoleninone and 6-bromoisatin) is required to confirm the active factor(s), 

enhance the in vivo anticancer activity and potentially reduce the idiosyncratic toxicity 

associated with the crude extract (Westley et al., 2013). As some isatin derivatives 

have been shown to be cytotoxic on some normal human cells (Vine et al., 2007a), 

purification of 6-bromoisatin and use of the pure synthetic compound will help 

establish and potential side effects associated with this compound.  

1.6 Preclinical studies for anticancer drug development 

In vitro testing of the purified compounds on colorectal cancer cell lines will help to 

identify the most bioactive compound and the mode of cell death before commencing 

preclinical studies in animal models. Bioassay guided fractionation is a useful method 
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for screening the bioactivity of all compounds in the crude extract, identifying the 

most active components, as well as assessing the possible toxic effects (e.g. necrosis) 

corresponding with any compound or fraction. 

1.6.1 Colon cancer cell lines 

Colorectal epithelial cells are constantly exposed to mixtures of different compounds 

including carcinogens or protective compounds, which can counteract carcinogens 

effects (Patil and Jadhav, 2013). Epithelial cells can be isolated from colon tissue and 

used in primary culture for some studies, such as for testing the effects of tumor 

promoters on these cells, but they are not suitable for assessing the effect of 

chemopreventive compounds (Patil and Jadhav, 2013). For this aim, colon carcinoma 

cell lines have to be used (Patil and Jadhav, 2013). The HT-29 cell line was obtained 

from a Caucasian woman with the primary tumor of adenocarcinoma (Friedman et al., 

1989). HT29 cell line is included in the National Cancer Institute 60 cell lines for in 

vitro screening (Shoemaker, 2006). The Caco2 cell line is derived from heterogeneous 

human epithelial colorectal adenocarcinoma cells, and was developed by Sloan-

Kettering Institute for cancer research (Fogh, 1975). 

1.6.2 Cell viability assays 

Cell viability can be determined using metabolic cell proliferations assays, such as the 

tetrazolium salt, 3-(4, 5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. Tetrazolium salt is actively absorbed into cells and is reduced to yield a 

formazan product in living cells, from a mitochondrial dependent reaction (Cory et al., 

1991). As formazan cannot pass through the cell membrane, it accumulates within the 

cell. By adding a suitable solvent (e.g. isopropanol) to the cells, formazan is 
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solubilized and liberated and can be measured colorimetrically (Mosmann, 1983). This 

ability of living cells to reduce MTT is considered a suitable indicator for cell viability 

because it depends on mitochondrial integrity and activity (Mosmann, 1983). The 

assay has been used in several studies to measure the viability of a variety of cell lines 

including HT-29 and Caco2 cells (Carmichael et al., 1988, Frade et al., 2007). 

1.6.3 Apoptosis or programmed cell death versus necrosis 

Apoptosis or programmed cell death is a particular mode of cell death that eliminates 

unwanted cells characterized by specific changes in nucleus and cytoplasm (Compton 

and Cidlowski, 1992, Hengartner, 2000). Apoptosis is a normal and vital cellular 

process involved in cell turnover, embryonic development, functioning of the immune 

system etc (Elmore, 2007). However, dysregulation of apoptosis is a factor in many 

human diseases, such as autoimmune disorders, neurodegenerative diseases, ischemic 

damage and many types of cancer (Fischer and Schulze-Osthoff, 2005, Elmore, 2007). 

In contrast, necrosis is an alternative process leading to cell death, usually caused by 

acute injury to the cell (Jin and El-Deiry, 2005a). In this kind of cell death, injury can 

destroy the membrane integrity, which leads to release of cytoplasmic constituents to 

the surrounding area (Jin and El-Deiry, 2005a). Unlike apoptosis, necrosis is a 

degenerative process which can trigger an inflammatory response in vivo (Columbano, 

1995, Zong and Thompson, 2006).  

The morphological changes in apoptosis can be identified by light microscopy 

(Häcker, 2000). For example, chromatin condensation and cell shrinkage are 

characteristic features in the early stages of apoptosis that are visible by light 

microscopy (Kerr et al., 1972). Histopathological studies on tissues using with 
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hematoxylin and eosin staining, can also reveal apoptotic cells under a light 

microscope, with single cells or a small cluster of cells with dense purple nuclear 

chromatin fragments and dark eosinophilic cytoplasm (Elmore, 2007). Therefore, light 

microscopy is a good way to visually confirm the presence of apoptotic cells.   

Apoptosis or programmed cell death proceeds via a very complex mechanism, which 

involves an energy-dependent cascade (Fischer and Schulze-Osthoff, 2005, Elmore, 

2007). Two main apoptotic pathways have been identified by researchers: the intrinsic 

or mitochondrial pathway and the extrinsic or death receptor pathway (Elmore, 2007) 

(Figure 1.3). Both of these pathways are linked with cysteine proteases or caspases 

(Igney and Krammer, 2002). There are ten main types of caspases that are categorized 

into initiator caspases (2, 8, 9, and 10), the effector caspases (3, 6, 7) and the 

inflammatory caspases (1, 4, 5) (Rai et al., 2005, Elmore, 2007). Activation of caspase 

9 is involved in the intrinsic pathway that results from the mitochondrial release of 

cytochrome c. The initiator caspase 8 is associated with the extrinsic apoptosis 

pathway, that is activated by the cell surface death receptors and ligands (Nicholson, 

1999, Elmore, 2007). These activated initiator caspases then cleave the effector pro-

caspases to form the caspase effector enzymes (Nicholson, 1999, Elmore, 2007). 

However, the intrinsic and extrinsic pathways converge on the same terminal by the 

cleavage of caspase-3 (Figure 1.3) and this results in DNA fragmentation and 

formation of apoptotic bodies (Elmore, 2007). In addition to intrinsic and extrinsic 

pathways, there is a third pathway called perforin/granzyme pathway which is 

associated with cytotoxic T-cells (Figure 1.3) and can induce apoptosis via granzyme 

B or granzyme A (Martinvalet et al., 2005). Similar to intrinsic and extrinsic pathways, 

the granzyme B pathway converges on the caspase-3 terminal, whereas granzyme A 
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pathway activates caspase-independent apoptosis by single stranded DNA damage 

(Martinvalet et al., 2005). 

 

 

Figure 1.3 Three apoptosis mechanism including two main intrinsic and extrinsic 

pathways with the third perforin/granzyme pathway (Elmore, 2007).  
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1.6.4. Flow cytometry for detection of apoptosis and cell cycle analysis 

Flow cytometry is a laser based technology for cell counting and sorting, protein 

engineering and biomarker detection that allows analysis of the chemical and physical 

characteristics of cells simultaneously (Nunez, 2001). Translocation of 

phosphatidylserine from the inside of the membrane to the external cell surface is one 

of the plasma membrane alterations in the cell surface that occur at the early stages of 

apoptosis (Vermes et al., 1995). This phosphatidylserine is detectable by flow 

cytometry by staining apoptotic cells using Annexin V (Ca2+ phospholipid binding 

protein), which has a high affinity to bind with phosphatidylserine. This translocation 

of the phosphatidylserine to the cell surface can also occur in necrotic cells, but the 

cell membrane in necrotic cells lose integrity and become leaky, while the cell 

membrane during the early stages of apoptosis remains intact (Vermes et al., 1995, 

Lecoeur et al., 2001). These two types of cell death can therefore be distinguished by 

using a dye exclusion test to identify the integrity of the cell membrane. Propidium 

iodide (PI) is a membrane impermeant dye that binds to double stranded DNA and is 

generally excluded from viable cells (Glander and Schaller, 1999). So PI used along 

with Annexin V can distinguish apoptotic cells (FITC+/PI-) from necrotic cells 

(FITC+/PI+). The intact cells (FITC-/PI-) remain unstained by Annexin V and PI 

(Vermes et al., 1995). The Annexin V assay is sensitive and offers the ability to detect 

early phases of apoptosis before cells lose their membrane integrity. It also allows to 

identify the relationship between the kinetics of apoptosis and cell cycle (Vermes et 

al., 1995). 

Flow cytometry is also used to determine the distribution of the cells in the different 

stages of cell cycle (Darzynkiewicz et al., 2001). The cell cycle consists of a mitotic 
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(M) phase where the cell divides in two, and interphase which is a long period of cell 

development containing three phases: Gap 1 (G1), Synthesis (S) and Gap 2 (G2). In 

G1 the cell grows in size. In S phase the cell duplicates its DNA and in G2 phase the 

cells checks that all its DNA has been correctly copied (O'Connor, 2008). The cells 

can be stained by fluorescent dyes such as PI or 4',6-diamidino-2-phenylindole (DAPI) 

for staging the cells based on DNA content, but these dyes should be used in fixed 

cells or detergent-permeabilized cells. For live cells, the membrane-permeable stain, 

Hoechst 33242 can be used (Darzynkiewicz et al., 2001). Flow cytometry is useful to 

assess whether bioactive compounds arrest the cancer cells at a particular stage of the 

cell cycle. This can help us to understand more about the mechanism of action of the 

drug. 

1.6.5. In vivo models for colon cancer prevention 

In vitro studies can provide a lot of good information at the initial stages of research 

for drug development. However, there are some limitations for working with cells 

because the cells are treated outside the body system, which is not their normal 

environment. In pharmaceutical discovery programs, properties of a drug cannot be 

considered independent of the system that the drug needs to be tested in (Lipinski and 

Hopkins, 2004). Binding of the compound to isolated recombinant proteins or 

pharmacological toleration and detoxification of the agents by the liver are some 

examples that can affect the ultimate efficacy of the drugs (Lipinski and Hopkins, 

2004). Therefore, in vivo studies are required in addition to in vitro screening, to 

investigate the overall and ultimate effects of the drug in the body system (Hodgson, 

2001, Davis and Riley, 2004). 
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The two most common carcinogen-induced animal models that are widely used to 

study the anticancer activity of natural and synthetic compounds are the 

dimethyhydrazine (DMH) and azoxymethane (AOM) models. The genetic model, 

APCmin mice is also considered as a promising model for CRC preventive studies 

(Corpet and Pierre, 2005, Femia and Caderni, 2008, Perġe and Cerar, 2010). 

Enhancing the acute apoptotic response to genotoxic carcinogens (AARGC) has been 

recently developed as a model for chemopreventative research (Hong et al., 1999, 

Reddy et al., 2000, Hu et al., 2002, Le Leu et al., 2002, Le Leu et al., 2003, Westley 

et al., 2010) with the aim of identifying the efficacy of natural products for reducing 

the incidence of CRC by inducing apoptosis of damaged colon cells. The alkylating 

genotoxic carcinogen AOM induces O6-meG DNA-adduct formation (Hirose et al., 

1996) and genetic mutation in distal colonic epithelium within 6-8 h (Hu et al., 2002). 

This model has been mainly used to test acute apoptotic response of dietary 

components, such as starches and oils (Hong et al., 1999, Le Leu et al., 2002, Le Leu 

et al., 2003). In a study by Westley et al. (2010) this model was also successfully used 

to investigate the chemopreventative effects of crude extract from D. orbita in four 

week mouse trial. Therefore, this model has been selected as a useful animal model 

due to its time-saving, cost effectiveness and reliability to test the purified bioactive 

compounds from Muricid extracts and/or the synthetic compounds for prevention of 

CRC. 

1.6.6 Toxicity testing  

Drug safety profiles are an important issue for new drug development and approval. 

In vivo safety can be investigated by toxicity testing through animal trials before 

shifting to clinical trials in humans (Nicholson et al., 2002). The liver is the most 
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important organ in the body that is influenced by drug toxicity due to its function of 

detoxifying the blood, such that many drugs accumulate in the liver. Histopathological 

analysis by staining with haematoxylin and eosin (H&E) under a light microscope can 

be used to indicate toxicity induced by cytotoxic or antimitotic drugs, which can cause 

liver damage such as micro and macrovesicular steatosis, congestion, haemorrhage, 

necrosis, etc (Greaves, 2007, Ferrell, 2010). The activities of liver enzymes, such as 

asparate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline 

phosphatase (ALP) in the serum are also considered indicators for hepatotoxicity 

because in the injured or damaged liver cells, these enzymes leak higher than the 

normal amount, into the bloodstream (Hewawasam et al., 2004). Kidney function can 

also be measured by biochemical indicators, such as creatinine, total protein and urea 

concentrations in serum to evaluate drug toxicity in this organ (Brzoska et al., 2003).  

The concentration of other serum biochemical parameters, such as sodium, potassium 

and the sodium/potassium ratio (Na/K) are useful for identifying whether the drug can 

upset the balance of these electrolytes in the serum. The balance of electrolytes is 

likely to be impacted if the drug has some side effects such as vomiting or diarrhea 

(Oliver et al., 1957, Gennari, 2002). Hematology factors such as red blood count, 

hemoglobin, hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular 

hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) can be 

measured to identify whether the drug has any side effect on red blood cells or 

haemoglobin resulting in blood disorders, such as anemia (Pellock, 1987). White cell 

count including neutrophil, lymphocyte and monocyte numbers are factors of immune 

system that could indicate possible inflammatory responses or immune-suppressive 
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activities, and thus are useful indicators for further possible side effects of the drug 

(Veenman and Gavish, 2006).   

1.7 Aims 

This project aims to identify and characterize the bioactive factors in D. orbita extract 

for potential use in the treatment or prevention of colorectal cancer. Previous work has 

demonstrated that extracts from this snail inhibit the proliferation of cancer cell lines 

and testing in preliminary animal models support the efficacy of the crude mollusc 

extract for preventing colorectal cancer. This project will build upon the previous work 

by purifying the anticancer agents from the mollusc, with the hope of increasing the 

activity in a two week AOM-induced rodent model and testing for potential toxic side-

effects. We hypothesize that by purifying the bioactive compounds and administering 

them to the mice by oral gavage, we will be able to reduce the toxic side effects and 

increase the efficacy of muricid extracts for the prevention of colon cancer. The 

specific objectives of this project are to: 

1. Optimize methods for purification of the bioactive compounds tyrindoleninone 

and 6-bromoisatin on a larger scale to supply in-vitro assays and in-vivo preclinical 

rodent trials (Chapter 2) 

2. Test the ability of antioxidants (Vitamin E and Vitamin A) to prevent the 

degradation of tyrindoleninone to 6-bromoisatin (Chapter 2)  

3. Bioassay guided fractionation of crude extract and assessment of the in vitro 

cytotoxic effect of all fractions to identify the most bioactive compound against 

colon cancer cells (Caco-2 & HT29); (Chapter 3). 
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4. Determine whether the compounds effectively cause apoptosis or necrosis in colon 

cancer cells in vitro (Chapter 3) 

5. Establish in vivo efficacy of the purified compounds in a two week AOM-induced 

rodent model for the prevention of colorectal cancer (Chapter 4) 

6. In vitro and in vivo testing of synthetic 6-bromoisatin for comparison with the 

purified fraction (Chapter 5) 

7. Histopathological evaluation of the liver after treatment with the purified and 

synthetic bioactive compounds and crude extract (Chapters 4 & 5) 

8. Measure the haematological and biochemical factors (including liver enzymes) to 

identify any toxicity associated with these compounds in the blood and liver 

(Chapter 4 & 5) 

1.8 Thesis structure 

Chapter 2: Optimizing the purification of tyrindoleninone and 6-bromoisatin and 

testing the proliferative effect of Vitamin E stabilized tryindoleninone on HT29 

cells   

This is a method development chapter that underpins all subsequent chapters in the 

thesis. It outlines the optimization of a method for purifying tyrindoleninone and 6-

bromoisatin from the organic extracts of D. orbita. It also describes some preliminary 

experiments aimed at testing whether the extracts and tyrindoleninone in particular 

can be stabilized with antioxidants Vit E and Vit A in the presence of oxygen. 

Tyrindoleninone was then tested in vitro, with and without Vit E, to identify whether 

Vit E can increase the effect of this compound in cell culture conditions. 
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Chapter 3: Purified brominated indole derivatives from Dicathais orbita induce 

apoptosis and cell cycle arrest in colorectal cancer cell lines 

The chapter is presented as a manuscript that has been provisionally accepted in the 

journal Marine Drugs. It presents the results of the bioassay guided fractionation and 

in vitro cytotoxicity of fractions from a chloroform extract of D. orbita egg masses. 

The most bioactive fractions were then analysed by LC/MS, GC/MS and NMR to 

confirm the identity and purity of the compounds. The purified and semi-purified 

bioactive compounds were then tested for their anti-proliferation and apoptotic effects, 

in comparison to the crude extract. The effect of the most bioactive compound on the 

cell cycle of HT29 cells was also assessed by flow cytometric analysis.   

Chapter 4: Brominated indoles from a marine mollusc extract prevent early stage 

colon cancer formation in vivo  

This chapter presents the preclinical two week in vivo testing to demonstrate the 

efficacy of the crude D. orbita extract and purified brominated indole derivatives for 

enhancing AARGC and preventing or alleviating tumor formation in the colon. The 

possible toxic effects of the purified compounds were also assessed by 

histopathological evaluation of the liver, as well as the hematologic and biochemical 

measurements of the blood. 

Chapter 5: Bromoisatin found in muricid mollusc extracts inhibits colon cancer 

cell proliferation and induces apoptosis, preventing early stage tumor formation 

in a colorectal cancer rodent model 
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In this chapter synthetic 6-bromoisatin has been tested for its anti-proliferative and 

apoptotic effects on HT29 cells in vitro. The cell morphology of apoptotic cells was 

also studied by light microscopy. The synthetic compound was then tested using the 

in vivo rodent model for colon cancer prevention, to confirm whether this compound 

alone could enhance AARGC. Measurements of hematologic and biochemical factors 

(including liver enzymes) in the blood were undertaken to determine any potential side 

effects associated with the daily oral ingestion of 6-bromoisatin for 2 weeks. 

Chapter 6: Final discussion and conclusion 

This chapter provides a synthesis of the main outcomes from all the experiments 

undertaken in this thesis, and provides recommendations for future research. 
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2. Optimizing the purification of tyrindoleninone and 6-

bromoisatin and testing the proliferative effect of Vitamin E 

stabilized tryindoleninone on HT29 cells   
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2.1 Introduction 

The Australian whelk, Dicathais orbita (Muricidae), is a novel source of brominated 

indoles with bioactive properties (Benkendorff, 2013). Extracts from the egg masses 

contain compounds with demonstrated anticancer properties against a range of cell 

lines (Vine et al., 2007a, Benkendorff et al., 2011, Edwards et al., 2012, Benkendorff, 

2013). Crude extracts from the hypobranchial glands of this mollusc have been tested 

in vivo using short-term rodent models for toxicity and efficacy in the prevention of 

colorectal cancer (Westley et al., 2010). The hypobranchial glands were used in this 

in vivo study due to the difficulty in obtaining enough egg masses to support an in vivo 

study and chemical analysis revealed a similar composition of brominated indoles. 

However, the percent composition of these two sources has never been directly 

compared using the same extraction and analysis procedures. A further important 

limitation of the preclinical models was the lack of purification in the extracts, such 

that the bioactive compounds responsible for initiating apoptosis in the DNA damaged 

colon cells in vivo remain unidentified.  

Previous methods to purify the bioactive brominated indoles from D. orbita have 

mostly focused on silica chromatography. Benkendorff et al. (2000) used a flash silica 

column with 10% methanol in dichloromethane (DCM) followed by radial 

chromatography on a chromatotron using 9:1 light petroleum to DCM, followed by 

100% DCM and then 10% methanol in DCM. However, several fractions contained a 

mixture of compounds and repeated separation on the chromatotron was required to 

isolate tyrindoleninone and tyrindolinone (Benkendorff, personal communication). In 

a detailed honours research project, Bogdanovic (2007) attempted to optimise the 

separation of compounds from D. orbita egg mass extracts using HPLC. The final 
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separation method used a gradient of toluene, hexane and acetone, but not all 

compounds eluted from the column. Tyrindoleninone was only recovered in low yields 

in a mixture with tyrindolinone using a normal phase preparative silica column 

(Bogdanovic, 2007). Eichinger (2008) then attempted to purify tyrindoleninone by 

reverse phase HPLC on a preparative hydro - C18 column using a gradient of 

acetonitrile and water, with and without 0.1% formic acid. Despite obtaining a pure 

peak for tyrindoleninone on the analytical reverse phase column, after scaling up to 

the preparative column this pure peak was not recovered and tyrindoleninone only 

eluted in a mixture that included tryindoxyl, tyrindolinone and 6-bromoistain, with a 

yield of just 0.77% of the original extract (Eichinger, 2008). Edwards et al. (2012) 

then returned to a flash silica column chromatography method to purify the bioactive 

compounds from D. orbita egg extracts. Using a solvent system with increasing 

polarity from 100% DCM, 5% methanol in DCM and 10% methanol in DCM, semi-

purified fractions of tyrindoleninone and 6-bromoistain were obtained with yields of 

3.22% and 2.18% respectively. Minor trace contaminants (<1%) were detected by 

LC/MS for both of these semi-purified fractions (Edwards et al., 2012). Consequently, 

further optimization of the separation procedure is required to confirm the activity of 

the main brominated compounds and to obtain higher yields as required for in vivo 

testing. 

Semi-purified fractions containing tyrindoleninone from D. orbita show anticancer 

effects against a range of cancer cell lines in vitro (Benkendorff et al., 2011, Edwards 

et al., 2012), However, this compound can be easily degraded to the other compounds, 

such as tyriverdin and 6-bromoisatin in the presence of oxygen and light (Figure 1.2), 

(Westley and Benkendorff, 2008). This chemical degradation has also been noted 
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when the extract from D. orbita is exposed to simulated gastric fluid (Westley et al., 

2010). The use of antioxidants such as Vitamin E and A, which have been added into 

a range of food products (Sies and Stahl, 1995) may help prevent the oxidation of 

tyrindoleninone. These natural antioxidants have been also used for the stabilization 

of some foods (Ltiliger, 1989).  

The aim of this chapter was to optimize the purification of the bioactive compounds 

tyrindoleninone and 6-bromoisatin from the crude extracts of egg masses and 

hypobranchial glands and test the antioxidant effects of Vitamin E and Vitamin A to 

identify whether these antioxidants can prevent degradation of tyrindoleninone. 

Furthermore, the synergistic effect of the antioxidants with tyrindoleninone will be 

investigated in vitro to ascertain possible effects on the anticancer activity. 

2.2 Material and methods 

2.2.1 Extraction and separation of compounds by thin-layer chromatography 

(TLC)  

D. orbita were collected from a brood stock held in the recirculating aquarium in the 

School of Biological Sciences, Flinders University, South Australia (originally 

collected from intertidal reefs in the coast south of Adelaide) and approximately 10g 

of dissected hypobranchial glands was soaked in chloroform and methanol (1:1, v/v), 

filtered then transferred to a separating funnel. The chloroform layer was separated 

and dried on a rotary evaporator according to the method previously described by 

Westley et al. (2010). Thin layer chromatography (TLC) aluminium sheets 20  × 20 cm 

silica gel 60 F254 (Merck) were used to optimise the separation of the main coloured 

compounds in the extract. TLC plates were spotted with the crude extract dissolved in 

a small amount of dichloromethane. Twelve different mixtures of solvents were 
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trialled, including hexane (HX), dichloromethane (DCM) and methanol, with a 

gradient method from a low polarity to a high polarity: 1) 100% HX; 2) DCM/ HX 

(1:9 v/v); 3) DCM/ HX (1:8 v/v); 4) DCM/ HX (1:7 v/v); 5) DCM/ HX (1:6 v/v); 6) 

DCM/ HX (1:5 v/v); 7) DCM/ HX (1:4 v/v); 8) DCM/ HX (1:3 v/v); 9) DCM/ HX 

(1:2 v/v); 10) DCM/ HX (1:1 v/v); 11) 100% DCM; 12) Methanol/ DCM (1:9 v/v).  

Chloroform extracts from the egg masses (20 g) of D. orbita were also prepared 

according to the above method. The crude chloroform extracts from the egg masses 

and hypobranchial glands were analysed using liquid chromatography/mass 

spectrometry (LC/MS), according to the methods of Westley and Benkendorff (2008) 

to enable direct comparison of the extract composition.  

2.2.2 Flash chromatography and chemical analysis 

Based on the TLC results, a new flash column chromatography method was 

developed, focusing on the separation of tyrindolenine, tyrindolinone and 6-

bromoisatin. The chloroform extract (250 mg) from the hypobranchial glands was 

loaded on a flash column (24 mm diameter) containing 20 g silica gel (Sigma Aldrich, 

100 mesh) mixed with HX as a stationary phase and pressurized with nitrogen gas. In 

the first step, 100 mL HX was used to wash any fat, such as fatty acids/esters out of 

the column. Then, 50 mL DCM/ HX (4:1, v/v/) was used to purify the red/orange layer 

(tyrindoleninone) as fraction 1. The yellow layer (tyrindolinone) following just after 

the red/orange layer was purified with 200 mL DCM/ HX (3:1, v/v/) as fraction 2. The 

column was then washed with 200 mL DCM before purifying the last yellow layer (6-

bromoisatin) with 15 mL DCM/ methanol (9:1, v/v) as fraction 3. The solvent were 

evaporated from the fractions using rotary evaporation at 40°C. To confirm the 
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identity and purity of the compounds, all three fractions were analysed using liquid 

chromatography (Waters Alliance) coupled with Quattro microÊ mass spectrometer 

(LC/MS) with a Hydro-RP C18 column (250 Ĭ 4.6 mmĬ4 ɛm) and parallel UV/Vis 

diode-array detection at 300 and 600 nm according to the method established by 

Westley and Benkendorff (2008). This method was repeated using extracts from the 

egg masses for Chapter 3.  

2.2.3 Antioxidant assay 

In order to prevent tyrindoleninone degradation, an assay was developed using two 

antioxidants Vitamin E (Ŭ-Tocopherol synthetic, Ó96% HPLC; Sigma-Aldrich) and 

Vitamin A (Retinol synthetic, Ó95% HPLC; Sigma-Aldrich) and tested their effects 

on the semi-purified fraction containing tyrindoleninone and tyrindolinone. To do this, 

Vitamin E (final concentration 0.1%) or Vitamin A (final concentrations of 5%, 1% 

and 0.1%) was dissolved along with the same amount of semi-purified fraction (2 mg) 

in dimethylsulphoxide (DMSO; final concentration of 2%) before dissolving all of 

them in 980 µl milli -Q water. For example, for preparing a solution containing 0.1% 

Vitamin E, 2 mg Vitamin E and 2 mg of the semi-purified fraction was dissolved in 

20µl DMSO, then the DMSO containing these compounds was dissolved in 980 µl 

milli -Q water. As Vitamin A was more soluble in water than Vitamin E, higher 

concentrations of Vitamin A were tested. Vitamin E at greater than 0.1 % 

concentration did not dissolve in water using 2% DMSO. However, the effects of the 

high concentrations of Vitamin E (5%), could be tested by dissolving it first in 1 mL 

of 100% DMSO containing semi-purified fraction (2 mg). Two positive controls were 

added to this assay. In one, the semi-purified fraction (2 mg) was dissolved in DMSO 

(final concentration of 2%) and then solubilized in 1 mL milli -Q water without adding 
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any antioxidant. In the other one, the semi-purified fraction (2 mg) was dissolved in 1 

mL of 100% DMSO. All of these extracts were left in a fume hood, with exposure to 

atmospheric oxygen, overnight and then re-analyzed by LC/MS to identify any change 

in composition of the compounds. A sample of the semi-purified fraction without the 

addition of antioxidant, or exposure to oxygen, was also analysed by LC/MS as a 

negative control. 

2.2.4 Cell viability assay 

The most protective antioxidant (1% Vitamin E) on tyrindoleninone from the 

antioxidant assay was selected to investigate whether Vitamin E can influence the anti-

proliferative effects of tyrindoleninone on HT29 and Caco2 cells by reducing its 

degradation. To measure the viability of the cells, the MTT assay (Mosmann, 1983) 

was performed with and without addition of 0.1 % Vitamin E. The semi-purified 

extract containing both tyrindoleninone and tyrindolinone was used as the treatment.  

HT29 and Caco2 cells were grown to 70% confluence and seeded into 96-well plates 

(Costar®) (2 × 104 cells in 100 ɛl media/ well). The cells were incubated for 48 h 

before treatment. Semi-purified tyrindoleninone and tyrindolinone was dissolved in 

DMSO (final concentration of 2%), diluted in media and added to the cell culture. The 

cells were treated for 12 h with a range of 0.01 mg/mL to 0.5 mg/mL semi-purified 

compounds with and without the addition of the 0.1% Vitamin E to determine ICϟϚ 

for cell viability. This experiment was repeated on three separate occasions and each 

treatment was performed in triplicate (n = 3). 
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2.3 Results and discussion 

2.3.1 TLC separation  

The different solvent systems tested in TLC varied in their ability to separate the 

coloured compounds in the chloroform extract from the hypobranchial glands. No 

compounds were separated from the crude extract using the least polar solvent 

systems, from 100% HX, up until HX/ DCM (4:1, v/v), which only just separated the 

first spot with Rf value of 0.02 (Figure 2.1 a). By increasing the polarity of the solvent 

using HX/ DCM (3:1, v/v), two spots were separated and the first spot migrated further 

to the Rf value of 0.07 (Figure 2.1 b). Improved separation of these two compounds 

was observed with the use of HX/ DCM (1:1, v/v) (Figure 2.1 c). With this solvent 

system, compound 1 with red/orange colour under visible light was detected at Rf = 

0.15. The second compound, with a yellow colour, was observed at Rf value = 0.07 

(Figure 2.1 c). The third compound (yellow colour) was separated more effectively 

using 100% DCM (Rf = 0.06; Figure 2.1 d) and went up to Rf value of 0.7 by adding 

10% methanol to DCM (Figure 2.1 e).  

Previous research has revealed that the dominant compounds in D. orbita egg mass 

extracts are coloured and can be separated by TLC (Benkendorff et al., 2000). For 

example, tyrindoleninone (orange colour) with Rf = 0.5 and tyrindolinone (yellow 

colour) with Rf = 0.4 have been separated by TLC (Silicagel 60) using light petroleum/ 

DCM (1:1, v/v) as the solvent (Benkendorff et al., 2000). Comparison of the 

compound colours and Rf values in Benkendorff et al. (2000), suggests that the 

compound 1 in our TLC analysis matches tyrindolinone and compound 2 matches with 

tyrindoleninone. Benkendorff (2013) reports that these two compounds have a very 

similar LogP value of 2.999 for tyrindolinone and 2.889 for tyrindoleninone which 
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explains why they are difficult to separate based on polarity. The higher Rf value of 

tyrindoleninone and tyrindolinone with light petroleum/ DCM (1:1, v/v) in 

Benkendorff et al. (2000), in comparison to the Rf value of these compounds using 

HX/ DCM (1:1, v/v) in our study would be due to the lower polarity of HX compared 

to light petroleum. 

In addition to these compounds, Benkendorff et al. (2000) also detected a yellow polar 

compound corresponding to 6-bromoisatin using TLC with light petroleum/ DCM (Rf 

= 0.05). This compound was not effectively separated using HX/ DCM (Figure 2.1 a-

c), but just emerged using 100% DCM and was clearly separated using 10% methanol 

in DCM with Rf value of 0.7 (Figure 2.1 e). The Rf value for 6-bromoistain was 

confirmed at Rf 0.7 using 10% methanol in DCM, in comparison to a synthetic 

standard for 6-bromoistatin (TCI AMERICA; purity of >97.0% GC); (Figure 2.1 f). 

Compound 3 in our TLC was also consistent with other reports of 6-bromoisatin, that 

has been previously separated from the hypobranchial glands of muricids (Baker, 

1974, Clark and Cooksey, 1997). 6-bromoisatin is a much more polar compound with 

a Log P of 1.615 (Benkendorff, 2013), which is consistent with its good separation 

from the other brominated compounds in the D. orbita extract. 
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Figure 2.1 Thin layer chromatography of the crude extract from the hypobranchial 

gland of Dicathais orbita using different solvent systems from low to high polarity: a) 

hexane/ dichloromethane (4:1, v/v); b) hexane/ dichloromethane (3:1, v/v); c) hexane/ 

dichloromethane (1:1, v/v); d) 100% dichloromethane; e) dichloromethane/ methanol 

(9:1, v/v). Synthetic 6-bromoisatin was also tested as a control: f) dichloromethane/ 

methanol (9:1, v/v). Three visible and colourful compounds were visualised under the 

light and UV: 1= tyrindoleninone; 2= tyrindolinone and 3= 6-bromoisatin. The Rf 

value of the compounds in different solvent have been calculated as the proportion of 

the distance moved from the baseline, relative to the solvent front.  
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2.3.2 LC/MS analysis  

Based on the result from the TLC analyses, the same solvent systems were used to 

isolate tyrindoleninone, tyrindolinone and 6-bromoisatin from the hypobranchial 

gland extract by flash column chromatography. After evaporating the solvents from 

the collected fractions, the yields from 250 mg crude extract were 4.1 mg from fraction 

1 (1.64%), 28.5 mg from fraction 2 (11.4%) and 23 mg from fraction 3 (9.2%). LC/MS 

analysis of the silica column fractions confirmed the identity of the compounds 

predicted by TLC. The first fraction with an orange colour revealed a single dominant 

peak at tR 11.18 min (Figure 2.2 a), with a corresponding molecular weight for 

tyrindoleninone, with major ions at m/z 255, 257. The second fraction with yellow 

colour revealed two dominant peaks corresponding to tyrindoleninone at tR 11.18 min 

and tyrindolinone at tR 9.46 min (Figure 2.2 b), with the major ions in ESI-MS at m/z 

302, 304. The last fraction showed a dominant peak at 6.4 min attributed to the 

molecular mass of 6-bromoisatin, with major ions in ESI-MS at m/z 224, 226 (Figure 

2.2 c) and several other minor peaks. These results are consistent with the LC/MS 

results reported by Edwards et al (2012) for tyrindoleninone (tR 11.32 min) and 6-

bromoisatin (tR 6.45 min). Separation of the crude extract of the egg mass using the 

same silica chromatography method produced the same results for the purification and 

identification of tyrindoleninone, tyrindolinone and 6-bromoistain (Chapter 3). 
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Figure 2.2 Liquid chromatography- mass spectrometry (UV/Vis diode-array detection 

at 300 and 600 nm) analysis of purified/semi-purified fraction from hypobranchial 

gland extract of D. orbita: a) Fraction 1 (tyrindoleninone); b) Fraction 2 

(tyrindoleninone and tyrindolinone); c) fraction 3 (6-bromoisatin). 
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LCMS analysis of the crude chloroform extract from hypobranchial gland and the egg 

mass showed the same dominate compounds with a similar percent of composition for 

the brominated compounds (Table 2.1). A slightly higher proportion of tyrindoxyl 

sulphate in the egg masses, relative to the hypobranchial gland could be due to higher 

concentrations of arylsulphatase in the hypobranchial gland (Baker and Sutherland, 

1968, Westley and Benkendorff, 2008). The higher concentration of tyrindoleninone 

in the egg mass extract relative to 6-bromoisatin and tyriverdin in the hypobranchical 

gland could also indicate more oxidation in the hypobranchial gland extracts. 

Nevertheless, both of these tissues provide a good source of the main brominated 

compounds previously reported to have anticancer activity (Vine et al., 2007a, 

Edwards et al., 2012). The major compounds in our extracts are consistent with 

previous reports of these compounds in D. orbita extracts by Benkendorff et al. (2011). 
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Table 2.1 Retention time and mass values of major compounds in the crude chloroform 

extract from the hypobranchial gland (HG) and the egg mass (EM) of Dicathais orbita 

by LCMS analysis. Percent composition of the major compounds was calculated from 

the sum of integrated peak area from all compounds in the extracts.  

 

 

2.3.3 Antioxidant effects on extract stability 

The LCMS results from the antioxidant study are shown in Figure 2.3 and the percent 

composition of the compounds from the chromatograms have been summarised in 

Table 2.2. Exposure of the semi-purified tyrindoleninone and tyrindolinone to oxygen, 

without adding any antioxidant, results in a 50% reduction in tyrindolinone 

concentration after 12 h (Figure 2.3 a & b), as it is transformed to tyrindoleninone and 

6-bromoisatin. By adding 0.1% Vitamin A, conversion of tyrindolinone to 

tyridoleninone was reduced (Figure 2.3 c), but tyrindolinone was still converted to 6-

bromoisatin, with up to 20% increase compared to the untreated control (Table 2.2). 

With the addition of more Vitamin A (1% and 5%), tyridoleninone was stabilised, 

Major compounds Retention time 

(min) 

Mass values 

(m/z) 

Percent 

composition 

   HG  EM 

6-bromoisatin 6.4 224, 226 33.4 29.7 

Tyrindolinone 9.46 302, 304 25.1 19.1 

Tyrindoleninone 11.8 255, 257 21.3 26.7 

Tyrindoxyl 

sulphate 

8.58 336, 338 5.8 12.5 

Tyriverdin  11.90 511, 513, 515 8.9 4.5 

Unknown   5.5 7.5 
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whereas tyrindoleninone started to oxidise to 6-bromoisatin (Figure 2.3 d & e). In 

contrast, Vitamin E was found to stabilize tyrindoleninone more than tyrindolinone 

(Figure 2.3 f & g). For example, by adding 0.1 % Vitamin E to the semi-purified 

extract, tyrindoleninone was stabilized and the production of 6-bromoisatin was 

reduced by 6.8%, in comparison with 24.1% 6-bromoisatin in the control positive 

(Table 2.2). So Vitamin E with the concentration of 0.1% was found the most 

protective antioxidant to inhibit the degradation of tyrindoleninone.  
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Figure 2.3. LCMS analysis of the semi-purified tyrindoleninone and tyrindolinone 

from D. orbita after 12 h oxygen exposure in the presence of different concentrations 

of Vitamin A and Vitamin E dissolved in DMSO: a) Untreated control in 2% DMSO);  

b) Positive control in 2% DMSO; c) 0.1 % Vitamin A in 2% DMSO; d) 1% Vitamin 

A in 2% DMSO; e) 5% Vitamin A in 2% DMSO; f) 0.1% Vitamin E in 2% DMSO; 

g) 5% Vitamin E in 100% DMSO; h) Positive Control in 100% DMSO. 










































































































































































































































































































































































































