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Abstract

Marine indolebased compoungdsncluding precursors and isomers tfe ancient
purple dye, Tyrian purpleare known for their biological activity. In particular, the
precursors @romoisatin and tyrindoleninone from the Australian whéligathais
orbita are compounds that have gained specifiergst over the past few years for
their anticancer effects in several cancer cell lifesviousn vivostudies in mice by
administration ofD. 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) fronD. orbita could be helpful to enhance the anticanpesperties

and potentially reduce thxicity associated with the crude extraBynthetic 6
bromoisatin is commercially available, so testing the pure synthetic compound will
also help confirm any activity assomd with this compoundTyrindoleninone is a
compound which can be easily oxidized to other components. Therefore, stabilizing it
by using antioxidants might be beneficial to increase its bioactive ®ff€be
objective of this project was toptimize thepurification of tyrindoleninone and-6
bromoisatin andexamine the effects of these compoyraleng with cru@ extract

from D. orbita, on colorectal cancein vitro and in vivo. The toxicity of these
compounds and extractgas alsoassesseth vivo to establishthe safety of these

compounds irthebody system.

To optimize the purification of tyrindoleninone andbBomoisatin 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/MSgaafirm their identity and purity. The
chemicalcomposition of crude extractrom egg masses and hypobranchial glands
were also compared by LC/M&nd found to caain a very similar percent
composition of the main brominated compourdsrder to inhildithe degradation of
tyrindoleninoneafraction containing tyrindoleninone and tyrindolenwmasexposed

to oxygen overnight inhe presence of two antioxidantgjtamin A andVitamin E,

and then reanalysed by LC/MS. The synergic -praliferative effect of
tyrindoleninone with the most effective antioxidamhs thentested on HT29 cells
using 3(4,5dimethylthiazol2-yl)-2,5-diphenyl) tetrazolium bromide (MTT) assay.
The atioxidant experimentshowed that 0.1 %Vitamin E wasthe most effective
antioxidant forinhibiting tyrindoleninone degradatiotout it failed to increase the
cytotoxic effect of tyrindoleninone on HT29 cedlsd in fact appeared to provide some

protection against ghcytotoxic properties of tyrindoleninone

In the nextin vitro experimentsanegg mass extraetas usedor purification of the
bioactive compoundswvith the optimised flash silica chromatography method
Bioassay guided fractionatiowas performedo identify the compounds with the
greatest antiproliferative effects against colon cancer. ceis identity of themain
bioactivecompoundsvasconfirmed byLC/MS, GC/MS and NMRastyrindoleninone
(>99% purity)and 6bromoisatin90% purity. These compoutswere then tested for
cytotoxic, apoptotic or necrotic effects usiDTT, caspase 3/7 and membrane
integrity assays respectivelyn HT29 and Caco2 cells. The apoptotic eBexftthe
bioactive compounds were confirmed by flow cytomeitsing AnnexinV-FITC and

Pl staining Cell cycle analysis was also performedh29 cells treated witlthe
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most bioactive compound-he 3-(4,5dimethythiazol2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assaghowed that seapurified 6-bromoisatin inhibited th viability
of bothcell lines(ICs= 1 0 0 The WMiction containing -Bromoisatinactivated
caspase and-7 enzymes il€aco2 and HT29 cellst approximately 100 uM (0.025
mg/mL) and 200 uM (0.05 mg/ly) respectively much lower concentrations than
thoserequired to cause LDH release and necrosiK)@® to ~2000 pM) Flow
cytometry showed that senpurified 6bromoisatin (~20 0 )eifduced 77.6%
apoptosis in HT29 cellLell cycle analysis showed the accumulation of 25.7% of
HT29 cells treateavith semipurified 6-bromoisatin(~10 0 )anM&2/M phaseThe
other compoungdyrindoleninongewas also found to inhibit the proliferation Gaco2
cells (IGo=98¢ M) HIa9IGe= 390 M.)Caspase and-7 activitysignificantly
increasedonly in HT29 cellstreated with 195 pM (0.05 mgim tyrindoleninone
LDH was releasedin both cell lines treated with higlconcentrationsof

tyrindoleninone.

In anin vivo trial, the effects of the purified tyrindoleninone and sqmurified 6
bromoisatin along withthe crude extract were testddr prevention ofcolorectal
cancer in a two weekousetrial to determinevhether these compoundan enhance

the acute apoptotic response to genotoxic carcinogens (AARGKY. anti-
proliferative effecs of the extract and purdd/semipurified compounds were also
tested byimmunohistological examination using -&v antibody. To evaluate any
possible toxicity of the compoundsouse general health, behavior, body weight and
liver weigh were assessedier damage waalsotested 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 effeeh blood and kidneySemipurified 6
bromoisatin (0.05ng/g) was foundo bethe most bioactive compound in the crude
extract capable of enhaning the apoptotic index in distal colon of mice
Tyrindoleninonedid not increase the apoptotic index significantly. Seomified 6
bromasatin did not show any toxic effect on liveas indicated by no significant
difference in the liver enzymes in comparison to the contréis contrast,
tyrindoleninonecause an increase iMST level compared to the saline contaoid

alsocaused aeducion inredbloodcell counts.

In my lastexperiment pure synthetic - ®romoisatirwas tested foin vitro anticancer
activity and prevention of the colorectal cancesng the samen vivo model
Administration of pure syntheticlBromoisatin to the micepnfirmed the results from
the semipurified 6-bromoisatin with a significant increase in apoptosi®©d@5mg/g,
without any sign of toxicityin the liver or blood cells. However, a decrease in the
potassium levels in the blood indicatée possibilityof a diuretic effect associated

with synthetic bromoisatin.

This research confirmed the anticancer effectslaf@noisatin against two colorectal
cancer cell linesn vitro, as well as the potential cancer preventative effiectévo
based on the dliy to induce apoptosis in DNA damaged cellhis supports the
potential development of this molluscaxtract or natural 6bromoisatin asa
nutraceuticalfor chemoprevention of colorectal cancer. In addition, synthetic 6
bromoisatins apromisingleadfor furtherpharmaceuticalevelopmentor prevention

of this disease. Howevelyture studesin longer termanimalmodelsarerequired to

confirmthat the early stage prevention of tumors by apoptosis in DNA damaged cells
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by 6bromoistain does prewt the formation of actual tums at the later

developmental stages
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Preface

Parts of the work presented in this thesis have babmitted forpublication or are
currently in preparation for submission for publicatitmthis thesis, Chapters33are

in manuscript format and hence there is some necessary repetition in the methods and
introduction sections. Chapters®and 5are in the formainore typical for chemistry
journals (e.gMarine Drug9 with combined results and discussion, whereas Chapter

4 isin the format more typical for cancer journédsg.Cancer Letters with separate

results and discussion sectiordl references are listed at the end of the thesis to

eliminate repetition,

Manuscriptdor publication

Chapter 3Esmaeelian, BBerkendorff, K Johnston, MR and Abbott, CAPurified

brominated indole derivatives froBicathais orbitainduce apoptosis and cell cycle
arrest in colorectal cancer cell lime§his chapter has been published as a research

paper inMarine Drugson 11 October 2013

Chapter 5Esmaeelian, BBenkendorff, K Le Leu, Rand Abbott, CAfiBromoisatin

found inmuricid mollusc extracts inhibits colon cancer cell proliferation and induces
apoptosis, preventing early stage tumor formation ina colorectatcar r odent mo
This chapter has been published as a research payariime Drugson 24 December

2014.

Chapter 2. Esmaeelian, B Abbott CA and B e n k ©ptichining fthe, K A

purification of tyrindoleninone and-Bromoisatin andtesting the proliferative effect

of stabilized tryindoleninonen HT29 cell® A part of this chapte{The optimization
of purification) is under preparatioto BMC Complementary Medicirtaut the other

part(Stabilization of tyrindoleninonewill go to another Journal.
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1. General introduction



1.1 Colorectal cancer

Colorectal (CRC) often called colon or bowel cancer, is the third most common cancer
worldwide (McLeod et al., 200Jemal et al., 20)1and the second leading cause of
cancerrelateddeath in the United Stat¢€han and Giovannucci, 20L0About 1.2
million new incidencesf CRC (9.7% of all cancers excl. nomelanoma skin cancers)

and 608,000 deaths have been reported globally in ge&8ay et al., 2020 The
highest incidence rates of CR@avebeen reported in Australia and New Zealand,
North America and Europe, whithe lowest ratefound in SouthCentral and Asia
Africa (Jemal et al., 20)1More than twethird of the CRC cases are in the colon and
less than on¢hird occur in the rectunfACS, 2013. The tumor usually starts as a
noncanerous 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 cancétevine and Ahnen, 2006It is estimated that orird to one

half of all people develop one or more adenomas during theSdbatzkin etl.,

1994 Bond, 2000; however, just less than 10% of adenomas become cancerous
(Levine and Ahnen, 2006More 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, gasitimatestromal
tumors and lymphomagStewart et al., 20Q68Cascinu and Jelic, 20D90nce the
cancer forms, it can invade the colon wall and rectum and also penetrate lympé vesse
or blood(ACS, 2013. It usually takes about 116 years for CRC to develdielloff

et al., 2004. Lifetime risk forbeing diagnosed wit@RC has been reported about 5%

in both males and femalé&CS, 2013.



1.2 Biology of colorectal ancer

CRC develops from the progressive accumulation of mutations in tumor suppressor
genes and oncogentd®at activate pathways for CRC initiation and progressioa
multistep procesgMigheli and Migliore, 201 To date, four main molecular
pathways have been identified in association with CRC carcinogenesis, including
chromosomal instability pathway (CIN), CpG island methylatenoitype pathway
(CIMP), the microsatellite instability pathway (MSI) and the serrated pathway (Figure

1.1); (Harrison and Benziger, 2011
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Figure 1.1Adenocarcinoma progression model for colorectal cancétdryison and
Benziger (2017). CIN = Chromosomal Instability pathway; CIMP = CpG Island
Methylator Phenotyp 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 prolifergfitinoo et

al., 2007 which is associated with aberrant genomic methylation in QfRasaka

et al., 2008 Mutation inAPCandP53 whichare tumour suppressor geaesl KRAS,

which is an oncogene, are algtked to CRC



The CIN pathway ithe most common genetic aberration, occurring ¥88% of
CRC(Grady and Carethers, 2008& is associated with a mutation in théenomatous
polyposis coli(APC) gene (a tumour suppressor gene) and KRAS gene (a proto
oncogenefHarrisonand Benziger, 20)1In this pathway, mutations of the APC gene
predispose adenoma formation. Larger adenomas and early carcinoma formation
involves mutation of KRAS and loss of chromosome 18qg with SMAD4 protein that is
downstream of transforming grolwfactorb ( TGF b)) , foll owed by
in the carcinom@Walther et al., 2009KRAS mutations have been found in over 50%

of the CRC case3 his demonstratdabeimportant 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 transductiand extracellular signal integration

(Harrison and Benziger, 2011

The CIMP pathway is the second most common pathway (15% of all sporadic CRC)
in colorectal carcinogenesigBoland et al., 2000 and is associated with
hypermethylation of the respective promoters that resukilencing of tumour
suppressor genéKim and Kim,2010. TheKRASgene haslso been shown to have

a prominent role in the CIMP pathwdyiang et al., 2009 The MSI pathway is
associated with thenismatch repair (MMR) system that corrects DNA polymerase
errors during replication, so this pathway relates to any mutation in the MMR system
t hat i mpai (Midar and &ruberf20XOShahyet 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)Le @@

and Whitehall, 2010



There are several other biochemical pathways that act in conjunction with the above
mentiored pathways that can predispose people to the development of cancer
(Harrison and Benziger, 20l Mutation of theP53 gene is one of the most common
predispositions that has been recognized in approximately 50% of al(IKC&g et

al., 2003 and occurs with high frequencies in some other cancers agHeetison

and Benziger, 20)1 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., 20)0The other pathways that are involved with development of
CRC include the TGl  p a t(Hawisogy and Benziger, 20),the EGFR pathway
(Roda et al., 2007and loss of heterozygosity (LOH) of 188opat and Houlston,

2005.

Inflammation has also been shown to have an important role in CRC carcinogenesis.
Chronic inflammation caroften predisposepeopleto the development of cancer
(Terzil e ,tHar@gsdn. and B2n2idef 2011This has been evidenced by
increased incidence of CRI@ patients suffering fromm n pa mmat ory bowel
(IBD) (Harpaz and Polydorides, 2Q18arrison and Benziger, 20L1This process

involves a complex interplay of variousflammatory factors, such as cyclo
oxygenase€ (COX2), TNFU, -aNB and t ol | | i ismamrandt ept or
Rubin, 2008. The role of COX2 is ighlighted in studies showing thajenetically

modified mice deficient in the APC gerfead a lower rate of polyformationafter
treatmentwith a COX2 inhibitor(Kitamura et al., 2004 Activation of NF-kB has

been linkedto the expression odintiapoptotic factors (Be2 family membershnd

various inflammatory cytokineand alsoCOX2 (Harrison and Benziger, 20)1

Activation of TNF-a hasalso been associated witthe activation of inflammatory



responses via NKB or activation of caspas@ (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 nutracwdsidhat 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 ee: 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 BEER 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 std4&sS, 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 nearbyissue 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 treamt for colorectal cancer. Polypectomy



(polyp removal) at the in situ stage, audgeryduring the localized stage of CR(te

the standard treatments and might be the only treatment needed for early cancers. The
5-year survival rate for people in thesetstages of CRC are 90%, but only 39% of
colorectal cancers are diagnosed at early stagesuse most people with early colon
cancer do not have any symptoms of the diséa€&, 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 surgeryoweer the risk of
recurrence. The-§ears survival rate decreases@% at this stagéACS, 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 distar stagt be given
radiation, chemotherapy and targeted monoclonal antibody therapies, in combination
or alone, to prolong life and relieve the complicatidAS€S, 2013. The 5years

survival rate drops to onli2% at tlis stagg ACS, 2013.

As discussed, surgery is the main treatment for colon cancesegmental resection

is performed in most operations. Howew®,60% of stage Il patients who are not
typically eligible for adjuvant chemotherapy and undergo resection, die because of
metastasigLiefers et &, 1999. 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 bl@kexhd and
Gordon, 1997Benson et al., 20Q4temporary or permanent colostomy, constipation

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

(ACS, 2013.



Adjuvant chemotherapy (after surgery) and/or neoadjuvant chemoth@rafore
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 hae escaped from the primary tumand settled in other orgaf&CS, 2013.
Fluorouracil (5FU) is one of the most common chemotherapies used after, or before
surgery, and in metastatic CRC as part of the treat(der&ramont et al., 2008CS,

2013 and provides a 78% three year survival rétedré et al., 2004 The
combination ob-FU, irinotecan and leucovorin (FOLFIRhgSs been useakthefirst-

line chemotherapy reginfer metastatic colorectal canc@fan Cutsem et al., 2011

The addition of cetuximaltargetingmonoclonal antibodyto FOLFIRI in patients

with KRAS wild-type diseasavas shown to significantly increase the survival rate
(Van Cusem et al., 2001 Oxaliplatin is anothedrug that is often useafter surgery

or for the treatment of metastattRC (ACS, 2013. Thefirst-line oxaliplatinbased
chemotherapyegime in patients with metastati€RC are5-FU/folinic acid plus
oxaliplatin (FOLFOX4) andcapecitabine plus oxaliplatiiXELOX), (Saltz et al.,
2008. The addition of bevacizumab to oxaliplablased chemotherapg patients

with metastatic colorectal cancer significantly improviee nedian progressioiffree

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 seyaftside effect associated with these
drugs(ACS, 2013. For example5-FU and leucovorin, as a standard chemotherapy
for metastatic colorectalhas many serious side effects reported, such as

myelosuppression, mucosifiglting et al., 2003Benson et al., 2004 eterson et al.,
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2013, peripheral sensory neuropatf@assidy et al., 2008 pulmonary erpolus,
myocardial infarction and dea{Rothenberg et al., 20D1There are some other side
effects associated with current chemotherapeutic treatment regimes, such as
neutropenia leading tmfection (Hoff et al., 200}, bleeding or bruising after minor

cuts or injuries (due to a shortage of blood plateléBgnson et al., 20Q4fatigue

(due to low red blood cell countsjCassidy et al., 2008 myocardial infarction,

pulmonary embolus, strokend deatt{fRothenberg et al., 20D1

Although 5FU and leucovorin are relatively inexpensive, many of thecanicer

drugs used in chemotherapy are very expensive. It has been reported that adding
combinatorial therapy drugs such as oxaliplatin to leucoveft/Tan significantly
improve the éyear overall survival rate in the adjuvant treatment of stage Il or Il
colon cancelAndré et al., 2000 but 5-FU or leucovorin with a combination that
includes oxaliplatin or irinotecan, costs at least $20,000 to $30,000 for 6 months
treatmen{Lines, 2008. Cheaper combinatorial therapies could be tested usowrkn
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 useilh surgery tolower the risk of recurrencand
increase the survival rate for CRC patief€S, 2013. However, radiation therapy

is more effective for patients wittectal cancer than colon cand&limelius 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 effeCs, 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
micrometastase@Beart Jr et al., 199@Brown and DuBois, 2005thus increasing

globd mortality from CRC, which is approximately 50% of inciderit®RC, 200§.
Therefore, due to the morbidity and poor prognosis of the cancer therapy regimes,
along with the large economic burden colorectal cancer preseptgention of this

disease is an important priorgl/ARC, 200§.

1.4 Prevention of colorectal cancer

1.4.1 Screening tests:

Although the exact cause of most colorectal camcerot known it is possible to
prevent many colectal 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 polypthat might eventually become cancer, before any signs and
symptoms of diseag@CS, 2013. These polyps can be removed and thus prevent the

development of cancer.

There are two groups of screening testscfaorectal cancer. Ithefirst group there

are two tests that priméyidetect cancer (stool tests) as follGACS, 2013:

a) Fecal occult blood test (FOBT): Blood vessels at the surface of colorectal tumors
or somelarge polyps can be damaged by the passageoéd, so hidden blood
in stool can be determined by this te&€CS, 2013.

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

cells (such ashe APC gene, p53 tumor suppressor gene andskoncogene).



12

Studies are testing new ways to find the polyps and colorectal cancers at earlier
stage by screening DNA mutations in the cells fourstonl samplegDiehl 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 thefd@512013.

In the secondgroup there are some tests that detect both precancerous growths

(adenomatous polyps) and canasrfollow:

a)

b)

d)

Flexible sigmoidoscopyThe rectum and part of the colon can be viewed by this
method to detect any abnormaliti/a polypor tumor is observed, the patient can

be further examined bgolonoscopy.

Colonoscopy: This is a longer version of a sigmoidoscope and allows the doctor
to monitor the lining of the rectum and the entire caod remove the polyps if
present(ACS, 2013. Colonoscopyan prevent approximately 65% of colorectal
cancer incident¢Brenner et al., 2007 The rescreening interval for colonoscopy

is the longest ama@other tests and it is not required to be repeated for 10 years if
the exam is normdLevin et al., 2008

Barium enema with aicontrast: Barium sulphate is used to fill and open up the
colon and it spreads throughout the colon. Then-gayxpicture can besed to
determine large polyp@®CS, 2013.

Computed tomographic colonography (CTC): This is also calletual
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 spec@t riachine is used to

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

observedButterworth et al., 20Q&ohnson et al., 2008
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For the edy detection of cancer, screening tests can be helpful to find abnormalities
in the bowel(Cappell, 200y. 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 iiodihg premalignant colonic polyps that
might eventually become cancéhCS, 2013. Among the other mentioned tests,
colonoscopy has been shown as a most sensitive method to detect adenomatous polyps
or CRCby preventng approximately 65% of colorectal cancer incidgfsckey et

al., 2005 Brenner et al., 20Q7 However, colonoscopy has a higher risk of
complications when compared to other tests, such as beaed br bleeding,
especially when specialists remove a pdlygvin et al., 2008 In addition, screening

tests are not always succedsfdue to some problems such as ineffective
implementation of protocolBy physicians, undereferral for screening, patient fears

about screening tests and test c¢Segppell, 200Y.

1.4.2 Impact of life style in colorectal cancer prevention

Lifestyle alteration is an important way to lower the riskdef/eloping colorectal
cancer.CRC is initiated via the alteration of genes in a multistep process and is
classified into hereditary and sporadic ca@d@snto and DiazRubio, 200¢. More

than 95% of colorectal cancer cases are sporadic, without a significant hereditary risk
(Watson and Collis, 201). A few nonmodifiable hereditaryfactors increase the risk

of CRC, such as the family history of colorectal can@artterworth et al., 2006
chronic inflammatory bowel disea¢Bernstein et al., 20Q0Jand diabetegHuxley et

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

environmental factord.ynch and de la Chapelle, 2Q@3ingras and Béliveau, 2011
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Lifestyle, especially in westernpopulations (physical inactivity, smoking and
drinking, high caloric intake and obesity), is an important faattre etiology of CRC

(Le Marchand et al., 1997 Therefore, changes in lifestyle to reduce tisk of
developing CRC is recommendé&dappell, D07). Eating plenty of vegetables, fruits
and whole grain food can reduce the intake of figgHoods like red and processed
meat (Courtney et al., 20Q04Cappell, 200Y. 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 Diddducts, 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 adenocarcif@mas

Saleh et al., 200&appell, 200Y.

Some studies suggest taking daily calciliitamin D and folic acidto reduce
colorectal cancer riskPark et al., 2007 Another recent study showed that a high
magnesium diet may also reduce colorectal cancer risk in Japaneg®aenal.,
2010. There are some studies that show {tergn and regular use of nateroidal
antrinflammatory drugs (NSAIDs) such as aspirin, ibuprofen and naproxen is
associated with the lower risk of colorectal car{@ardiello et al., 1995Rothwell et

al., 2010. Cyclooxygenas® (COX-2) inhibitors such as celecoxib are also useful
(Steinbach et al., 2000However, NSAIDs cartause serious side effects such as
gastrointestinal bleeding and selective C@Xnhibitors can cause heart attack, so
NSAIDs or selective COX inhibitors are not advised as CRC chemopreventatives,
due to uncertainties about their potential toxicity, rappiate dose and effectiveness

(ACS, 2013.
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Someother risk factors such as physical inactii§irkegaard et al., 20)0alcohol
consumption(Ferrari et al., 2007 smoking and obesitfHuxley et al., 200phave

been shown to increase the risk of CR@ysical activity for 45 minutes on 5 days per
week and decrease in smoking camdothe risk for colorectal cancg8oerjomataram

et al., 2007 ACS, 2013. Nevertheless, implementing global life style alteration is
inherently difficult (Courtney et al., 20Q04For example, the trend towards diets that
are bo high in calories and fat in the last few decades have increased the susceptibility
to CRC (Shike, 1999%. It is believed thabverall mortality from cancer is unlikely to

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

substantiated natural products as a othemopreventativeRkeddy et al., 2003

1.5 Natural products benefits and their anticancer properties

An important strategy fothe developmenf 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 comprable entities in other countries, were natural products or derived from natural
productg(Harvey, 2000Esmaeelian et al., 200Rewman and Cragg, 20L2Natural
products have been used as tiadil anticancer medicines for thousands of years
(Rajamanickam and Agarwal, 2008 hey are usually low toxjccost effective and
sodally acceptable alternatives to pharmaceutical chemoprevent@iteeson et al.,
2005. Of the 183 antitumor agents approved wesldie from the beginning of formal
chemotherapy (World War omeustard gas) until middle of June 2012, 87 compounds
(48 % of total) are natural products or derived from natural prodNetwman 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 leukéNesvman and
Cragg, 201p and another drug with the name of mitoxantrone (a direaf an
anthraquinone), approved by the European Medicines Evaluation Agency (EMEA),
for treatment of B cell lymphoma®Newman and Giddings, 20L3Results from a
clinical trial revealed that 12 months treatmh with garlic extractsignificantly
reduced the numband size of colonic adenomaspatients with CRETanaka et al.,

2006 Rgamanickam and Agarwal, 2008

Polygenic cancer drug resistance has been identifiednmentional chemotherapy

over the past decade, which limits the utility of the associated @gAlgsazikani et

al., 2012. One strategy to resolve this challenge could be the replacement of the
conventional chemotherapy with combinatorial targeted thegapy.azikani et al.,

2012. The last decade has seen a renaissance in applying combinatorial chemistry to
natural product libraries for the development of novel nrtaltget therags (Boldi,

2010. For example, the inhibiting effects of the natural products geldanamycin and
radicicol las been combined with the purine scaffoldon the molecular chaperone

HSP90for a novel targeted cancer treatment reviewed by Workman(e0al).

One of the benefits of the natural compounds in crude organic extracts, such as
typically used nutraceuticals, could be the exgic effect of some bioactive
compounds thaincrease each other's effectiveness. This synergic effect has been
shown in several extracts with various activities, including anticancer and
antimicrobial activitiegBankole et al., 20Q&hen et al., 201Machana et al., 20)2
However, some potential toxicity, especiadly liver and kidney, have been reported

in association with certain compounds in some crude extfldaEng and Sun, 2010

Nascimento et al., 20)2This toxicity can be eliminated by isolating or fractionating
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the bioactive compounds from the cruderasts, 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 compongiaind 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 thisnvironment 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 metabo(Bast 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 envirdhiaeinier,

2003. Marine naturaproducts play a major role in the discovery and development of
new druggNuijen et al., 2000 Over 7000 marine natural products and 2500 different
metabolites have been isolated from species such as algae, bryozoanss,sponge

tunicates and mollus¢dimeno et al., 2004

In 1950, some of the first bioactive compounds, such as spongouridine,
spongothymidine and-eucleosides, were discovered from marine resouyidagen

et al., 2000Newman and Cragg, 20071-Betad-arabinofuranosylcytosine (Ar@),

a synthetic analogue derived from the structure of these compounds, showed anti
proliferaton activity against acute myeloid leukaertdaneno et al., 2004Ara-C is

also called cytosine arabinoside becautsecombines an arabinose sugar wih

cytosine base. This compound is incorporatéd human DM due to its similarity
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with human cytosine deoxyribose (deoxycytidimg)ich kills cancer cell§Groothuis
et al., 2000. Ara-C is used for the clinical treatment of leukaemia nowadaiyseno

et al., 2004

Some of thesenarinedrugs are in various stages of preclinical or clinical trials, whilst
others are in their infancy of developmé@hin et al., 2006 Simmors et al.(2005

have eviewed marine natural products in the various stages of anticancer preclinical
or clinical trials. For example, Aplidine is a compound isolated from the marine
tunicateAplidium albicansand demonstrates vivo angiogenesis effects in human
ovarian canceby arresting the cell cycle at GIaraboletti et al., 2004Aplidine is

a cyclic depsipeptidea cyclic peptide with a very similarchemical structure to
didemnin B(Celli et al., 2003 Phasel clinical trials have shown that Aplidin has
anticancer activity on prreated solid tumours andniphoma(Jimeno et al., 20Q4
Chin et al., 2006 Some other marine natural products with established mechanism of
action have been reviewed I8arfaraj et al(2012. In addition, narine natural
products and related compouras anticancer agents with their clinical stafise
molecules approved and 11 molecudagrently on the clinical pipeline for anticancer
chemotherapyhave been comprehensivebviewed in a current review tBetit and

Biard (2013, (Table 1.1) For example, Ecteinascidifd3 is anticancer compound
derived from a tunicate (sea squirt, Phlyum Chordata). This alkddnvich-regulates
p-glycoprotein in cell membranes and is in phase Il clinical trials for prostate cancer
and osteosarcoma and ph#sér metastatic ovarian cancer and breast caCarter

and Keam, 2007Kim, 2013. The FDA and Europea@ommission (EC) granted
orphan drug status toabectedin for ovarian cancer and soft tissue sarcomas in April

2005(Kim, 2013.
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Table 1.1Status ofmarinederived natural
adapted fronfPetit and Biard2013

products inanticancer clinical trials,

Compound name Chemical Source Organism Production Clinical status
Class
Cytarabine Nucleoside SpongeThetya Synthesis, Approved,CytosarU® for
(Ara-C) crypta analogue of leukemia; Depocyte® for
spongothymidine | lymphomatous meningitis
Phase | to IV in combination
therapies
Trabectedin Tetrahydrois | Tunicate, Hemisynthesis Approved in EUYondelis® for
(ET-743) quinolone Ecteinascidia sarcoma
alkaloid turbinata Phase | to Il for various cancers
such as ovarian etc.
Eribulin Macrolide Sponge, Synthesis, Approved, Halaven® for breast
(E-7389) Halichondria okadai | analogue of cancer
halichondrin B Phase | to Il for variousancers
such as NSCLC etc.
Brentuximab vendotin| Peptide Mollusc, Dolabella Synthesis, Approved in USA, Adcentris® for
(SGN-35, MMAE) auricularia analogue of Hodgkin Lymphoma and sALCL
dolastatin10,
antibody drug
conjugate
Keyhole Limpet Glycoprotein | Mollusc, Megathura | Extraction Approved, Immucoth& for
Hemocyanin (KLH) crenulata bladder cancer
Phase | to Ill for various cancers
such as myeloma, lymphoma, etc|
Plinabulin Diketo- FungusAspergillus | Synthesis, Phase Il
(NPI-2358, KPU2) piperazine ustus analogueof
halimide
Plitidepsin Cyclic Tunicate, Synthesis Phase | to Il, alone, Aplidi&
(dehydrodidemnin B) | depsipeptide | Trididemnum Phase | in combination
solidum
Elisidepsin Depsipeptide | Mollusc,Elysia Synthesis, Phase | to Il, Irvale®
(PM02734) rufescenand his analogue of
diet green alga kahalalide F
Bryospissp.
PM00104 Tetrahydroiso | NudibranchJoruna | Synthesis, inspired Phase | to Il, Zalyps®
- quinolone funebris by jorumycin,
alkaloid renieramycins,
ET-743
PM01183 Alkaloid Tunicate, Synthesis, Phase I to Il
(lurbinectedin) Ecteinascdia analogue of ET
tubinata 743
ILX-651 Peptide Mollusc, Dolabella Synthesis, Phase I to Il
(Tasidotin, auricularia analogue of
Synthadotin) dolastatin 15
TZT-1027 Peptide Mollusc, Dolabella Synthesis, Phase I to Il
(auristatin PE, auricularia analogue of
soblidotin) dolastatin 10
MMAE/MMAE+ Peptide Mollusc, Dolabella Synthesis, Phase | to Il
antibody: PSMA auricularia analogue of
ADC, ASG5ME, dolastdin 10,
CRO11vcMMAE, antibody drug
BAY79-4620, SGN conjugate
35, Glembatumumab
vedotin CDX011
MMAF + antibody: Peptide Mollusc, Dolabella Synthesis, Phase |
AGS-16M8F, SGN75 auricularia analogue of
dolastatin 10,
antibody drug
conjugate
Salinosporamide A b-l a c t-o n| Bacterium, Synthesis Phase |
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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 syiB@é=r,

1992. Some potential pharmaceuticals are being developed from the bioactive
compounds of several species of moll(Shin et al., 2006Benkendorff, 201p The

linear peptides derived fromdollabella auricularia a shellless mollusc, have
demonstrated antieoplastic, antibacterial and fungicidal properties, as well as anti
tumour effects on breast and liverncar (Chin et al., 2006 Of the anticancer
compounds derived from marine molluscs, Dolasta@irand kahalalide F are under
phase Il of chical trials for the treatment of cancer, as reporte&inymons et al.
(2009. The bioactive compound Kahalaide F derived fi6lysia rufescensa shel

less marine mollusc, shows promising d@atnour activity against breast, melanoma,
hepatoma and pancreatic carcimas (Janmaat et al., 2006Chin et al., 2006
Considering the huge species diversity of molluscs and the fact that natural products
from only <1% of molluscan species have been ted@edkendorff, 201)) there is
potential for further new drug developmarging 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 worldicathais orbitais one of thdarger species of muricid,
which can be found in the southern regions of Australia, New Zealand, Norfolk Island
and Howe IslandTan, 2003. It has been invéigated due to a number of bioactive
compounds and pigments produced in its tisgBaker and Duke, 197Benkendorff

et al., 2000Benkendorff et al., 200 Benkendorff et al., 20Q4Nestley et al., 2010

Benkendorff et al., 201 Edwards et al., 201Benkendorff, 2018
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The first compound identified from the Muricidae was a brominated indole derivative
known as Tyr 4dieromoipdigo);d-tiedlaeiidér, 1609 (6, Figure 1.2).

This compound is stored as a choline ester precursor salt of tyrindoxyl sulphate (
Figure 1.2) in the hypobranchial gland and egg masses of Muricidae marine molluscs
and produced after a series of oxidative, enzymatic and phobiciereactions
(Baker, 1974 Benkendorff et al., 20Q0Cooksey, 2001Baker and Duke, 1976
Westley et al., 2006 The puple secretion from the Muricidae is also the source of
AMurex purpureao a homeopathic remedy us
disorders, including cancébunham, 1864Benkendorff et i, 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(Figure 1.2) and thexidation product @romoisatin T,

Figure 1.2) have shown good anticancer effects on different human cancer cell lines
(Vine et al., 2007aBenkendorff et al., 201Edwards et al., 20)2For example,
tyrindoleninone has been reported for its cytotoxic effect on U937 human lymphoma
cells (Vine et al, 2007a Furthermore, an extract containing thismpmund
significantly reduced cell viability and induced apoptosis in Jurkat (&diskendorff

etal., 201) and female reproductive cancer céiislwards et al., 2032Studies on
synthetic 6bromoisatin, reduced the cell viability of lymphoma U937 eolbrecti
HCT-116 cell lineqVine et al., 2007pand purified extracts containingomoistain
showed antproliferative and apoptotic effects d@male reproductive cancer cells
(Edwards et al., 20)2Moreover, it has been shown that the minor dye pigment of
Tyr i an pdbromdindirulen,86F@ure 1.2) isan inhibitor of protein kinase

and efficiently inhibits cell proliferation by selectively targeting glycogen synthase

kinase3 (GSK-3); (Meijer et al., 2003Leclerc et al., 2001 All known brominated
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indole metabolitesfrom D. orbita and their generation in the mollusc are shown in

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

adapted from Westley and Benkendd@2®08.
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Crude extracts fror®. orbita have alsdeenshown to have soma vitro anticancer
activity inducing apoptosis in Jurkat cell lines and these extracts appear to have more
antiproliferation activity toward cancer cells in comparison to human untransformed
mononuclear cell§vine, 2002 Benkendorff et al., 2091 Thecrude extrat from this
mollusc has also been testedifovivoefficacy byWestley et al(2010 using a short

term rodent model for the preventionaafiorectal cancer. The results from this study
revealed that the extract induced apoptosis in the colon in response to genotoxic
damaggWestley efal., 2010Q. However, dour week toxicity study in mice revealed

the potential foridiosyncratic liver toxicity associated with the oxidized extract

(Westley et al., 2013

The crude extract fronD. orbita used in thein vivo study contained significant
amounts of brominated indoles, dominated by tyrindoleninone amarBoisatin
(Westley et al., 2000 So purification of the most likely bioactive compounds
(tyrindoleninone and -®romoisatin) is required to confirm the active factor(s),
enhance tha vivoanticancer activity and potentially reduce idiesyncratic toxicity
associated with the crude extrdé¥estley et al.,, 2003 As some isatin derivatives
have been shown to be cytotoxic on some normal human(véls et al., 2007a
purification of 6bromoisatin anduse 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 epihelial cells are constantly exposed to mixtures of different compounds
including carcinogens or protective compounds, which can counteract carcinogens
effects(Patil and Jadhav, 20L.ZFEpithelial cells can be isolated from colon tissue and
usa 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 compoun(Ratil and Jadhav, 20L3or this aim, colon carcinoma

cell lines have to be uséRatil and Jadhav, 2013The HT-29 cdl line was obtained

from a Caucasian woman with the primary tumor of adenocarcierigaman et al.,
1989. HT29 cell line is included ithe National Cancer Institute 60 cell Igérin

vitro screeningShoemaker, 2006The Caco?2 cell line is derived from heterogeneous
human epithelial colorectal adenocarcinoma cells, and was developed by Sloan

Kettering Institute for cancer resear@ogh, 1975.

1.6.2 Cell viability assays

Cell viability can be determined using metabolic cell proliferations assays, such as the
tetrazolium salt, 34, 5dimethytthiazol2-yl)-2,5diphenyltetrazolium bromide
(MTT) assay. Tetrazolium salt is actively absorbed into cells and is reduced to yield a
formazan product itiving cells, froma mitochondrial dependent reacti@ory et al.,

1991). As formazan cannot pass through the melmbrane, 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 colorimetr{éédigmann, 1988 This
ability of living cells to reduce MTT is considered a suitable indicator for cell viability
because it depends on mitocdkoial integrity and activitMosmann, 1988 The
assay has beersed in several studies to measure the viability of a variety of cell lines

including HT-29 and Caco2 cellarmichael et al., 198&rade et al., 2007

1.6.3 Apoptosisor programmed cell death versus necrosis

Apoptosisor programmed cell death is a particular mode of cell death that eliminates
unwanted cells characterized by spedafi@anges in nucleus and cytopla@ompton

and Cidlowski, 199, Hengartner, 2000 Apoptosis is a normal and vital cellular
process involved in cell turnover, embryonic development, functioning of the immune
system etdElmore, 200J. However, dysregulation of apoptosis is a factor in many
human diseases, such as autoimmune disorders, neurodegenerative diseases, ischemic
damage and many types of can@@scher and Schulz®sthoff, 2005EImore, 2007.

In contrastnecrosis is an alternative procésading tocell death, usually caused by
acute injury to the ce(Uin and EIDeiry, 20053. In this kind of cell death, injury can
destroy the membrane integrity, which leads to release of cytoplasmic constituents to
the surrounding areé&Jin and ElDeiry, 20053 Unlike apoptosis, necrosis is a
degenerative process which can trigger an inflammatory respovise (Columbano,

1995 Zong and Thompson, 2006

The morphological changes in apoptosis can be identified by light microscopy
(Hacker, 200D For examm@, 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 anall cluster of cells with dense purple nuclear
chromatin fragments and dark eosinophilic cytopl@&more, 2007. Therefore, light

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

Apoptosis or programmed cell death proceeds via a very complex mechanism, which
involves an energgependent cascadBischer and Schulz®sthoff, 2005 Elmore,

2007). Two main apoptotic pathways have been identified by researchers: the intrinsic
or mitochondrial pathway and the extrinsic or death receptor pattiapre, 200Y

(Figure 1.3). Both of these pathways are linked with cysteine proteases or caspases
(Igney and Krammer, 2002T here 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,(Rai et al., 2005EImore, 2007. Activation of caspase

9 is involved in the intrinsic pathway that results from the mitochondrial release of
cytochrome c. The initiator caspaseisB associated with the extrinsic apoptosis
pathway, that is activated by the cell surface death receptors and l{@aciisison,

1999 Elmore, 2007. These activated initiator caspases then cleave the effector pro
caspases to form the caspase effector enzyMeholson, 1999 Elmore, 2007.
However, the intrinsic and extrinsic pathways converge on the same terminal by the
cleavage of caspase (Figure 1.3) and this results in DNA fragmentation and
formation of apoptotic bodie€EImore, 2007. In addition to intrinsic and extrinsic
pathways, there is a third pathway called perforin/granzyme pathway which is
associated with cytotoxic-€ells (Figure 1.3) and can induce apoptosis via granzyme

B or granzyme AMartinvalet et al., 20056 Similar to intrinsic and extrsic pathways,

the granzyme B pathway converges on the caspdseminal, whereas granzyme A
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pathway activates caspaselependent apoptosis by single stranded DNA damage

(Martinvalet et al., 2006

Extrinsic Pathway Intrinsic Pathway Perforin/Granzyme
radiation, toxins, hypoxia, etc. Pathway
' Cytotoxic T cells

death ligand —u_
death receptor o

\‘
l perforin
4 / N
adaptors mitochondrial changes (MPT)
t

granzyme B granzyme A

disc formation apoptosome forms

caspase 10 SET complex

caspase 8 activation caspase 9 activation
\ { / activation

caspase 3 activation
(Execution Pathway) DNA cleavage
|

endonuclease activation — degradation of chromosomal DNA
protease activation — degradation of nuclear and cytoskeletal proteins — cytoskeletal reorganization

cytomorphological changes:
chromatin and cytoplasmic condensation, nuclear fragmentation, etc.

formation of apoptotic bodies

Figure 1.3 Three apoptosis mechanism including two main intrinsic and extrinsic

pathways with the third perforigfanzyme pathwagEImore, 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 celinting and sorting, protein
engineering and biomarker detection that allows analysis of the chemical and physical
characteristics of cells simultaneouslyNunez, 2001 Translocation of
phosphatidylserine from the inside of the membrane to the external cell surface is one
of theplasma membrane alterations in the cell surthagoccur 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 calirfice 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 {(Maiches 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 sirBi& and is
generally excluded from viable cell&lander and Schaller, 199%0 PI used along

with Annexin V can distinguish apoptotic cells (FITC+)JPfrom necrotic cells
(FITC+/PI+). The intact cells (FITZPI-) remain unstained by Annexin V and PI
(Vermes et al., 1995The 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 ¢Yelenes et

al., 1995.

Flow cytometry is also used ttetermine the distribution of the cells in the different

stages of cell cycléDarzynkiewicz et al., 2001The 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
developmentontaining three phases: Gap 1 (G1), Synthesis (S) and Gap)2In

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 cof@c€onnor, 2008 The cells

can be stained by fluorescent dyes such as#)@diamidino-2-phenylindole (DAPI)

for staging the cells based on DNA contdnit these dyes should be used in fixed
cells or detergerpermeabilized cells. For live cells, the membrgeremeable stain,
Hoechst 33242 can be us@hrzynkiewicz et al., 2001Flow cytometry is useful to
assess whethéioactive 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. Howevethere are some limitations for working with cells
because theells are treated outside the body system, which is not their normal
environmentIn pharmaceutical discovery programs, properties of a drug cannot be
considered independent of the system that the drug needs to be téstemhaki 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 d(ugsnski and Hopkins,
2009). Therefore,in vivo studies are required in addition ito vitro screening, to
investigate the overall andtimateeffects of the drug ithe body systerfHodgson,

2001, Davis and Riley, 2004
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The two most common carcinogémuced 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 genetaelno
APCmin mice is als@onsidered as promising model for CRC preventive studies
(Corpet and Pierre, 2009-emia and Caderni, 2002 er ge and ).Cer ar ,
Enhancing the acute apoptotic response to genotax@nogens (AARGC) has been
recently developed as a model for chemopreventative res@docty et al., 1999
Reddy et al.,, 20Q(Hu et al., 2002Le Leu et al., 2002Le Leu et al., 2003Vestley

et al., 2019 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-@eG DNAadduct formatior(Hirose et al.,
1996 and genetic mutation in distal colonic epithelium withiB B (Hu et al., 2002

This model has been mainly used to tasute apoptotic response of dietary
components, such as starches and(bliteng et al., 1999 e Leu et al., 200A.e Leu

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

to investigate thehemopreventativeffects of crude extract from. orbita in four

week mouse trialT herefore this model has been selectesl ausefulanimal model

due to itstime-saving costeffectivenesandreliability to test the purified bioactive
compounds from Muricid extracts and/or the synthedimpgounds 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 humang@icholson 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 k& pathological
analysis by staining with haematoxylin and eosin (H&E) under a light microsempe

be used to indicate toxicity induced by cytotoxi@atimitoticdrugs, which can cause

liver damage such asicro and macrovesiculateatosiscongestion, haennchage,
necrosis, et¢Greaves, 20Q7#errell, 2010. The activities of liver enzymes, such as
asparate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline
phosphatase (ALP) in the serum are also considered indidatohepatotoxicity
because in the injured or damaged liver cells, these enzymes leak higher than the
normal amountinto the bloodstreartHewawasam et al., 20RKidney function can

also be measured lpyochemical indicators, such as creatinine, total pra@edthurea

concentrations in serum to evaluate drug toxicity in thisw(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 thes&ctrolytes in the serum. The balance of electrolytes is
likely to be impacted if the drug has some side effects sugbraging or diarrhea
(Oliver et al., 1957 Gennari, 2002 Hematology factors such as red blood count,
hemoglobin, hematocrit (Hct), mean corpuscular voluMEY), 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 an@eitock, 1987. White cell

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

system that could indicate possible inflammatory responses or imsuppeessive
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activities, and lius 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 fact@sanbita 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 otthde 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 ina two week AOMinduced rodent modahd testing for potial 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 coécer.The

specific objectives of this project are to:

1. Optimize methods for purification of the bioactive compounds tyrindoleninone
and 6bromoisatin on a larger scale to supphyvitro assays anoh-vivo preclinical
rodent trials (Chapter 2)

2. Test the hility of antioxidants Yitamin E and Vitamin A) to prevent the
degradation of tyrindoleninone telomoisatin (Chapter 2)

3. Bioassay guided fractionatioof crude extract andssessment of tha vitro
cytotoxic effect of all fractions to identify the most bioactive compound against

colon cancer cdl(Cace2 & HT29); (Chapter 3).
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4. Determine whether the compounds effectively cause apoptosis or necrosis in colon
cancer cellsn vitro (Chapter 3)

5. Establishin vivoefficacy of the purified compounds irtveo weekAOM-induced
rodent model for the prevention of colorectal cancer (Chapter 4)

6. In vitro andin vivo testing of synthetic ®romoisatin 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 associatewith 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 ofVitamin 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»forbita. It also describes some preliminary
expeiments 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 testedvitro, with and without Vit E to identify whether

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

apoptosis and cell cycle arrest in colorectal cancer cell lines

The chapter is presented as a manuscript that haspbeesionally accepted ithe
journal Marine Drugs. It presents the results of the bioassay guided fractionation and
in vitro cytotoxicity of fractions from a chloroform extract Df orbita egg masses

The most bioactive fractions wetbenanalysed by LC/MS, GC/MS and NMR to
confirm the identity and purity of the compounds. The purified and-penfied
bioactive compounds were then tested for theirpirdiiferation and apoptotic effects,

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

cell cycle of HT29 cells waalsoassessed by flow cytometric analysis.

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

colon cancer formationin vivo

This chapter presents the preclinitaio week in vivo testing to demonstrate the
efficacy of the crud®. 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 coloncancer
cell proliferation and induces apoptosis, preventing early stage tumor formation

in a colorectal cancer rodent model
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In this chaptersynthetic 6bromoisatin has been tested for its qumtliferative and
apoptotic effects on HT29 celis vitro. Thecell morphology of apoptotic cells was

also studied by light microscopy. The synthetic compound was then tested using the
in vivorodent model for colon cancer prevention, to confirm whether this compound
alone coulenhance AARGC. Measurements of henaga and biochemical factors
(including liver enzymes) in the blood were undertaken to determine any potential side

effects associated with the daily oral ingestion-sfémoisatin for 2 weeks.

Chapter 6: Final discussion and conclusion

This chapter prodes 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 ofVitamin E
stabilized tryindoleninone on HT29 cells
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2.1 Introduction

The Australian whelkDicathais orbita(Muricidae), is a novel source of brominated
indoles with bioactive propertig®enkendorff, 2018 Extracts from the egg masses
contain compounds with demonstratediGaicer properties against a range of cell
lines(Vine et al., 2007aBenkendorff et al., 201, Edwards et al., 201 Benkendorff,

2013. Crude extracts from the hypobranchial glands of this mollusc have been tested
in vivo using shorterm rodent models for toxicity and efficacy in the prevention of
colorectal cancefWestley et al., 2010 The hypobranchial glasdwvere used in this

in vivostudy due to the difficulty in obtaining enough egg masses to supgparvian

study and chemical analysis revealed a similar composition of brominated indoles.
However, the percent composition of these two sources has negar 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 tRedahaged

colon cellsin vivoremain unidentified.

Previous methods to purify the bioactive brominated indoles fBororbita have
mostly focused on silica chromatography. Benkendairdfl. (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 d compounds and repeated separation on the chromatotron was required to
isolate tyrindoleninone and tyrindolinone (Benkendorff, personal communication). In
a detailed honours research project, Bogdan@@©7) attempted to optimise the

separation of compounds frobh orbita egg mass extracts using HPLC. The final
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separation method used a gradient of toluene, hexane and acetone, but not al
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, 200) Eichinger(2008 then attempted to purify tyrindoleninone by
reverse phase HPLC on a preparative hydr@ig column using a gradient of
acetonitrile and ater, 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 thancluded tryindoxyl, tyrindolinone and-lBromoistain, with a

yield of just 0.77% of the original extrafEichinger, 2008 Edwardset al (2012

then returned to a flash silica column chromatography method to purify the bioactive
compounds fronD. orbita egg extractsUsing a solvent system with increasing
polarity from 100% DCM, 5% methanol in DCM and 10% methan®@@M, semi
purified fractions of tyrindoleninone andomoistain were obtained with yields of
3.22% and 2.18% respectively. Minor trace contaminants (<1%) were detected by
LC/MS for both of these senpiurified fractiond Edwards et al., 2032Consequently,
further optimization of the separation procedure is required to confirm the activity of
the main brominated compounds and to obtain higher yields as requiredvigo

testing.

Semipurified fractions containing tyrindoleninone fron orbita show anticancer
effectsagainst a range of cancer cell linewitro (Benkendorff et al., 201 Edwards
et al., 2012, However, this compound can be easily degraded to the other compounds,
such as tyriverdin an@-bromoisatin inthe presence of oxygen and ligkigure 1.2),

(Westley and Benkendorff, 2008This chemical degradation has also been noted
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when the extract frorD. orbitais exposed to simulated gastric flM/estley et al.,

2010. The use of antioxidants such\asamin E and A, which have been added into

a range of food produci{Sies and Stahl, 199%nay help prevent the oxidation of
tyrindoleninone. These natural antioxidants have been also used for the stabilization

of some foodgLtiliger, 1989.

The aim of this chapter was optimize the purification of the bioactive compounds
tyrindoleninone and -Bromoisatin from the crude extracts of egg masses and
hypobranchial glands and test the antioxidant effeckstamin E andVitamin A to
identify whether these antioxidants camnevent degradation of tyrindoleninone.
Furthermore, the synergistic effect of the antioxidants with tyrindoleninone will be

investigatedn vitro to ascertain possible effects on the anticancer activity.

2.2 Material and methods

2.2.1 Extraction and sepaation of compounds by thin-layer chromatography

(TLC)

D. orbitawere collected from arood 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 glandaswsoaked 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 evaporataccording to the method previously described by
Westley et al(2010. Thin layer chromatography (TLC) aluminium sheets220cm

silica gel 60 Bss (Merck) were used to optimise the separation of the main coloured
compounds inhe extract. TLC plates were spotted with the crude extract dissolved in

a small amount oflichloromethane. 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 favity to a high polarity: 1) 100% HX; 2) DCM/ HX
(1:9 viv); 3) DCM/ HX (1:8 viv); 4) DCM/ HX (1:7 viv); 5) DCM/ HX (1:6 v/v); 6)
DCM/ HX (1:5 v/v); 7) DCM/ HX (1:4 viv); 8) DCM/ HX (1:3 v/v); 9) DCM/ HX

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

Chloroform extracts from the egg masses (20 gpobrbita 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 Benke (2208

to enable direct comparison of the extract composition.

2.2.2 Flash chromatography and chemical analysis

Based on the TLC results, mew flash column chromatography method was
developed, focusing on the separation of tyrindolenine, tyrindolinone and 6
bromoisatin. The chloroform extract (250 mg) from the hypoth&l glands was
loaded on a flash column (24 mm diametemtaining 20 g silica gel (Sigma Aldrich,
100 mesh) mixed withX as a stationary phase and pressurized with nitrogen gas. In
the first step, 10nL HX was used to wash any fat, such as fatty acids/esters out of
the column. TherBOmL DCM/ HX (4:1, v/v/)was used to purify the red/orange layer
(tyrindoleninone) as fraction 1. The yellow lay&yri{ndolinone)following just after

the red/orange layevaspurified with 200mL DCM/ HX (3:1, v/v/) as fraction ZThe
column was then washed with 260. DCM before purifying the last yellow layer+(6
bromoisatin) with 15mL DCM/ methanol (9:1, v/v) as fraction 3he 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, #iree fractions were analysed using liquid
chromatography (Waters Alliance) toupl ed
(LC/MS) witha HydreRP C18 column (250 I 4.6 mml4
diodearray detection at 300 and 600 nm according to the method established by
Westley and Benkendor{2008. This method was repeated using extracts from the

egg masses for Chapter 3.

2.2.3 Antioxidant assay

In order to preventytindoleninone degradation, an assegs developedising two
antioxidantsVitamin E -TOcopher ol synt het-Aldrich)ad®d 6% HP
VitaminA ( Ret i nol sy nt h e tAiddch) ard %e5téd theirreffeGts Si g |
on the sempurified fraction contaiing tyrindoleninone and tyrindolinone. To do this,

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

and 0.1%)was dissolveclong with the same amount of semuirified fraction (2mg)

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

them in980 W milli-Q water. For example, for preparing a solution containing 0.1%
Vitamin E, 2mg Vitamin E and 2 mg of the serpuurified fractionwasdissolvedin

20ul DMSO, then the DMSO containing these compounds was dissohg&0Dipl

milli-Q water. AsVitamin A was more soluble in water thavitamin E, higher
concentrations ofVitamin A were tested.Vitamin E at greater than 0.1 %
concentration did not disk@ in water using 2% DMSO. However, the effects of the

high concentrations ofitamin E (5%), could be tested by dissolving it first imnlL

of 100% DMSO containing serpiurified fraction (2mg). Two positive controls were

added to this assay. In one, g@mipurified fraction (2mg) was dissolved in DMSO

(final concentration of 2%) and then solubilized imiL milli -Q water without adding
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any antioxidant. In the other one, the sgmiified fraction (2mg) was dissolved in 1
mL of 100% DMSO. All of thesextracts were left in a fume hood, with exposure to
atmospherioxygen, overnight and then-emalyzed by LC/MS to identify any change
in composition of the compounds. A sample of the gaumified fraction without the
addition of antioxidant, or exposute oxygen, was also analysed by LC/MS as a

negative control.

2.2.4 Cell viability assay

The most protective antioxidant (1%itamin E) on tyrindoleninone from the
antioxidant assay was selected to investigate wh¥fiteenin 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 addagmann, 19883

was performed with and without addition of 0.1 \éamin E. The sempurified

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

HT29 and Caco2 cells we grown to 70% confluence and seeded 96well plates
(Costar®) (2 x 16cells in 100¢ | medi al/ well ). The cell s
before treatment. Serpurified 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 On@gd/m_ to 0.5mg/nmL semipurified
compounds with and without the addition of the 0.¥%&min E to determine I& €

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 Rvalue 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 Rvalue of 0.07 (Figure 2.1 b). Improved separation of these two compounds
was observedvith 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 R
0.15. The second compound, with a yellow colour, was observedvalue = 0.07
(Figure 2.1 c¢). The ird compound (yellow colour) was separated more effectively
using 100% DCM (R= 0.06; Figure 2.1 d) and went up te\Rlue of 0.7 by adding

10% methanol to DCM (Figure 2.1 e).

Previous research has revealed that the dominant compouBd®ibita egg nass
extracts are coloured and can be separated by (Be@Gkendorff et al., 2000 For
example, tyrindoleninone (orange colour) with=R0.5 and tyrindolinone (yellow
colour) with R= 0.4 have been separated by TLC (Silicagel 60) using light petroleum/
DCM (1:1, viv) as the solven(Benkendorff et al., 2000 Comparison of the
compound colours andRalues inBenkendorff et al.(2000, suggests that the
compound 1 in our TLC analysis matches tyrindolinone and compound 2 matches with
tyrindoleninane. Benkendorff2013 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 highatue of
tyrindoleninone and tyrindolinone with g petroleum/ DCM (1:1, v/v) in
Benkendorff et al(2000, in comparison to thetRalue of these compounds using
HX/ DCM (1:1, v/v) in our study would be due to the lower polarityHdf compared

to light petroleum.

In addition to thee compounds, Benkendorff et@000 also detected a yellow polar
compound corresponding telBomoisatin using TLC with light petroleum/ DCM«(R

= 0.05). This compound was not effectively separated u¥gDCM (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). Ther Yalue for 6bromoistain was
confirmed at R0O.7 using 10% methanol in DCM, in comparison to a synthetic
standard for @romoistain (TClI AMERICA,; purity of >97.0% GC);(Figure 2.1 f).
Compound 3 in our TLC was also consistent with other reportdbod@oisatin, that
has been previously separated frtime hypobranchial glands of muricigBaker,
1974 Clark and Cooksey, 19%.76-bromoisatin is a much more polar compound with
a Log P of 1.6158Benkendorff, 2018 which is consistent with its go separation

from the other brominated compounds in Eheorbita extract.
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Figure 2.1 Thin layer chromatography of the crude extract from the hypobranchial

Under UV

gland ofDicathais orbitausing 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, viv). Synthetic @romoisatin 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=b®moisatin. The R

value of the compounds in different solvent have been calculated as the proportion of

the disgancemoved 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 andbBomoisatin from the hypobranchial
gland extact by flash column chromatography. After evaporating the solvents from
the collected fractions, the yields from 280 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 he silica column fractions confirmed the identity of the compounds
predicted by TLC. The first fraction with an orange colour revealed a single dominant
peak attr 11.18 min (Figure 2.2 a), with a corresponding molecular weight for
tyrindoleninone, with mar ions atm/z 255, 257. The second fraction with yellow
colour revealed two dominant peaks corresponding to tyrindolenindgé a8 min

and tyrindolinone atr 9.46 min (Figure 2.2 b), with the major ions in B38 atm/z

302, 304. The last fractioeshowed a dominant peak at 6.4 min attributed to the
molecular mass of-6romoisatin, with major ions in EQNS atm/z224, 226 (Figure

2.2 ¢) and several other minor peaks. These results are consistent with the LC/MS
results reported by Edwaras al (2012 for tyrindoleninone tg 11.32 min) and 6
bromoisatin (g 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 anebomoistain (Chapter 3).
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Figure 2.2 Liquidchromatographymass spectromet(yV/Vis diodearray detection
at 300 and 600 nymanalysis of purified/senpurified fraction from hypobranchial
gland extract ofD. orbitaa a) Fraction 1 (tyrindoleninone); b) Fraction 2

(tyrindoleninone and tyrindolinongg) fraction 3 (6bromoisatin).
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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 higbeportion of tyrindoxyl
sulphate in the egg masses, relative to the hypobranchial gland could be due to higher
concentrations of arylsulphatase in the hypobranchial gilBa#er and Sutherland,

1968 Westley and Benkendorff, 2008The higher concentration of tyrindoleninone

in the egg mass extract relative tdi®moisatin and tyriverdin in the hypobranchical
gland could also indicate more oxidation in the hypobranchial gland extracts.
Nevertheless, both of these tissues providgpad source of the main brominated
compounds previously reported to have anticancer act(Mige et al., 2007a
Edwards et al., 20)2 The mgor compounds in our extracts are consistent with

previous reports of these compoundBirorbitaextracts by Benkendorff et §2011).
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Table 2.1 Retention time anaass values of major compounds in the crude chloroform
extract from the hypobranchial gland (HG) and the egg mass (EMgathais orbita
by LCMS analysis. Percent composition lod tmajor compoundsascalculated from

the sum of integrated peak area from all compounds in the extracts.

Major compounds Retention time Mass values Percent
(min) (m/2 composition
HG EM
6-br omoi s a 6.4 224, 226 334 29.7
Tyrindol i 9.46 302,304 25.1 19.1
Tyrindol e 11.8 255, 257 21.3 26.7
Tyrindoxy 8.58 336, 338 5.8 12,5
sul phate
Tyriverdin 11.90 511, 513, 515 8.9 4.5
Unknown 5.5 7.5

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 sepurified tyrindoleninone and tyrindolinone to oxygen,
without adling 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 waseduced 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 mor&/itamin A (1% and 5%), tyridoleninone was stabilised,
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whereas tyrindoleninone started dgidise to 6bromoisatin (Figure 2.8 & e). In
contrast,Vitamin E was found to stabilize tyrindoleninone more than tyrindolinone
(Figure 2.3 f & g). For example, by adding 0.1Vamin E to the sempurified
extract, tyrindoleninone was stabilized are tproduction of @romoisatin was
reduced by 6.8%, in comparison with 24.1%r6émoisatin in the control positive
(Table 2.2). SoVitamin E with the concentration of 0.1% was found the most

protective antioxidant to inhibit the degradation of tyrindoleni
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Figure 2.3. LCMS analysis of the sepurified tyrindoleninone and tyrindolinone
from D. orbita after 12 hoxygen exposure in the presence of different concentrations
of Vitamin A andVitamin E dissolved in DMSO: a) Untreated control in 2% DMSO);
b) Positive control in 2% DMSO; c) 0.1 ¥itamin 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 Contriml 100% DMSO.















































































































































































































































































































































































































































































































































































































