
[Note: Some images, and Appendix 3, have been 
removed from this digital thesis for copyright reasons. 
 
A print copy containing all images and Appendices 
is held in Griffith University Library.] 



 
 
 
 

Toxicology Investigations With The 
Pectenotoxin-2 Seco Acids  

 
 

 
 
 

Vanessa Anne Burgess  
M.Sc. (Toxicology), B.Sc (Hons) (Biomedical Sciences) 

 
 
 
 
 

 
 
A thesis submitted in fulfillment of the requirements for the degree of Doctor 

of Philosophy. 
 
 
 
 
 
 

National Research Centre for Environmental Toxicology and the 
School of Public Health, Griffith University, Brisbane, Queensland, Australia 

February 2003 
 



Toxicology Studies with the PTX2-SAs                                                             Vanessa Burgess 

 
 
  
 
 

Statement of originality 
 

 
 
I hereby certify that this work has not previously been submitted for a degree 
or diploma in any university.  To the best of my knowledge and belief, the 
thesis contains no material that has previously been published or written by 
another person except where due reference is made in the thesis itself. 
 
 
 
 
 
…………………………………. 
Vanessa A. Burgess 

 ii



Toxicology Studies with the PTX2-SAs                                                             Vanessa Burgess 

Acknowledgements 
 

Firstly, I would like to thank my supervisors Dr. Glen Shaw and Professor Michael Moore here at 

EnTox, and Prof. Paul Lam of The City University of Hong Kong for providing me with the 

opportunity of conducting this PhD.  I thank them for their supervision and advice whenever sought.  

I would also like to thank Prof. Des Connell as my principal supervisor for all those signatures I 

required on various grant applications in the past years, and of course for his signature on my thesis 

submission form!  

 

I have several acknowledgements and thank you’s I would like to mention which, in good old thesis 

fashion, fit nicely into the following three categories of funding, collaborators and friends. 

 

Funding and resource contributors 
 

I am very grateful to the following organizations:  The National Research Centre for Environmental 

Toxicology (EnTox) who is supported by Queensland Health, The University of Queensland, 

Griffith University and Queensland University of Technology.  I would like to thank Griffith 

University for the various research grants and travel grants I was awarded during the course of this 

PhD, and Prof. Paul Lam of the Dept. Chemistry and Biology, City University of Hong Kong, P.R., 

China, for providing funds, resources and the opportunity to research with in his department. 

 

Additional funding specific to this research project was provided by: The Fisheries Research 

Development Commission (FRDC), The South Australian Shellfish Quality Assurance Program 

(SASQAP), South Australian Oyster Research Council, and the South Australian Mussel Growers.   

I would especially like to express my gratitude to Ken Lee of SASQAP for his enthusiasm and for 

all his petitioning to the shellfish industry collaborators for funding and support of my PhD studies.   

I would also like to thank Bruce Haynatz of Myee Pipi Inc. for his support and interest from the 

start of the project and for supplying all those kilos and kilos of pipis!  Additionally I would like to 

thank Gustaaf Hallegraeff and Ken Lee for supplying samples of shellfish for this project, with 

additional thanks to Gustaaf for assistance with identification of algal species. 

 

I acknowledge my own learning curve for the importance of funding in research.   This lesson 

began with having to spend most of my first year applying for grants and being unable to commence 

laboratory work until well into my second year after arriving in Australia for PhD studies.   

 

 iii



Toxicology Studies with the PTX2-SAs                                                             Vanessa Burgess 

Collaborators 
 

The foremost collaborator I would like to thank is Geoff Eaglesham of Queensland Health 

Scientific Services (QHSS).  Thank you Geoff for your commitment and collaboration with all the 

HPLC work that was conducted during my PhD.  Geoff, you have played a major supervisory role 

during my PhD and your advice and guidance over the past few years has been very appreciated. 

 

The National Research Centre for Environmental Toxicology has an on going exchange programme 

with the Department of Chemistry and Biology in City University of Hong Kong SAR, PR, China, 

where I was fortunate enough to conduct a 2.5 month period of research.  Investigations included 

cDNA microarray investigations, cell cycle studies and cytotoxicity assays.  I would like to thank 

Yang Mengsu, Chi Hung Tzang, and Zhong Yang within the Applied Research Centre for Genomic 

Technology, for allowing the collaboration with their department and for their excellent teaching, 

guidance and assistance with the microarray experiments, in particular to Chi Hung Tzang for 

detailed explanations of microarray analysis and provision of schematic diagrams shown in chapter 

6.  Additional thank you’s go to Yang Yauo Zhang, Fong Chi Chun and Chan Hing Leung for 

advice and instruction on the use of the flow cytometer and Au Tze Shan and Shen Xiaoyun for 

advice and assistance on cell culture.    

 

I would especially like to thank Paul Lam for his supervision during my time at City U and to all his 

students and staff that made me feel so welcome, some of who became valued friends of mine 

during my stay.  In particular are Bryan, Bernie, Ashley, Eva and Ting who were always able to 

make me smile and show me all the best places to eat in Hong Kong!  Thank you all for your 

friendship - you all mean a great deal to me.  Finally, I would like to especially thank Sarah Shen 

for her dedication in helping me settle into the University and for guidance pretty much 12 hours a 

day whilst I was there “where do I find the beakers?….there must be beakers here somewhere????”. 

 

I would like to express my gratitude to Prof. Alan Seawright who provided me with expert guidance 

and teaching during toxicology studies.  I have had tremendous admiration for Prof. Seawright as a 

pioneer in his field, and I felt honored to have been given the opportunity of learning from him 

during my time at NRCET.   I extend my appreciation to Dr. Malcolm Jones of QIMR for all his 

teaching and assistance with the EM work that was conducted in this PhD.  I would also like to 

thank Sharon Kratzmann, QHSS/NRCET, for instruction and assistance with MDA analysis.  And 

finally, I would like to thank Geoff Eaglesham, Wasa Wickaramasinghe and Maree Smith for their 

critical comments on drafts of some chapters for this thesis, very much appreciated, and Maree - I 

know you are going to make a great supervisor for any PhD student lucky enough to work with you. 

 

 iv



Toxicology Studies with the PTX2-SAs                                                             Vanessa Burgess 

Friends 
 

I’d like to thank Sharon and Robyn for lots of morning coffee chats and for listening to my whining 

of late “ I’ll never get the write-up finished in time.”  That particular thank you extends to my 

fellow algae PhD comrades – Corinne Garnett, Ian Stewart, Nick Osbourne and Dave Moore.  

Thanks also to the QHSS Library staff for all those entertaining morning coffee breaks and all that 

great COFFEE that kept me going all day and night, oh and thanks for assistance with literature 

stuff too! 

 

But most of all my friends, I would like to thank Katie, George and Sarah.  Katie for being the 

happy cheerpy person you are and for being so supportive and getting me though those tough times 

that distracted me from my PhD studies.  To Georgina for being my international PhDing-internet 

buddy, ideas exchanger and welcomed reliever from the loneliness and monotony of office solitude 

during those writing months. 

 

…. and finally to Sarah for booking her ticket to come out and travel around Australia with me - 

providing me with an excellent deadline to get me writing!  Australia here I come……………. 

 v



Toxicology Studies with the PTX2-SAs                                                             Vanessa Burgess 

ABSTRACT 
 

Pectenotoxins (PTXs) are a group of large cyclic polyether compounds associated with diarrhetic 

shellfish poisoning (DSP) as they are often found in combination with other DSPs such as okadaic 

acid (OA) and dinophysis toxins (DTXs) in shellfish.  Although classified and regulated with the 

DSPs, there is debate over whether these toxins should be classified with DSP toxins.   To date, ten 

different analogues of PTXs have been identified from shellfish and algae, and of these, the 

pectenotoxin-2 seco acids (PTX2-SAs) are of particular interest as they have previously been 

implicated in a shellfish poisoning incident in Australia, but relatively little was known of their 

toxicology. 

 

One such incident occurred in December 1997, when approximately 200 people were reported with 

severe diarrhoetic shellfish poisoning in Northern New South Wales (NSW).  Analysis of the 

shellfish associated with this incident revealed relatively high PTX2-SA concentrations (approx. 

300µg/kg shellfish meat), with only trace amounts of pectenotoxin-2 (PTX2) and OA.  Following 

this incident, PTX2-SAs were considered a health threat and guidelines were implemented in the 

absence of toxicological data, which has caused a great economic burden to shellfish industries 

around the globe, in particular to Australia, New Zealand and Ireland.  Such regulation created in 

the absence of scientific data demonstrated the need to determine the toxicology of PTX2-SAs in 

commercial shellfish.  Thus a comprehensive study on the toxicology and possible health 

implications of the PTX2-SAs in Australian shellfish was conducted.      

 

PTX2-SAs were isolated in different batches from shellfish (pipis, oysters and mussels) and from 

algal bloom samples of Dinophysis caudata.  Toxin extraction was conducted with several 

purification stages and chemical analysis was performed with high-performance liquid 

chromatography coupled to a tandem mass spectrometer (HPLC-MS/MS).  The chemical stability 

of the PTX2-SAs was investigated to ensure consistency of doses between toxicology experiments.  

Acute dosing studies with mice were then performed and included toxicopathology investigations 

with light microscopy and electron microscopy, in addition to toxin distribution studies and 

investigation of in vivo lipid peroxidation.  In vitro studies with HepG2 cells included cytotoxicity 

assays, cell cycle investigations using flow cytometry and gene expression profiling of cells 

exposed to PTX2-SAs employing cDNA microarray technology.   

 

Acute pathology studies demonstrated that the PTX2-SAs do not cause the characteristic symptoms 

or lesions associated with DSP toxins.  No diarrhoea was observed at any dose level in mice and no 

deaths occurred up to the maximum dosing level of 1.6mg/kg PTX2-SA.  Only one batch of PTX2-

SA extract produced toxic lesions characteristic of a DSP toxin (batch 1-pilot study) but after follow 

up studies, it was determined that this first batch of shellfish most likely contained an additional 
 vi
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unidentified shellfish toxin or contaminant that co-extracted with PTX2-SAs during toxin isolation 

and purification procedures. This finding highlighted the importance of supporting the inclusion of 

the mice bioassay in procedures for shellfish toxin testing to enable detection of new toxins, and 

also highlighted the importance of toxin purification for toxicology studies.  A significant rise in 

malondialdehyde excretion was observed within 24 hours of dosing mice, indicating that the PTX2-

SAs may cause damage by lipid peroxidation in vivo. 

 

In vitro studies showed HepG2 cells to have cell cycle and gene expression changes within 24 hours 

of a dose of 800ng/mL PTX2-SAs.   Cell cycle arrest was observed at the G2/M checkpoint and 

gene expression changes included alterations in genes involved in cell cycle control, lipid 

metabolism and transport, lipid genesis and trace metal transport.  Many genes involved in DNA 

repair processes were moderated at the 24 hour point, but as no apoptosis was observed up to 72 

hours post dosing it is a promising indication that any DNA damage that may have been caused by 

the administration of PTX2-SAs was not lethal, and was able to be repaired. 

 

In light of the information provided by toxicology investigations in this PhD, with particular 

reference to evidence of in vivo lipid peroxidation by raised levels of MDA in mouse urine, and 

changes in cell cycle distribution and gene expression in a cultured human cell line, it is concluded 

that there is potential for these toxins to induce biological changes in mammalian cells in vivo and 

in vitro, and hence potential for PTX2-SAs to cause health effects in humans.  

 

During the course of this three-year study, developments in techniques for shellfish toxin 

identification within our laboratories have revealed that the shellfish responsible for the 1997 NSW 

poisoning incident contained significant concentrations of okadaic acid acyl esters that were not 

detected at the time of the NSW incident.  Although reportedly less toxic than okadaic acid itself, 

the OA ester concentrations present may have been sufficient to cause the observed symptoms.  It is 

also theorized that these esters could be hydrolyzed in the human gastro-intestinal tract to release 

okadaic acid.  In the light of this new evidence and with no pathology lesions or symptoms of 

diarrhoea being observed in PTX2-SA dosing studies with mice, we now believe these OA acyl 

esters to be the causative agent in the 1997 NSW DSP incident and not the PTX2-SAs. 

 

Nothing is currently known of the chronic toxicology of PTX2-SAs and thus their potential 

implications to public health in the long term cannot determined.  The toxicology investigations in 

this thesis were acute studies, and it has not been established if the observed changes could be 

repaired or returned within normal limits without the manifestation of illness or disease occurring.    

 

Utilizing the acute toxicology information in this thesis, a health risk assessment for consumption of 

PTX2-SA contaminated shellfish was performed.  This risk assessment, employing numerous safety 
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factors essential for an incomplete data set, produced guideline values that are lower than the 

current recommend concentrations.  To date, there has been no solid evidence that PTX2-SAs cause 

illness in humans – all documented incidents involving the PTX2-SAs have also included other 

DSP contaminants that are known to cause human illness.  Pathology has not unequivocally been 

demonstrated in animal studies and thus, in consideration of the epidemiological evidence, PTX2-

SAs cannot be considered as high a risk to public health as was previously thought.  For the reasons 

discussed above, and weighing up risk-benefit considerations of the economic burden the current 

guideline values are causing to shellfish industries around the globe, it is recommended that levels 

of PTX2-SAs be monitored in recognition of the precautionary principle, but no longer regulated as 

tightly with other DSPs until such a time that toxicological or epidemiological evidence can prove 

that the PTX2-SAs are a DSP and are a more considerable threat to human health than has been 

indicated by toxicology studies in this thesis.  This study has produced a substantial amount of acute 

toxicology data and has provided a good basis for future chronic toxicology investigations with the 

PTX2-SAs for regulatory purposes. 
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1.1 OVERVIEW OF TOXIC MARINE DINOFLAGELLATES 
 

Dinoflagellates are the second most abundant order of marine micro-organisms consisting of 

approximately 2000 species, being only outnumbered by diatoms.  They are unicellular 

phytoplankton, ranging in size from 20 to 200 µm in diameter and possess a flagellum imparting 

motility.  Many forms are able to photosynthesize with the incorporation of chloroplasts within their 

structures.  

 

Marine algae consist of and produce many different compounds, which are being actively 

researched and utilized both commercially and academically, especially within the pharmaceutical 

industry (Fauntin 1988).  Algal products discovered have ranged from modulators of cellular 

activity to food sources and biomedically important therapeutic substances.  Examples include agar, 

carrageenan, algal derived acids, alkaloids and amines, cellulose, enzymes, starches, glycosides, 

inorganic substances, lipids, sterols, steroids, fatty acids, phenolic compounds, phytohormones, 

pigments, proteins, peptides, amino acids, sugars, alcohols, vitamins, volatile constituents, toxic 

substances and a number of antibacterial, antifungal and antiviral substances.  Additionally, several 

compounds derived from marine algae are increasingly being found useful as specific probes for 

investigation of cellular function and structure (Cohen et al. 1990; Bai et al. 1991; Fernandez et al. 

2002).   

 

In contrast to the production of beneficial compounds, algae can also be harmful to the 

environment, and to animal and human health through the production of toxic and non-toxic algal 

blooms.  There are several thousand different marine algae and of these some 60-80 algae belonging 

to several different classes are known to produce toxins.  The most notorious of the marine algae are 

the toxic marine dinoflagellates, which compose approximately 75% of the known toxic algae 

species (Tibbetts 1998).  Classes of fresh water algae are also capable of causing poisoning and 

include many of the blue-green algae (cyanobacteria), notably Cylindrospermopsis raciborski, 

Anabaena circinalis and Microcystis aeroginosa (Codd 1995; Codd 1996; Sivonen 1996). 

 

The epidemiology of shellfish toxins around the world and their risk to human health have been 

well documented (Viviani 1992; Ledoux and Fremy 1994; Soames-Mraci 1995; Aune 1996; 

Desenclos 1996; Okada and Niwa 1998; Burgess and Shaw 2001).   In 1987 approximately 2000 

cases of human poisoning were thought to occur each year world wide through the consumption of 

fish and shellfish contaminated with algal toxins, with a mortality rate of approximately 15% 

(Hallegraeff 1987), but more recently it was estimated to be approximately 60,000 people affected 

each year (Tibbetts 1998).   Approximately 90% of all known poisoning incidents from seafood are 

associated with molluscs (Soames-Mraci 1995).  There are great differences in the estimated 

numbers of people affected by shellfish poisoning each year.  These differences are most likely due 
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to the inadequate surveillance systems, mis-diagnosis and a poor and unregulated notification 

system.   It was estimated that for each case of toxic algal poisoning reported in Puerto Rico and the 

Virgin Islands there are approximately 100 cases that go unreported, as many people are too poor to 

seek medical attention.  It has also been reported that three of every four cases go unreported in 

Florida (Tibbetts 1998). 

 

Toxic algae are known as agents of shellfish poisoning, but are not the only cause of seafood or 

shellfish poisoning because parasites, viruses and bacteria can all cause illnesses and death to 

consumers.  For purposes of food standards testing in Australia there are some 40 different 

contaminants that are screened for in shellfish from pesticide and trace metal residues to algal toxins 

and other disease causing agents. Examples of such other diseases include infection due to bacterial 

or viral contamination such as Salmonella, hepatitis A, or cholera, allergic reactions and heavy 

metal poisoning (Epstein 1995; Desenclos 1996; Traore et al. 1999). 

 

Incidences of poisoning related to marine algal toxins come under the main categories of paralytic 

shellfish poisoning (PSP), neurotoxic shellfish poisoning (NSP), diarrhetic shellfish poisoning 

(DSP), amnesic shellfish poisoning (ASP) and ciguatera (CTX), depending upon the toxins and the 

symptoms that they cause.  Seafood toxins can also be classified by the location of the toxin in the 

toxic fish or shellfish as well as by the syndromes they cause.  For example, ichthyosarcotoxin 

would describe a fish-killing toxin that is concentrated in muscles, skin, liver, reproductive tissues, 

intestinal tract or blood; whereas ichthyotoxin is usually concentrated in the reproductive tissues 

only; ichthyohemotoxin is confined to the circulatory system; and ichthyohepatoxin is confined to 

the liver (Lewis 1992; Grant 1997; Onuma et al. 1999; Botana 2000).  The most investigated and 

most potent of all algal toxins that effect human health, are produced by the toxic Dinoflagellates.  

 

 

1.1.2 Shellfish poisoning syndromes and toxic marine dinoflagellates 
 

Dinoflagellates are a vast division of algae, but only a small proportion of the some 2000 different 

species are actually toxic.  Some examples of toxic dinoflagellates, their toxins and associated 

syndromes are shown in Table 1.1.   The most comprehensive collection of recent research on all 

aspects of harmful marine toxins is that found in the proceedings of the 9th International 

Conference on Harmful Algal Blooms 2000, Hobart, Australia 7-11 February.  Hallegraeff et al. 

(2001) published by UNESCO 2001 and can be accessed via the UNESCO web site: 

http://ioc.unesco.org/hab/HAB2000%202.htm.  The information in Table 1.1 was compiled from 

communications at the 9th International Conference on Harmful Algal Blooms, 2000, Tasmania. 
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Table 1.1 – Toxic marine dinoflagellates and some of their major toxins. 
Syndrome Species Major toxin 

PSP Alexandrium catenella 

 

A. cohorticula 

A. fundyense 

A. minutum 

A. tamarense 

Gymnodinium catenatum 

Pyrodinium bahamense var. compressum 

(Alexandrium formerly known as Gonyaulax or 

Protogonyaulax) 

C1-C4 and  

gonyautoxins 4 & 6 

 

 

Gonyautoxin 

 

Saxitoxin, decarbamoyl 

saxitoxin and gonyautoxin 5 

DSP Dinophysis acuta 

D. acuminata 

D. fortii 

D. norvegica 

D. mitra 

D. rotundata 

Prorocentrum lima 

 

OA DTX-1, and PTXs 

OA and PTXs 

OA and  DTX-1 

ASP Diatoms:   

Pseudo-nitzschia multiseries (Nitzschia pungens) 

P. pseudodelicatissima 

P. australis 

 

 

DA 

 

DA 

DA 

Ciguatera Fish 

Poisoning 

Gambierdiscus toxicus 

 

 

Ciguatoxin and maitotoxin 

NSP Karenia brevis (formerly Gymnodinium breve or 

Ptychodiscus brevis) 

Ostreopsis lenticularis 

Brevetoxins 

 

 

Misc. Coolia monotis  

 

Cooliatoxin 
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1.1.3 Red tides 
 

During certain times of the year and under appropriate environmental conditions particular marine 

algae may undergo rapid proliferation in population size resulting in an algal bloom termed ‘Red 

tide’.  Red tides are blooms of algae that become so dense in numbers that they discolour the sea, 

this can occur when algal numbers reach 20,000 cells/mL (Hallegraeff 1987).  Red tides have been 

known since biblical times - Exodus 7:20-21: “And the waters that were in the river turned to blood.  

And the fish that were in the river died; and the river stank and the Egyptians could not drink the 

water of the river”.    

 

During red tides the pigment peridinin, a xanthophyll, causes the red discolouration (fig. 1.1), but the 

blooms can also be green (fig. 1.2), yellow, brown or blue depending upon the species of algae 

causing the bloom and the pigments they contain.   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Dense dis-colouration of 

water caused by an algal bloom.   

Picture taken from 

http://www.whoi.edu/redtide/rtphotos/rtphotos.html 

Fig. 1.2 Green discolouration of sea water  

 

Blooms with the highest numbers of cells usually occur in stratified stable waters where there are 

high temperatures, and where high concentrations of nutrients and organic matter have accumulated 

from land run-off following heavy rains.  The bloom dynamics of species dominance, diversity and 

toxin production can change during a red tide period, and such changes are thought to be caused by 

differing physiological effects of light intensity, temperature, the movement of water, changes in the 

chemical composition of the water, and biological factors such as competition between the differing 

species (Hallegraeff and Reid 1986; Morlaix and Lassus 1992; Haamer 1995; Aubry et al. 2000; 

Roelke 2000; Roelke and Buyukates 2001). 

 

Red tides can be toxic or non-toxic depending upon the predominant species of algae within the 

bloom.  Only a small proportion of the dinoflagellate species actually produce toxins, and not all the 
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toxic dinoflagellates produce red tides, for example, the benthic dinoflagellates like Gambierdiscus 

toxicus can produce toxins but do not cause red tides.   PSP was the first health hazard found to be 

related to red tides (Shimizu 1989).  The filamentous cyanobacterium Trichodesmium erythraeum is 

the most common red tide causing organism in Australia but it is not known if Australian strains of 

T. erythraeum produce neurotoxic compounds similar to those exported from populations from the 

Virgin Islands (Hawser et al. 1992).   

 

However, non-toxic red tides can still cause devastation 

to the local ecosystem by generating anoxic conditions in 

the water and can also cause indiscriminative kills by 

clogging the gills of fish and invertebrates and 

preventing respiration (figs. 1.3 and 1.4). 

 Fig. 1.3 Mussel death Taken from http://www.ioc.unesco.org/hab/intro.htm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D

f

a

u

d

(

1

d

g

 

Fig. 1.4 Fish Kills Taken from http://www.ioc.unesco.org/hab/intro.htm
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result of a number of factors, including increased public and scientific awareness of red tides, 

improved detection and analytical capabilities, altering weather and global temperature changes, 

coastal pollution, and increased aquaculture.  The review by Hallegraeff (1993) provides thorough 

discussion of the global increases in algal blooms for the period up to 1993.  There is also evidence 

of the global migration of toxic species between different countries via shipping (Anderson 1989; 

Hallegraeff 1992; Hallegraeff 1993; Hallegraeff 1998).  Dinoflagellate cysts are able to survive long 

journeys in the dark and cold ballast tanks, before being released into seas when the ships dump their 

ballast water prior to harbour entry.  Treatment regimens have been introduced to kill toxic 

dinoflagellate cysts in ships’ ballast water prior to their arrival in new harbours (Hallegraeff 1998). 

 

Harvesting of commercial shellfish is banned during an identified bloom period, and is usually 

enforced for a sustained period following the bloom to allow for depuration of the toxins from the 

shellfish.  For DSPs, such depuration is known to take in excess of 35 days (Edebo et al. 1988; 

Croci et al. 1994; Blanco et al. 1999; Bauder et al. 2001; Morono et al. 2003; Svensson 2003) and in 

regulated regions such bans have been known to last over 6 months (Ken Lee, personal 

communication), which can have grave consequences on the shellfish industry.  Not only can the 

presence of a toxic dinoflagellate bloom cause financial loss for an aquacultural farm by the 

termination of a harvest, but the presence of DSP-producing dinoflagellates has been shown to 

reduce filter-feeding rates and hence reduce growth rates of shellfish (Pillet and Houvenaghel 1995; 

Pillet et al. 1995).  Red tides can also effect tourism and thus cause further impact on the 

economical situation of a frequently affected country.  In the U.S harmful algal blooms are said to 

cause $40 million per year in damages to U.S. fisheries, public health and tourism (Tibbetts 1998), 

and in Ireland economic losses estimated from an 18 month closure of shellfish harvesting beds in 

2001 due to biotoxins amounted to approximately $7.8 million (Irish Shellfish Association, 2001, 

figures published in Fish Farm International, vol 28, No.7.).   

 

The most effective measure to combat algal toxin exposure to date has been through environmental 

monitoring at commercial or recreational harvesting locations for the presence of algal blooms and 

levels of the toxins in seafoods.  Monitoring practices have employed mice bioassays, and analytical 

techniques such as HPLC or algal identification by light microscopy.  One of the most recent 

techniques for monitoring algal populations is remote sensing for chlorophyll pigment 

concentrations observed in global satellite pictures of algal growth and also detects particular algal 

species by the different pigments produced (fig.1.5).  The remote sensing project images can be 

accessed through the CSIRO web page: www.marine.csiro.au/∼lband/SEAWIFS/NS/index.html.  

Such satellite images have provided proof that algal blooms have increased in number and size over 

the last decade. 

 

 

 7   



Chapter 1 Introduction  Vanessa Burgess 

 

 

 

 

 

 

 

 

 

1
 

R

to

le

in

C

le

m

to

ac

p

2

ex

al

 

T

an

b

2

Z

m

in

 

L

h

p

to

 

Fig. 1.5 Florida Coastal Zone Color Scanner Image (CZCS) of a 

Gymnodinium breve bloom  

This coastal zone color scanner (CZCS) image indicates a red tide 

bloom in November, 1978. The red areas south of Sarasota have 

chlorophyll a concentrations of greater than 3 micrograms per liter. 

Water samples confirmed the presence of K. breve in those waters. 
Picture taken from http://www.whoi.edu/redtide/rtphotos/rtphotos.html 

.1.4 Regulation of algal toxins and public health  

egulation of shellfish aquaculture is now in place to control outbreaks of shellfish and other algal 

xin related poisonings (Hallegraeff et al. 1995).  Most countries set different guidelines on the 

vels of various toxins permitted in their shellfish for domestic sale and for export to ensure the 

ternational trade of shellfish is not inhibited by the importation restrictions of other countries.  

ontrol and monitoring measures include chemical and biological tests to identify and quantify the 

vels of toxins in shellfish before they are put on the market.  The mouse bioassay is currently the 

ost widely accepted test by the regulatory authorities-despite its non-specificity between many 

xins within the different shellfish syndromes.  The mouse bioassay is now preferentially 

companied by analytical methods such as HPLC/MS-MS or in vitro bioassays that are more 

recise and specific to individual toxins (Van Dolah and Richard 1999; Van Dolah and Ramsdell 

001).  Unfortunately, the validation of these new tests for regulatory acceptance is a lengthy and 

pensive task, but is in process for many countries (Umeda 1996; Garthwaite et al. 1998; Puech et 

. 1999; MacKenzie et al. 2002). 

he Intergovernmental Oceanographic Commission (IOC) have released a manual entitled "Design 

d implementation of some harmful algal monitoring systems" which provides good detail on algal 

loom and toxin monitoring systems for Australia, New Zealand and other parts of the world.  The 

001 version of this manual can be accessed via http://www.ioc.unesco.org/hab/data2.html.  New 

ealand is known to have one of the most established, comprehensive and accredited biotoxin and 

icroalgal monitoring programmes in the world and its success and benefits to the shellfish 

dustry and public health are unquestionable (Rhodes et al. 2001). 

D50 values derived from experimental data are usually incorporated into the evaluation of risks to 

uman health from consumption of algal toxins present in shellfish.   LD50 values are useful in 

roviding information for regulatory and safety assessments and for indicating the potency of the 

xin but provide no information on the mechanisms of toxicity and other pathological processes 
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that would aid in the development of antidotes or treatments.  Toxicity data for various 

dinoflagellate toxins are summarized in Table 1.2. 

 

Table 1.2 Summary of toxicity concentrations for various algal toxins in mice  
Toxin class LD50 toxicity Reference LD99 Toxicity Reference 

DSP 192 µg kg –1 i.v. Tachibana et al. 1981   

OA 200 µg kg –1 i.v. (Yasumoto et al. 

1985) 

200µg kg –1 i.p. (Yasumoto and Murata 1990) 

DTX1 166 µg kg –1 i.v. (Yasumoto et al. 

1985) 

160µg kg –1 i.p. (Yasumoto and Murata 1990) 

DTX-3 500 µg kg –1  i.p. (Yasumoto et al. 

1985) 

500µg kg –1 i.p. (Yasumoto and Murata 1990) 

PTX-1 250 µg kg –1  i.p. (Yasumoto et al. 

1985) 

  

PTX II 260 µg kg –1  i.p. (Yasumoto et al. 

1985) 

  

PTX-11 250 µg kg –1  i.p. (Jung et al. 1995)   

PTX1-6   160-770 µg kg –1 i.p. (Yasumoto and Murata 1990) 

YTX 100 µg kg –1 i.p. 

>1000µg kg –1 p.o. 

100 µg kg –1 i.v. 

(Ogino et al. 1997) 

 

(Yasumoto and 

Murata 1990) 

100 µg kg –1 i.p. (Yasumoto and Murata 1990) 

PSP (STX) 10  µg kg –1  i.p. 

5-10mg kg –1  i.p. 

(Oshima 1995) 

(Okada and Niwa 

1998) 

  

Ciguatoxin  

P-CTX-1 

0.45 µg kg –1 i.p.  

0.25 µg kg –1 i.p.  

Tachibana 1980 

(Strachan et al. 1999) 

  

CTX1 0.25µg kg –1  i.p.  (Lewis et al. 1991)   

CTX2 2.3 µg kg –1  i.p. (Lewis et al. 1991)   

CTX3 0.9  µg kg –1  i.p. (Lewis et al. 1991)   

Maitotoxin 

(mw 3422) 

0.17 µg kg –1  i.p. 

50 ng kg –1  i.p. 

Takahashi et al 1982 

(Okada and Niwa 

1998) 

  

Coolia toxin 1 mg kg –1 i.p. (Holmes et al. 1995)   

Brevetoxin 50 µg  kg –1 i.v. 

0.5 mg kg –1 i.p. /o.p 

(Baden and Mende 

1982; Baden 1989) 

  

ASP 120 µg kg –1  i.p. (Garthwaite et al. 

2001) 

  

 

The data for Table 1.2 was sourced from experimental and review papers and it is clear that much 

more toxicokinetic and toxicodynamic studies are required as can be seen by the numerous gaps 

evident in Table 1.2. 

1.1.4.1 Regulation of algal toxins in shellfish 
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In many countries there are no enforced regulatory procedures or guidelines for the quantification 

and identification of individual DSP toxins in shellfish, but regulate for total DSP toxins contained 

in shellfish.  At the time of compiling this review, Canada had no regulatory guidelines for DSP 

toxins, although they have adopted the 0.2µg of total DSP toxins per gram-1 of shellfish limit 

accepted in Europe and Japan (5MU/ 100g meat (Yasumoto and Murata 1990).  Some European 

countries have also adopted this limit as an informal guideline.  Sweden has differing levels for their 

marketable shellfish, depending upon whether the shellfish is for export or domestic consumption.  

For example, Swedish regulators allow levels up to 60 µg OA equivalents/100g mussel meat for 

shellfish heading for domestic consumption, but will only accept mussels with levels of 40 µg OA 

equ/100g mussel meat for export, to ensure their exported mussels will be accepted by the 

purchasing countries (Hageltorn 1988). Soames-Mraci (1995) stated that, for 1995, the maximum 

permitted levels in Australia for DSPs were 20-60 µg OA/100g shellfish meat (2 µg OA/g 

hepatopancreas) (Soames-Mraci 1995).  However, it is not clear from this reference whether these 

figures were enforced values or recommended guidelines, or how these figures were derived.  

Current recommendations for DSPs are 16-20 µg 'OA equivalents' per 100g shellfish meat 

(Garthwaite 2000) .  

 

The acceptable regulatory tolerance limit for PSP consumption in shellfish for most countries is 

80µg STX eqivalents/100g edible fish.  This figure is derived from the Association of Official 

Analytical Chemists (AOAC) protocol based on the PSP mouse bioassay (Hallegraeff et al. 1995), 

and is still currently enforced at this level.   In this assay one mouse unit is defined as the amount of 

toxin required to kill a 20g mouse in 15 minutes, these mouse units are then converted into toxic 

units.  The assay can detect PSP toxins at concentrations as low as 40 µg STX eqivalents/100g.  The 

FDA has a zero tolerance for PSPs, with any detectable level being considered a cause for 

regulatory action.  Some of the PSP toxins are so potent that a 100 gram serving of fish containing 

approximately 500 micrograms of toxin can kill a human (Hallegraeff et al. 1995).  In Japan, 

regulations have been in place since 1978, where at that time, a provisional standard for PSP levels 

was suggested to be less than 4MU/g edible portion and was recommended following the joint 

meeting of the Bureau of Environmental Health and the Ministry of Health and Welfare (Kawabata 

1988).   Regulations in Norway state that seafood meats containing PSP levels of 40 µg/100g maybe 

freely distributed, but levels over 40 µg/100g are prohibited (Yndestad 1988). 

 

ASP toxins can be detected at a concentration of 40 ppm by the AOAC PSP bioassay.  The current 

tolerance level derived is 20 ppm and thus HPLC methods are used to detect such low levels.  In 

Canada where there has been a particular problem with ASP, there is an ‘action limit’ of 

2000µg/100g of total soft tissue of shellfish (Garthwaite 2000).   
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NSP toxins are determined using the American Public Health Association (APHA, 1985) procedure.  

Any detectable level of NSP toxin found per 100g of shellfish is considered potentially unsafe for 

human consumption, although a maximum permissible level (MPL) of 80µg/100g flesh has been 

calculated based on the assumption that 1MU is equivalent to 4µg of PbTx-2 (Garthwaite 2000).  

For ciguatera fish poisoning (CFP) the minimal detectable level (MDL) was found to be 20ng 

CTX/kg (as quoted in Soames-Mraci, 1995), and the MPL has been stated as 3.5µg/kg of fish flesh 

(Garthwaite, 2000). 
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1.2  SHELLFISH POISONING SYNDROMES AND THEIR 

CAUSATIVE TOXINS. 
 

1.2.1 Paralytic shellfish poisoning  
PSP is the most studied and understood of all the shellfish poisoning syndromes.  Incidents of PSP 

poisoning have been recorded throughout the world for many centuries. Historically, PSP incidents 

are associated with dinoflagellates of the Alexandrium species, however with developments in 

technology and research on marine algae, more species and classes of microorganism are being 

found to produce these toxins.  Marine bacteria such as Moraxella (Kodama 1988) and Alteromonas 

tetraodonis GFC (Gallacher and Birkbeck 1995), and freshwater cyanobacteria such as Anabaena 

circinalis, Aphanizomenon flos-aquae (Soames-Mraci 1995) and Protogonyaulax (Ogata et al. 

1989) have all been found to produce or influence the production of these toxins in algae.  Infection 

of Ostreopsis lenticularis by Pseudomonas species, was also found to affect the production of 

toxins (Gonzalez et al. 1995).  

 

1.2.1.1 Clinical symptoms of PSP 

PSP is a neurotoxic syndrome with a mortality rate of approximately 20% of those intoxicated.   In 

humans the peripheral nervous system is affected, with symptoms including tingling and numbness 

of extremities, muscular incoordination, respiratory distress and muscular paralysis leading to death 

by asphyxiation (Rodrigue et al. 1990; Gessner et al. 1997).  Transmission of nerve impulses to the 

muscles is inhibited and thus the diaphragm and other respiratory muscles in the lungs cease to 

assist breathing and the victim can die from respiratory arrest. 

 

One of the most predominant toxins within this group is saxitoxin (STX), and is so potent that up to 

50 humans can be poisoned from the level of poison contained in just one contaminated mussel 

(Soames-Mraci 1995), and references therein.  There is currently no antidote for intoxication and 

prognosis for the patient is entirely based upon the amount ingested by the victim.   

 

1.2.1.2 Paralytic shellfish toxins (PSTs) 

The PSP syndrome is thought to be caused by a complex of different toxins derived from several 

organisms, with additional metabolites produced in shellfish that have consumed the parent toxins 

adding to the syndrome.  PSTs comprise more than 20 structurally related alkaloid toxins (Negri and 

Llewellyn 1998).  The PSTs are grouped into four main categories. 1) The neurotoxic and highly 

potent carbamate toxins which include the non-sulfated saxitoxins (STX) and neosaxitoxin (NEO), 

2) gonyautoxins (GTX1-GTX4) which are singly sulfated and more lethal than the carbamate 

toxins, 3) weakly toxic N-Sulfocarbamoyl-11-hydroxysulfate toxins (B1, B2, C1-C4) are the least 
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toxic to mammals of all the PSTs, and 4) decarbamoyl (dc-) analogues which are thought to arise 

from the metabolism of dinoflagellate toxins within the shellfish.   

 

Saxitoxin (fig 1.6) is a complex alkaloid that blocks neurotransmission at the neuromuscular 

junction.  They cause a blockage of neuronal and muscular Na+ channels preventing propagation of 

action potentials and cause a relaxant action on vascular smooth muscle cells (Falconer 1993).  STX 

is a useful tool in cellular studies as it has no effect on either transmitter interaction with the 

postsynaptic membrane or actual transmitter release.  It binds specifically to site 1 of voltage-

sensitive sodium channels (VSSCs) and requires both the presence of the α and β1 subunit of the 

channel.  Studies have shown that the toxins are more effective at neutral pH when their hydroxyl 

groups are protonated (Falconer 1993). 
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  Fig. 1.6 Saxitoxin (taken from Negri  and Llewellyn, 1998) 

 

Toxins derived from Gonyaulax species all act by blocking the inward movement of sodium ions in 

a dose-dependent manner.  It was found that 1 µg of pure toxin was equivalent to 1 mouse unit (one 

mouse unit being defined as the quantity that would kill a 20g mouse in 15 minutes.  It was also 

found that a single Gonyaulax species cell contained 1/3000 of a mouse unit of toxin (Sommer and 

Meyer 1937).  

 

The paralytic shellfish toxins (PSTs) pose a serious threat to public health and cause economic 

damage due to their high potency and dramatic fish kills.  Today commercial shellfish harvesting is 

regulated and monitored closely to prevent PSP poisoning incidents using a variety of techniques, 

but incidents still occur worldwide.  There are several in vitro assays that have been devised to 

detect and quantify PSP without the use of large numbers of animals.  An example of such an assay 

is that of the sodium channel assay and H3-saxitoxin binding assay (Manger et al. 1994; Manger et 

al. 1995; Negri and Llewellyn 1998; Van Dolah and Ramsdell 2001). 
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1.2.2 Amnesic shellfish poisoning  
 

ASP is primarily caused by domoic acid (DA, fig.1.7) produced by certain strains of diatom, such as 

Pseudo-nitzschia multiseries.  DA (mw 312) belongs to a group of excitatory amino acid derivatives 

called kainoids.  DA acts as a glutamate agonist on the kainate receptors of the central nervous 

system (CNS) (Hampson and Manalo 1998) and is considered to be a more potent neuroexcitor than 

kainic acid.  Seafoods containing greater than 20 ppm are considered unfit for human consumption 

(Hallegraeff 1991).   
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1.2.2.1 Clinical symptoms of ASP. 

The syndrome of ASP was first recognized in 1987 on Pr

were three deaths and 105 acute human poisonings from b

et al. 1990). The clinical symptoms described in the pap

abdominal cramps, vomiting, diarrhea, incapacitating h

memory loss.  In the most severe case of poisoning patient

respiratory secretions, unstable blood pressure and death. V

incident but who died several months later, present

hippocampus and amygdala of the brain. 

 

1.2.2.2 Known toxicology of domoic acid.  

The toxicology information below is summarized from the

and Truelove 1994). 

 

• In acute and sub-chronic toxicity testing DA is know

abnormalities.  The lowest level of toxicant known to

the mouse bioassay, with the no effect level at 20

systematically administered toxin include a loss of ne

the hippocampus, oedema and neurodegeneration in

pyknotic cells in the inner nuclear layer of the retina.
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0.75mg/kg produced no pathology or altered behaviour, but at higher doses of 1.0mg/kg p.o. or 

12.5 µg/kg i.v. DA acts as an emetic.   

 

• In sub-chronic dosing studies of 0.1 and 5.0mg/kg of DA in rats, the toxin was found to have 

no effect on weight gain and any other ‘animal house’ parameters such as food and water 

consumption.  The orally administered DA was found to be completely recovered in the faeces 

of rats indicating there is low absorption of the toxin.  Following i.p. dosing, results indicated 

that all the domoic acid administered was recovered completely from the plasma by renal 

glomerular filtration into the urine within 160 minutes. 

 

• Teratology studies have shown domoic acid to be maternally toxic at 2 mg/kg, the number of 

live fetuses is reduced at lower (0.5 and 1.0 mg/kg) doses but unaffected at the higher (1.25 and 

1.75 mg/kg) doses.  Other observations included sporadic incidences of retarded ossification of 

the sternebrae and addition of a 14th rib.  These effects were found to be dose dependent and so 

are not classified as a teratogen. 

 

• Mutagenicity: no significant genotoxic effects have been found using lung cells of the V79 

Chinese hamsters in mutagenicity experiments (Rogers and Boyes 1989). 

 

 

1.2.3 Neurotoxic shellfish poisoning 
 

NSP is caused by the consumption of brevetoxins.  Brevetoxins are produced by Karenia brevis, 

although other organisms have been found to produce brevetoxins or brevetoxin-like compounds.  

An example is cultured Chattonella marina, a raphidophycean flagellate that can cause red tide 

blooms (Ahmed et al. 1995).  The toxins are considered ichthyotoxins as they readily accumulate in 

the reproductive tissues, but the mechanisms by which these toxins cause fish kills is currently 

unresolved.  When the toxins were first identified they were thought to be a causative toxin of 

ciguatera as they caused similar symptoms and possessed physio-chemical properties of the 

ciguatera causing toxins (McFarren et al. 1965). 

 

1.2.3.1 NSP Toxins. 

 

The NSP toxins are lipid soluble cyclic polyether compounds and include brevetoxins A, B, C 

(BTXa,b,c) Synonyms: PbTx-1, PbTx-2 and PbTx-8 respectively,  GB3, 5 & 6 (synonyms: PbTx-3, 

PbTx-4 and PbTx-5, PbTx-6 and PbTx-7).  New analogs of the brevetoxins extracted from K. brevis 

have recently been identified such as BTX-B1 which contains a nitrogen component (Ishida et al. 

1996), and TX1 and TX2 (Moroashi et al. 1995).    All the brevetoxin structures are composed of a 
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multi-ring backbone with a lactone functionality which is essential for toxicity (Baden 1989).  

Structure-function relationships for the brevetoxins have been studied and revealed that the 

brevetoxin molecule (fig. 1.8) is relatively linear with a structural domain placed at either end 

(Baden et al. 1988; Baden 1995). 
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208nm) 
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PbTx5 CH3CO CH2C(=CH2)CHO 

PbTx-6 H CH2C(=CH2)CHO, 27,28 EPOXIDE 

PbTx-8 H CH2C(=CH2)COCH2Cl 

PbTx-9 H CH2CH(CH3)CH2OH 

BTX-B1  CH2C(=CH2)CONHCH2CH2.SO3Na 

PbTx Type-1   

PbTx-1 - CH2C(=CH2)CHO 

PbTx-7 - CH2C(=CH2)CH2OH 

PbTx-10 - CH2CH(CH3)CH2OH 

 

 

The structures have a molecular weight of ap

the middle of the molecule (Shimizu 1987).  

slow conformational changes and that these

binding of the toxin to VSSC (Yasumoto and M

 

 

Fig. 1.8  The Brevetoxins with R groups listed 

(Taken from Falconer, 1995). 
proximately 1120 Da with 7, 8 or 9 member rings in 

It is thought that these particular rings may undergo 

 conformational changes have a role to play in the 

urata 1993), and references therein.   

16   



Chapter 1 Introduction  Vanessa Burgess 

Several groups have shown that there is variation in the toxicity of the brevetoxins from various 

algal species depending upon the stage of the growth cycle the cell is in (Baden 1989; Onoue and 

Nozawa 1989; Ahmed et al. 1995).  Variation in the toxin profile has also been demonstrated 

between different strains of P. brevis, and between the same strain obtained from different bloom 

locations (Baden and Thomas 1988). 

   

Due to chemical lability of the brevetoxins, analysis of these compounds is problematic.   PbTx-2 

and 3 are unstable at a pH of 2 or less and greater than 10  (Poli 1988; Poli et al. 1990) and 

brevetoxins with the type-1 backbone have been shown to be unstable in alcohol and can be 

degraded by aqueous chlorines, by ozonolysis and aqueous 0.1N NaOH (Baden 1989).  

 

1.2.3.2 Clinical  symptoms of NSP 

 

There have been no human fatalities reported to date, but the NSP toxins can have substantial 

debilitating effects.  In 1993 more than 180 human shellfish poisonings were reported in New 

Zealand that were believed to be caused by an organism similar in morphology to K. breve (Jasperse 

1993).  K. breve is not an armored dinoflagellate so its toxins can be released into the surrounding 

seawater where aerosolisation of the brevetoxins can lead to asthma-like symptoms of respiratory 

distress, eye and nasal membrane irritation from aerosols and direct contact whilst swimming 

(Pierce 1986), and references there in.  The asthma-like symptoms are caused when the toxin is 

inhaled as it causes the release of acetylcholine from post-ganglionic parasympathetic nerve endings 

resulting in bronchospasm (Richards et al. 1990).   

 

1.2.3.3 Known toxicology and mechanisms of action. 
Table 1.3  LC50 values for the brevetoxins 

in fish (taken from Baden, 1989). 
Toxin Type 1 LC50 

PbTx-2 16-25 

PbTx-3 10-37 

PbTx-8 30 

PbTx-9 35 

Toxin Type 2  

PbTx-1 3-4 

 

Nanomolar doses of NSPs are lethal to animals, 

especially to fish.  Mice administered brevetoxins via i.p. 

present immediate irritability followed by hindquarter 

paralysis, dysponea, salivation, lacrimination, urination, 

defecation and death by respiratory paralysis.  The 

varying potency of the toxins is shown below in Table 

1.3.  

 

 

Pharmacokinetic studies in rats have shown that there is rapid distribution of toxins to the liver, 

muscle and gastrointestinal tract (GIT) with less than 1.5% located to the brain, lungs or spleen 

indicating there is a more peripheral target of the toxin (Poli et al. 1990).   
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In rats it was found that premature ventricular depolorisation, tachycardia and complete heart block 

can occur (Poli 1988; Mazumder et al. 1997).  Another study specifically looked at the 

cardiorespiratory effects of PbTx-2 in rats and found that brevetoxin causes changes in cardiac 

conduction systems and nervous system function (Templeton et al. 1989). The effect on the heart 

was further discussed in the review article by Baden (1989) where there is thorough discussion on 

the evidence that the brevetoxins are potent cardiotoxins and cause an increased sarcolemmal 

sodium ion influx which in turn releases catecholamines from the sympathetic nerve endings 

inducing central depression of respiratory and cardiac function, muscular contractions, twitching 

and copious rhinorrhea.    

 

In vitro studies have shown brevetoxin causes a concentration dependent depolorisation of cell 

membranes (Huang and Wu 1989), with site 5 on the α-subunit of VSSC being the specific site of 

action leading to channel activation at normal resting potential (Poli et al. 1986; Baden et al. 1988; 

Baden 1995).  Those toxins binding to site 2 of the Na+ channel inhibit the generation of action 

potentials whereas those acting at site 5 cause repetitive firing of these potentials (Catteral and Risk 

1981).  The brevetoxins alter ion fluxes across excitable membranes both pre- and postsynaptically 

and thus induce neurotransmitter release in response to nerve depolarization (Poli et al. 1990).   

 

A study compared the difference in toxicity of brevetoxins when administered p.o., i.v. or by i.p. 

(Baden and Mende 1982) showing that the toxins have a reduced lethality when administered orally 

indicating that the brevetoxins are either poorly absorbed through the gut wall or that the digestive 

enzymes act upon the toxin to alter it in some way.  Extracts of K. breve have also been shown to be 

potent hemolytic toxins towards sheep red blood cells in vitro and a potent haemagglutinating agent 

(Onoue and Nozawa 1989).   

 

 

1.2.4 Ciguatera fish poisoning  
 

Ciguatera is a complex syndrome acquired by consumption of contaminated tropical reef fish, and is 

prevalent in fish along the Queensland coast and in the Caribbean and Indo-Pacific regions.  There 

are varied accounts of the incidence of CFP around the world with estimates from 20,000 to 50,000 

people per year world wide (Murata et al. 1990; Glaziou and LeGrand 1994; Soames-Mraci 1995; 

Strachan et al. 1999), highlighting the poor official notification schemes available to monitor cases 

worldwide.   
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In Queensland, Australia, an estimate of the annual 

incidence of CFP was carried out between the years of 

1973 and 1983 with 30 cases per 100,000 people in 

Townsville, 34 per 100,000 in Cairns and 24 per 100,000 

in Hervey Bay being noted.  Queensland Health records 

from 1990 to date have shown a general increase in 

reported incidences since CFP became a notifiable 

disease in the state (Table 1.4).  These figures are low 

when compared to some other tropical countries such as 

French Polynesia where the number of cases are 633 per 

100,000.   

 

In Sydney, Australia a poisoning incident in which 63 peop

been reported to be caused by CTX (Bagnis 1993).  Forty f

subsequent 6 months and the toxic fish were found to be Sp

from Platypus bay, off Fraser Island, Qld.  In Queenslan

include Coral Trout, Spanish Mackerel, and the Barracud

greater than 10 –10 g CTX-1/g of fish to cause human illness 

a world wide syndrome, the epidemiology of which has 

Steinfeld 1974; Banner 1976; Bagnis et al. 1980; Holt et al. 1

Lewis 1986; McMillan et al. 1986; Bagnis 1993; Glaziou

1993; Lewis and Ruff 1993; de Sylva 1994; Glaziou and

Ichinotsuba et al. 1994; Yasumoto and Satake 1996; Fenne

1999).   

 

1.2.4.1 Ciguatoxin  

 

Ciguatoxins are large lipophillic polycyclic ether molecules.

of ciguatera, is a lipophillic heat stable compound with 

maitotoxin (MTX), the second most predominant toxin in th

organisms are thought to be responsible for the production

include the benthic dinoflagellates - Gambierdiscus toxicu

Amphidinium spp., and Coolia monotis (Glaziou and LeG

predicting when levels of the toxin are high as G. toxicus is 

is an increased population of cells there is not the character

toxic dinoflagellates. 
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Table 1.4 Recorded incidents of CFP in 

Queensland between 1990 and 1999 

Year Number of recorded incidences 

of CFP in Queensland 

1990 4 
1991 1 
1992 1 
1993 8 
1994 5 
1995 5 
1996 8 
1997 11 
1998 4 
1999 16 
 

le were poisoned, several seriously has 

ollow up studies were conducted in the 

anish Mackerel, which were harvested 

d the fish known to contain ciguatera 

a and levels of ciguatoxin have to be 

(Lewis and Holmes 1993).  Ciguatera is 

been well documented (Steinfeld and 

984; Capra 1986; Gillespie et al. 1986; 

 and Martin 1993; Lewis and Holmes 

 LeGrand 1994; Holmes et al. 1994; 

r et al. 1997; Poli et al. 1997; Quilliam 

  Ciguatoxin (CTX), the principal toxin 

a molecular weight of 1112 Da, and 

e syndrome,  is water soluble.   Several 
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s, Ostreopsis spp., Prorocentrum spp., 
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Fig. 1.9  Structures of the ciguatoxins 
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Production of ciguatoxin by G. toxicus is strain dependent (Vernoux et al. 1985; Holmes et al. 1990; 

Holmes et al. 1991; Vernoux and Lewis 1997). Vernoux and Lewis (1997) suggested that toxins 

isolated from fish in different countries may be the reason why different clinical symptoms of the 

ciguatera syndrome are recorded from different countries, for example, gastrointestinal signs are 

more prominent in the Caribbean and neurological symptoms are more prominent in the Pacific 

(Lewis and Holmes 1993), and references there in.  

 

G. toxicus is prevalent in Queensland between Brisbane and Port Douglas.  In a study where a 

number of clonal strains of G. toxicus were cultured under identical conditions only 2 out of 13 

strains were genetically capable of producing gambiertoxins and maitotoxins (Holmes et al. 1991; 

Holmes and Lewis 1994).  These less polar gambiertoxins serve as precursors for the production of 

the more polar ciguatoxins (Lewis and Holmes 1993).   G. toxicus in culture has not produced any 

ciguatoxins and so it has been proposed that the gambiertoxins are oxidatively metabolized to 

ciguatoxin within the fish (Legrand et al. 1989; Murata et al. 1990; Lewis and Holmes 1993).  

Oxidized metabolites are often more toxic, with ciguatoxin being 11 times more toxic than its 

precursor (Yasumoto and Murata 1993) and references there in.   

 

The typical amount of CTX-1 found in toxic fish has been reported to be 0.1-5ng/g flesh (Lewis et 

al. 1994).  Ciguatoxin can be found in almost all tissues of the contaminated marine organism at 

varying concentrations (Vernoux et al. 1985).   Sub-cellular investigations by Vernoux et al. (1985) 

showed that the toxin was associated with cytoplasmic proteins and stated that some toxin was 

likely to be bound to cell membranes.  Further studies conducted produced an electrophoretic gel in 

which an additional protein band was detected in fish that contained toxin, which could not be 

detected in non-toxic fish (Hahn et al. 1992).  This toxin binding protein may be the key to why fish 

seem to be resistant to the toxins.  During ingestion of the fish by humans the toxin may 

disassociate from the protein and be free to cause its toxicity.  The identity of this additional protein 

should be determined to enable a correlation of levels of this protein with the amount of toxin fish 
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contain.  If a correlation was found, it is likely that an assay could be developed to detect and 

quantify this protein as a biomarker.   

 

It may be possible that the protein extracted from fish could be produced synthetically and 

administered to poisoned patients to bind the free toxin they had consumed and thus provide a 

therapy – providing that the protein could be given shortly after intoxication and did not initiate an 

immune reaction.  It is also possible that the ciguatoxins may be retained in the fatty tissues of the 

body and, in starvation and with the breakdown of fatty tissue the toxins are again released, or when 

the victim drinks alcohol the toxin is somehow released causing a re-occurrence of the symptoms.  

In this scenario a controlled ‘decontamination‘ could be performed in situ with administration of 

such a binding protein.   

 

1.2.4.2 Cellular effects and molecular toxicity 

 

CTX-1b, the major toxin in ciguatera has been shown to induce swelling of the nodes of Ranvier 

and selectively affect the Na+ current of myelinated axons (Bennoit et al. 1996), slowing motor and 

mixed nerve conduction velocity and prolonging the refractory period  (Cameron et al. 1991; 

Cameron et al. 1991).  Activation of the Na+ channel results from the binding of the toxin to site 5 

on the sodium channel (Lewis et al. 1991).   Ciguatoxins have been shown to bind specifically to 

sodium channels in the rat brain and have very strong cytotoxic effects towards neuroblastoma cells 

(Dechraoui et al. 1999).    The work by Dechraoui et al. (1999) elaborated this finding and 

determined that the least potent toxin, CTX-4B, has the lowest affinity for the sodium channel and 

the high affinity and associated toxicity of CTX-1B was related to the hydroxylation of the CTX 

molecule on the A-ring rather than on the backbone structure.   

 

1.2.4.3 Maitotoxin (MTX) 

 

Maitotoxin is constructed from a 142 carbon chain containing 32 ether rings, 28 hydroxyl groups 

and two sulfate ester functionalities (Yasumoto and Murata 1993).  Maitotoxin was named after the 

Tahitian term for surgeon fish from which it was first isolated.  It is known as a potent activator of 

calcium channels and the physiological affects induced by its action on calcium channels have been 

well investigated demonstrating that 0.5ng/ml is sufficient to cause the formation of [3H]inositol 

phosphates in cells stimulating phosphoinositide breakdown which then affects cAMP generation 

through the formation and action of diacylglycerols as endogenous activators of protein kinase C. 

(Gusovsky et al. 1989; Murata et al. 1991; Lang et al. 1994; Gutierrez et al. 1997; de et al. 2001). 

 

Histopathological studies with MTX have shown pathological changes in the stomach, heart and 

lymphoid tissues (Terao et al. 1988).  This study by Terao et al., demonstrated that within 30 
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minutes of dosing with MTX, a marked swelling can be seen in the endothelial lining cells of blood 

capillaries between cardiac muscle fibers leading to death of the fiber cells.  Necrosis of 

lymphocytes in the thymus, at 4 hours, and at 8 hours in the medulla was also reported at doses of 

200ng/kg or higher and erosions were reported in the gastric mucosa within 24 hours of i.p. 

injection of 200 or 400 ng/kg of maitotoxin (Terao et al. 1988).   

 

1.2.4.4 Clinical symptoms of ciguatera fish poisoning 
 

Clinical symptoms observed for human poisonings are broad and include gastroenteritis, skin 

itching, cardiovascular disorders, peripheral neuropathy and CNS dysfunction, perioral parasthesia, 

nausea, vomiting, abdominal pain, changes in sensory perception, pruritus, diarrhoea, hypoactive 

reflexes, tachycardia and bradycardia, dizziness, hallucinations, weakness, myalgia and joint pain, 

paresis – especially of the legs (Gillespie et al. 1986). A recurrence of neurological symptoms 

months, or even years, after the initial poisoning can be brought on by the consumption of alcohol, 

stress or certain foods such as fish, chicken and pork and this re-occurrence of symptoms can also 

include short-term memory loss, and psychiatric symptoms of anxiety and depression (Gillespie et 

al. 1986; Glaziou and Martin 1993; Lewis and Ruff 1993; Pearn 1994; Ruff and Lewis 1994).  

Mannitol is currently the best method of treatment, despite its actual mechanism of action not being 

known, but all methods of treatment are essentially symptomatic and include the administration of 

calcium gluconate, B vitamins, anti-depressants such as amitriptyline and the afore mentioned 

mannitol (Glaziou and Martin 1993; Pearn 1994). 

 

1.2.5 Diarrhetic shellfish poisoning  

 
1.2.5.1 Introduction to diarrhetic shellfish toxins 

 

DSP is characterized by an acute gastrointestinal disturbance following the consumption of shellfish 

contaminated with either, or a combination of, okadaic acid (OA) (Edebo et al. 1988; Edebo et al. 

1988; Cohen et al. 1990; Draisci et al. 1998), hydroxylated esters of OA (Norte et al. 1994; 

Fernandez et al. 1996; Windust et al. 1997; Hu et al. 1999; Vale et al. 1999; MacKenzie et al. 2002; 

Vale and Sampayo 2002a; Vale and Sampayo 2002b); dinophysistoxins (DTX) (Hamano et al. 

1986; Lee et al. 1987; Yanagi et al. 1989; Carmody et al. 1996; James et al. 1999), pectenotoxins 

(PTX) (Yasumoto et al. 1985; Hamano et al. 1986; Ishige et al. 1988; Draisci et al. 1996; Daiguji et 

al. 1998; Burgess and Shaw 2001), yessotoxins (YTX) (Terao et al. 1990; Yasumoto and Murata 

1993; Ogino et al. 1997; Aune et al. 2002) or azaspiracids (AZA)  (Daiguji et al. 1998; Ofuji et al. 

1999; Quilliam 1999; Draisci et al. 2000; Yasumoto 2001).  
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Oral ingestion of the DSP toxins can lead to the gastrointestinal disturbances of acute diarrhoea, 

nausea, vomiting and abdominal pain, with symptoms often beginning within 30 minutes of 

consumption of contaminated shellfish.  No human mortalities to date have been reported in the 

literature from any cases of DSP poisoning, although there has been considerable morbidity 

resulting in hospitalization.  The classification of PTXs, YTXs and AZAs with the DSPs occurred 

due to the symptoms induced by them resembling those of the OA class, and the fact that these 

toxins can often be found in combination with known diarrhoetic toxins in shellfish.  PTXs, YTXs 

and AZAs have not been confirmed to be diarrhoea causing and thus their classification is under 

review.  

 

The DSPs are polyether compounds (figure 1.10, 1.11 and 1.12,), are found worldwide and pose a 

particular problem for the length of time the toxins remain active within the shellfish (Yasumoto et 

al. 1985; Edebo et al. 1988; Pillet and Houvenaghel 1995; Bauder et al. 2001; Svensson 2003).  

Additionally, shellfish can become sufficiently toxic to cause poisoning by efficient filtering of 

seawater containing sparse toxic dinoflagellate populations of 200 cells/L or less (Luckas 1992).  

Investigations have been conducted to determine post-harvesting methods of reducing the toxicity 

of DSPs contained in shellfish.  It was found that boiling shellfish in a slightly alkaline medium 

with bicarbonate salts caused detoxification percentages from 24 to 79% in toxic mussels (Vieites 

and Leira 1995), but cooking shellfish in this manner is not desirable and thus could not be a 

commercial or regulatory procedure. Thus, with the high morbidity caused and worldwide 

distribution, DSPs present a serious problem for shellfish industries and to public health.   

 

DSP toxins are produced by several of the Dinophysis species including Dinophysis acuta, D. fortii, 

D. acuminata, D. norvegica, D. mitra (Lee et al. 1989; Yasumoto and Murata 1990), and D. 

caudata  (Eaglesham et al. 2000), in addition to being produced by benthic species such as 

Prorocentrum lima (Pillet and Houvenaghel 1995; Pillet et al. 1995).  DSP toxins have been 

detected in both axenic and nonaxenic batch cultures of Prorocentrum species thus indicating that 

production of toxins by the algae themselves occurs and does not support the theory that a symbiont 

bacteria is exclusively producing the toxins (Kodama 1988; Prokic et al. 1998), this issue is 

discussed later in chapter 1 and has previously been reviewed (Quilliam 1999).  In various species 

of algae an intraspecies variation and a seasonal variation in the toxin content and toxin profile is 

seen (Lee et al. 1989).  Lee et al. (1989) postulated that these variations may account for the 

different toxin profiles seen in algae collected from different countries and noted that toxin 

production may be influenced by environmental factors rather than solely differences in genetic 

composition.  Additionally, DSP toxin synthesis has been found to be restricted to daylight periods 

and coupled to G2 and S phase cell cycle events (Pan et al. 1999).  The biological function of DSP 

production in dinoflagellates is not currently understood but investigations have reported that OA 

may serve a purpose as a specific mitogenic factor for P. lima and was able to inhibit the growth of 
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another species thus providing the OA-producing P. lima with a competitive advantage (Aguilera et 

al. 1997). 
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igure 1.10.  Structures of OA and it analogues taken from Vieytes et al. (Vieytes et al. 2000). 
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1.2.5.2 General toxicology of DSPs 

 

Information on the DSP toxins has been reported over the last decade giving evidence that some of 

these toxins are hepatotoxic and potent tumour promoters in laboratory animals (Takai et al. 1987; 

Arias et al. 1993; Fessard et al. 1994). The liver and intestine are the main targets of these toxins 

due to the existence of specific uptake systems in these organs.  This evidence may suggest that 

exposure to these toxins could have serious chronic health implications for regular consumers of 

contaminated shellfish.  Diarrhetic effects have only been sufficiently proven for OA and the 

dinophysis toxins DTX1 and DTX3, as discussed later in this chapter.    

 

In cultured cell systems OA is toxic to other cells such as isolated hepatocytes (Aune 1989; Sipia et 

al. 2000).  It was reported that of all the DSTs tested, OA was the most toxic towards the 

hepatocytes with 1µg/ml in the incubation media being sufficient to produce significant effects 

(Aune 1989; Aune et al. 1991).  At this concentration morphological changes in the form of blebs 

could be seen on the cell surface but did not cause the cells to rupture and release lactate 

dehydrogenase.  The same effects could be seen with a DTX-1 concentration of 2.5µg/ml.  

Yessotoxin (YTX) was the least toxic only showing effects between 25 and 50µg/ml, with blebs 

appearing smaller compared to those caused by the other toxins.  At higher concentrations, YTX did 

not cause the cells to become irregular in shape whereas other DSP toxins did cause this effect at 

higher concentrations (Aune 1989; Aune et al. 1991). PTX-1 showed distinctly different 

morphological changes in the hepatocytes where small groves on the cell surface and invagination 

in the cell membrane were caused and vacuoles in the cytoplasm could be seen from doses as low as 

7.5µg/ml (Aune 1989; Aune et al. 1991).  A more in depth literature review of the individual DSPs 

is presented below. 

 

1.2.5.3 Okadaic acid 

 

In shellfish, OA accumulates primarily in the hepatopancreas which was found to contain ten times 

more toxin than from any other organ or tissue in mussels (Mytilus edulis), but as the 

hepatopancreas represents approximately just 10% of the body weight of a mussel it is assumed that 

the amount of OA in the hepatopancreas and the rest of the body are approximately equal (Pillet et 

al. 1995).  The paper by Pillet et al (1995) discussed the possibility that bioconversion between OA 

and DTX occurs within the muscles and that this process may explain the fluctuations in the content 

of these toxins over a period of time.  This theory is plausible as rapid bioconversions of other 

dinoflagellate toxins in mussels has previously been found (Lassus et al. 1989; MacKenzie et al. 

2002; Morono et al. 2002; Vale and Sampayo 2002). 
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The target organ of OA has been shown to be the intestine (Matias et al. 1999).  The diarrhetic 

effects caused by OA were proven (Hamano et al. 1986) and subsequently were shown to peak 

within 2 hours of injection of a crude extract of DST into rat intestine (Edebo et al. 1988).  In this 

study 0.5µg of OA was enough to induce significant fluid accumulation in rat intestinal loops.  It 

has been suggested that OA may act by a similar mechanism to that caused by the bacteria Vibrio 

cholerae, which causes activation of adenylate cyclase (Cohen et al. 1990).  This activation then 

affects a cascade of events of increased cAMP that activates cAMP-dependent protein kinase, which 

then phosphorylate certain proteins that regulate intestinal sodium secretion leading to the diarrhetic 

effects (Cohen et al. 1990).   

 

A toxic extract has been separated from mussels, along with OA, in France (Bansard et al. 1995).  

This toxic extract was found to produce neurotoxic symptoms in mice such as convulsive spasms, 

jumping and gasping within 5-30 minutes of administration.  The toxin was found to have a lower 

polarity than OA.  In the investigations of Bansard et al, OA was found to induce a cyanosis 

whereas the newly identified toxin was found to cause cardiac arrest in addition to the neurological 

symptoms.  It was proposed that the cardiac arrest was caused by inhibition of the calcium current 

by the new extract, whereas normally OA increases calcium current by the inhibition of protein 

phosphatase activity (Bansard et al. 1995).  It may be possible that this particular toxin was a known 

PSP or NSP and that the authors did not sufficiently analyze the substance. 

 

In hepatocytes and adipocytes, OA has been shown to increase phosphorylation of enzymes 

involved in glycogen and lipid metabolism, glycolysis and gluconeogenesis and also increased 

glucose output from hepatocytes (Cohen et al. 1990).  Thus, it is possible that OA may interfere 

with β-oxidation.  The cytotoxicity of OA has been studied by numerous groups (Fessard et al. 

1994; Traore et al. 1999).  A study was conducted  that indicated that in vitro dosing of mammalian 

fibroblast cells with a 1% solution of OA induced neutral red uptake and caused square-shaped cells 

followed by cell rounding with micro-blebs appearing on the surface of the cells (Fessard et al. 

1994).   Additionally it was reported that the cell line BHK21 was a more sensitive indicator of 

cellular changes upon exposure to OA than other fibroblast cell lines and proposed that the NRU on 

these particular fibroblast cells is a sensitive and rapid test for the detection of known toxins 

(Fessard et al. 1996).  Other in vitro studies with various cell lines have found OA to cause lipid 

peroxidation (Traore et al. 2000; Creppy et al. 2002; Montilla et al. 2002), and induce DNA adducts  

(Matias et al. 1999; Creppy et al. 2002). 

 

1.2.5.4 Phosphorylation of proteins by okadaic acid 

 

Many studies have investigated the effects of the DSPs on protein phosphatases and cellular 

regulation, but most of the studies have centered on OA.  It was found that OA extracted from black 
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sponges produces a dose-dependent inhibition of myosin phosphatase and enhances tension 

development in guinea pig taenia coli (Takai et al. 1987).  As no change was seen in the response 

caused by OA when neurotransmitters such as 5-hydroxytryptamine, acetylcholine and adrenaline 

were inhibited. Takai et al. went on to show that OA is a very potent inhibitor of protein 

phosphatase 1 (PP1) and PP2A and this mode of action may be linked to the observed diarrhoea, 

degenerative changes in absorptive epithelium of the small intestine and to tumour promotion.  

These protein phosphatases dephosphorylate serine and threonine residues in the cytosol of 

mammalian cells and as a result of this, OA is a potent neurotoxin to cultured cerebellar neurons  

(Fernandez et al. 1991; Fernandez et al. 1993; Bezvenyuk et al. 2000; Suuronen et al. 2000) and to 

the hippocampus when injected in vivo  (Kowall et al, 1991).   In vivo, Kowall et al. found that OA 

caused dose-dependent lesions of focal neuronal loss and gliosis, one week post injection into the 

rat brain. 

 

In a later study, cultured rat cortical neurons and human neuroblastoma cells were used to 

investigate the effects of OA on neuronal cell function (Arias et al. 1993).  In this study by Arias et 

al., several types of proteins present in adult brains, fetal brains and proteins found in the brains of 

Alzheimer’s patients were observed.  OA was shown to induce changes in microtubule-associated 

protein 2 (MAP2b and MAP2c present in early neurogenesis) and τ phosphorylation prior to 

neurodegeneration in cultured cortical neurons.  Abnormal deposition of the MAP2 and τ protein 

occurs in the neurofibrillary tangles found in Alzheimer’s disease (Arias et al. 1993).  The 

phosphorlation state of these proteins affects their affinity for tubulin, which determines the 

structure and stability of the neurites and cytoskeleton, thus OA caused astrocyte morphology to 

change from a flat shape to a stellate appearance with long processes (Arias et al. 1993).   

 

Following this research by Arias et al., OA has been employed for numerous studies on Alzheimer’s 

disease (Li et al. 1996; Suuronen et al. 2000; Montilla et al. 2002; Sun et al. 2002). Despite the 

research on the affects of OA on neuronal cells, it is unlikely that consumption of OA, even at low 

levels, could influence the initiation or progression of Alzheimer’s disease due to protection offered 

by the blood-brain barrier.   

 

A thorough review of the protein phosphatase inhibition of OA is given by Cohen et al. (Cohen et 

al. 1990).   This paper also discusses how useful OA and DTX’s are as probes for the study of 

cellular regulation because of their potent tumour promoting activity and have been found to effect 

oncogene expression through the altered action of the protein phosphatases (Cohen et al. 1990).  

Fujiki et al. (1988) discussed the tumour promoting capabilities of 25 chemical structures including 

several OA compounds isolated from marine organisms and demonstrated that OA induces 

ornithine decarboxylase in the glandular stomach of rats and suggested that OA may be a tumour 

promoter of rat stomach (Fujiki et al. 1988).  Cordier et al. have conducted a study to investigate 
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whether consumption of shellfish by humans contaminated with low levels of OA could influence 

rates of gastrointestinal or hepatic cancer in France, but their results were inconclusive (Cordier et 

al. 2000). 

 

1.2.5.5 Dinophysistoxin (DTX) 

 

DTX-1 is a polyether carboxylic acid (35-methylokadaic acid) and can be isolated from D. fortii.  

The average DTX1 content in D. fortii cells has been found to be 140 pg/cell (Suzuki et al. 1998).  

DTX-1 is the predominant toxin responsible for contamination of shellfish in Japan that causes the 

diarrhoetic symptoms associated with DSP poisoning.  Like OA, it has been shown to cause 

excessive fluid accumulation in the intestines of suckling mice (Edebo et al. 1988).   

 

DTX-2 is an isomer of OA and is the most predominant of all DSP toxins in Ireland (Carmody et al. 

1996).  A new isomer of OA extracted from D. acuta in Irish waters, has recently been identified 

and was named DTX-2C as results showed the compound to elute after OA, DTX-2, DTX-2B and 

before DTX-1 (Draisci et al. 1998).   DTX-3 was found to have a similar structure to DTX1 due to a 

similar NMR spectra and was found to be very unstable changing with exposure to acid, alkali and 

even exposure to air, producing a non-toxic compound (Yasumoto et al. 1985).  

 

Dinophysis species have thus far proven difficult to maintain in culture and hence laboratory 

investigations have utilized wild marine samples as the source to obtain particular dinophysis toxins.   

 

1.2.5.6 Toxicology of the dinophysis toxins 

 

DTX-1 has been shown to produce severe diarrhetic symptoms and intestinal injury within one hour 

of i.p. administration in mice (Terao et al. 1986).   In these experiments, mice were dosed with 500, 

400, 300, 200, 100, and 50 µg DTX-1 per kg body weight.  The results showed that within 15 

minutes the duodenum and upper portion of the small intestine had become distended and held 

mucoid.  At median dose levels of 300 µg congestion was seen in the villous and submucosal 

vessels.  At the histological level, a marked oedema was seen in the lamina propria of villi and at 

higher dose levels intracellular vacuolization of the mucosal epithelium occurred.  Ultrastructural 

changes were also seen including extravasion, degeneration of the absorptive epithelium, 

desquamation of the mucus epithelium from the villous surface, and synapses within certain regions 

of the digestive tract were swollen and occasionally myelin fibers could be seen within the 

synapses.  Terao et al. (1986) found evidence to suggest that DTX specifically targets the golgi 

apparatus within the cytoplasm of epithelia on the villi.   
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1.2.5.7   Pectenotoxins 

Pectenotoxins are a group of toxins associated with DSP and isolated from algae commonly known 

to produce other DSPs such as OA and DTX-1.  Examples of such algae include the dinoflagellates 

Dinophysis acuta (James et al. 1999; Suzuki et al. 2001), D. fortii, (Lee et al. 1989; Draisci et al. 

1996; Suzuki et al. 1998; Vale and Sampayo 2002), D. acuminata (Chapter 3) and D. caudata 

(Chapter 3 and Geoff Eaglesham, QHSS oral communication).  Although classified with the DSPs, 

as the PTXs are often found in combination with other DSPs in shellfish, there is debate over 

whether these toxins should be classified as DSP toxins.  Some groups have found mild diarrhetic 

effects caused by the administration of PTXs (Ishige et al. 1988) while others have found no such 

evidence (Terao et al. 1986; Edebo et al. 1988).  Additionally, many DSPs have been found to be 

potent phosphatase inhibitors, but PTX-1 and PTX-6 were found to be inactive against PP-1 and 

PP2A (Luu et al. 1993) and current research indicates that the PTX2-SAs do not cause protein 

phosphatase inhibition (personal communication, Luis M. Botana López Univ. Santiago de 

Compostela, Lugo-Spain). 

 

Pecteonotoxin-2 was first identified in Europe in the Northern Adratic Sea but was then known to 

be more abundant in Japan (Yasumoto et al. 1985; Draisci et al. 1996).  Investigation of the 

chemistry of PTX's has facilitated the elucidation of new structures and there has been rapid 

progression in the identification of new analogues. It is believed that several of the pectenotoxins 

are derived from a parent pectenotoxin, where the parent molecule is metabolized within the 

scallops to form other pectenotoxin analogues (Yasumoto and Murata 1990; Sasaki et al. 1997; 

Daiguji et al. 1998; Sasaki et al. 1998; James et al. 1999; Suzuki et al. 2000; Vale and Sampayo 

2002).  The general structure of the neutral polyether PTX molecule can be seen in Fig. 1.11.  

  

1.2.5.8 Structural variation of the PTXs and their metabolism in shellfish 

 

Many methodologies have been employed for the extraction of pectenotoxins from algal bloom 

samples and from shellfish.  Ideally, for the study of pectenotoxins it would be convenient to culture 

the causative algae and harvest the toxins from dense algal populations, but the Dinophysis species 

are notoriously difficult to culture (Hallegraeff et al. 1995).  Thus, most extractions are performed 

on either whole shellfish, their gut contents or algal samples collected during a red tide.  Because of 

this, the clean-up process and purification of PTXs can be laborious, costly and produce a poor yield 

of toxin.  In addition to this, the labile nature of the PTXs makes quantitative extraction and 

purification difficult.  For these reasons recent studies on the organic synthesis of PTX2 have been 

conducted to provide larger quantities of pure toxin to facilitate investigation on the PTXs (Paquette 

et al. 2002). 
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ig. 1.11  Structures of pectenotoxins (taken from Draisci et al. (Draisci et al. 2000)) 

nalytical difficulties can arise with the investigation of the pectenotoxin due to their instability 

nder certain environmental conditions.  An example of this can be found in the work of Sasaki et 

l. (1998) who identified pectenotoxins isolated from the digestive glands of the scallop 

atinopecten yessoensis named PTX4 and PTX7 (Sasaki et al. 1998).  Prior to this paper, eight 

ectenotoxins (named PTX-1-7, and PTX-10) had been recognized from this scallop.  Sasaki et 

l. described two new structures, by demonstrating that, upon standing in aqueous acetonitrile, 

TX7 gradually transformed to PXT6 indicating acid-catalyzed interconversion occurred around the 

arboxyl group.  Addition of trifluroacetic acid (0.1% v/v) accelerated the conversion and also 

aused the formation of another isomeric pectenotoxin (PTX9).   Despite the absence of a carboxyl 

roup in PTX 4, under the same acid conditions, PTX4 and PTX1 produced a new compound 

TX8.  Some early structural determination studies on the pectenotoxins were carried out (Table 

.5) (Yasumoto et al. 1985), that were later developed by another group who found the structural 

ariation between the pectenotoxins to be determined by the nature of the substituent at C-18 
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(Sasaki et al. 1998).  Heating of the pectenotoxins, such as would occur during cooking of shellfish, 

causes epimerisation of PTX-2-SA in the same manner as occurs when PTX-2-SA is left dry in a 

glass container (Eaglesham et al. 2000). 

 

Table 1.5 Some physicochemical parameters for the pectenotoxins.  The information below was 

compiled from a previously reported paper (Yasumoto et al. 1985).  
PTX λ max (nm) Rf in TLC MS m/z 

1 235 0.43 875 

2 235 0.71 859 

3 235 0.49 875 

4 235 0.53 875 

5 235 0.41 877 

 

It was also proposed that pectenotoxins PTX-1, 3 and 6 are derived from PTX-2 (figure 1.12) 

(Sasaki et al. 1998).  Other congeners have not yet had their structures determined and investigation 

of their origin is not possible.  The results from the investigations of Sasaki et al (1998) indicated 

that PTX-6 and PTX-7 are isomeric structures as are PTX-1 and PTX-4.  Both sets shared a 

common carbon skeleton with differing substituents at the C-18.  Thus a conclusion was reached 

that PTX-4 and 7 were stereoisomers of 1 and 6, respectively.   Whilst identifying PTX production 

in D. fortii and PTX detection in scallops, only PTX-2 was found in the algae and it was suggested 

that oxidation of the 43-methyl group of PTX-2 takes place in the hepatopancreas of the scallop 

(Lee et al. 1988). Studies on the metabolism of pectenotoxins within scallops by Suzuki et al. 

(1998) indicated that PTX-2 is converted via an oxidation step on the 43-methyl group to PTX-6.  

This, too, was supported by the fact that PTX-2 was detected in both extracts of D. fortii and in 

extracts of scallop gut, whereas PTX-6 could only be detected within the gut of the scallop and not 

in the algal extracts.  

 

Fig 1.12  Oxidation of PTX2 in digestive glands of shellfish as proposed by Suzuki et al (1998).  

(Structures taken from review article by Draisci et al. (2000). 
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Other recently identified PTX analogues are pectenotoxin-2 seco-acid and 7-epi-pectenotoxin-2 

seco-acid (fig. 1.11) isolated from Greenshell mussels (Daiguji et al. 1998).  It is characteristic of 

the pectenotoxins to have a large lactone ring (macro-cyclic structure), but unlike these structures, 

the seco-acids have an open chain structure.  Daiguji et al. (1998) did not find these seco-acids to be 

cytotoxic towards KB cells at a dose of 1.8 µg/ml, while PTX-2 at a dose of 0.05 µg/ml was 

cytotoxic.  This indicates that the cyclic structure of PTX-2 is required for cytotoxicity.  Thus, the 

conversion of PTX-2 to the seco acid may be protective for detoxification in the shellfish.  The 

toxin profiles of the seco-acids from D. acuta were recently compared to that of the Greenshell and 

Blue mussels isolated from an area when D. acuta was blooming in New Zealand (Table 1.6) 

(Suzuki et al. 2001).  They found the major PTX toxin in the algae to be PTX-2, whereas both of 

the shellfish species contained PTX-2SA and 7-epi-PTX-2SA.  

 

Table 1.6  Percentage composition of the different toxins in D. acuta, Greenshell mussels and Blue 

mussels sampled in 1998 and in 1996. (Table taken from Suzuki et al., 2001) 

Profile (%) Samples 

(year of collection)  PTX-2 PTX-2SA 7-epi-PTX2SA Other PTXs 

D. acuta (1998) 92.2 7.8 - - 

Greenshell Mussels (1998) 3.1 86.6 10.4 - 

Blue Mussels 3.8 88.2 8.0 - 

Greenshell mussels (1996) 1.6 56.6 41.8 - 

Blue shell mussels (1996) 0.9 57.9 41.2 - 

 

 

1.2.5.9 Toxicology of the pectenotoxins in mammals 

Pathologically, PTX-1 has been shown to be hepatotoxic causing rapid necrosis of hepatocytes, in 

particular to periportal regions of hepatic lobules (Terao et al. 1986).  Further, PTX was not a 

causative agent of the diarrhetic symptoms of DSP with dosing levels of 1000, 700, 500, 250, and 

150µg/kg via i.p. (Terao et al. 1986).  Mice treated with an i.p. dose of 1000 µg/kg of PTX showed 

severe congestion of their livers, and the surface of the livers appeared finely granulated within 60 

minutes of the i.p. injection of PTX-1.  No pathological changes in the large and small intestines or 

in any other visceral organs were observable.  Multiple large vacuoles appeared around the 

periportal regions of the lobules.  The vacuoles did not stain with neutral red, which indicates 

changes in neutral lipids, and several of the vacuoles located in the subcapsular region contained 

erythrocytes.  Hyaline droplets were seen in the hepatocytes that developed vacuoles.  Electron 

microscopic observation showed flattening of the microvilli on the hepatocytes in the periportal 

region and also showed the plasma membrane to be invaginated into its cytoplasm.  These 

observations in the liver were similar to those observed by (Aune 1988) who dosed freshly isolated 

hepatocytes with various DSPs.  
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By observation with the electron microscope, the study by Terao et al. (1986) found that PTX-1 

caused damage to the hepatocytes in the periportal area of the lobule within 10 minutes of an i.p. 

dose of 500µg/kg and above. At doses below this only slight dilatation of the space of Disse 

occurred with small vacuoles in the periportal region.  One hour following a higher dose of 

1000µg/kg many fat droplets could be seen within the cytoplasm of hepatocytes and mitochondria 

often appeared swollen.  The periportal area approximates to zone 1 of the lobule which is known to 

receive blood from the afferent venules and thus is rich in oxygen and nutrients (Turton and Hooson 

1998; Timbrell 2000).  Because of this, the hepatocytes in the periportal lobule are more equipped 

for β-oxidation of fats and there are also increased levels of glutathione and glutathione reductase in 

the hepatocytes of this zone.  Thus, toxicity seen in this area may indicate that the pectenotoxins are 

metabolized and removed from the body by a simple conjugation reaction with for example, 

glutathione or glucuronidation of the hydroxyl groups rather than through a P450 reaction 

which is generally located in the zone 3 region and centrilobular damage would be expected if P450 

metabolism was the primary metabolic reaction.  This finding has been elaborated in a study where 

mice were dosed with PTX-2 and a decrease in hepatic microsomal protein content was observed 

(Mi and Young 1997).  However, the total P450 content, cytochrome b5, NADPH-cytochrome c 

reductase and aminopyrine N-demethylase activities were not affected (Mi and Young 1997).  

Glutathione content was also unaltered, but elevated serum enzyme levels of alanine 

aminotransferase, aspartate aminotransferase, and sorbitol dehydrogenase were found (Mi and 

Young 1997).  Changes in these enzymes are known to indicate that hepatocyte damage has 

occurred (Turton and Hooson 1998).  An oral toxicity study with PTX-2 was conducted at doses 

ranging from 250 µg/ kg to 2000µg/ kg, where it was observed PTX-2 caused diarrhetic symptoms 

accompanied by severe mucosal injuries in the small intestine between 30 to 360 minutes post 

dosing by oral injection (Ishige et al. 1988).  Hepatic injuries were also observed as hyaline droplet 

degeneration in hepatocytes around peripheral zones of the hepatic lobule.  Spongiosis lesions of 

hydropic vacuolar degeneration could be seen in the intermediate zone.  Dilatation of the sinusoids 

and hydropic swelling of the endothelial cells were also observed.  The study conducted by Ishige et 

al. (1988), was one of few oral studies conducted with the PTX's.  Levels used in the Ishige et al. 

(1988) study were very high when compared to what we know of the human situation of shellfish 

poisoning.  This may indicate that humans could be more sensitive to PTX toxins than mice.  If this 

is the case absorption and metabolism studies must be conducted in the mice to understand the 

mechanisms of toxicity for the PTXs.   

 

Very few studies have been performed in mammalian systems that could be directly related to the 

human situation of shellfish poisoning with regard to the metabolism of the PTXs but in vitro 

studies with human cell lines have been conducted with some PTXs.  PTXs have been described as 

hepatotoxic, tumour promoters and cause apoptosis in rat and salmon hepatocytes (Fladmark et al. 

1998).  When rat and salmon hepatocytes were dosed with 2 µM PTX-1, apoptic effects showing 
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extreme nuclear and cellular shrinkage and chromatin hypercondensation were observed within one 

hour. The salmon hepatocytes appear more sensitive to the pectenotoxins as demonstrated by the 

pronounced cell shrinkage that was observed.  Cell death was found to be caused by apoptosis 

rather than by necrosis.  This was determined by the observation of a lack of trypan blue uptake and 

the chromatin condensation typical of apoptosis.  In addition, the caspase inhibitor ZVAD-fmk was 

shown to inhibit the action of PTX-1, which also supports that apoptosis was the cause of cell death.   

More recently, primary cultured liver cells from chick embryos were used to study the effects of 

PTX-1 on the cytoskeletons of liver cells with concentrations ranging from 5ng/ml to 50 µg/ml for 

0.5-24 hours (Zhou et al. 1994).  Antitubulin staining revealed that the perinuclear regions had 

become sparse in microtubules and the remaining perinuclear regions appeared disorganized, while 

actin microfilaments were also disrupted.  Zhou et al. also found that, for does up to 5ng/ml or less, 

removal of the toxin within 4 hours from the culture media revealed that the morphology induced by 

PTX-1 was reversible.   F-actin and cytoskeletal disruption effects were also observed by another 

group investigating PTX6 on neuroblastoma cells (BE(2)-M17)  (Leira et al. 2001).  They observed 

a dose-dependent depolymerisation of F-actin at concentrations above 1mM, but found that 

cytosolic calcium levels and cell attachment were not affected.  Additionally apoptosis was not 

demonstrated in the study and concluded that disruption of the cytoskeleton was a key mechanism 

in the toxicity of PTX6. 

PTX-2 has been found to be potently cytotoxic to the human lung (A-549), colon (HT-29) and 

breast (MCF-7) cancer cell lines, but also cytotoxic to several other cell lines including ovarian, 

renal, lung, CNS, melanoma, and breast cancer cell lines (Jung et al. 1995).  From studies with the 

DNA-cleavage assay and the rat plasma membrane assay, Jung et al. (1995) found that PTX-2 

neither exerts its cytotoxic activity by blocking DNA synthesis nor by blocking reduction-oxidation 

processes within the cell membrane. 

LD50 values are useful in providing information for regulatory and safety assessments and indicating 

the potency of the toxin but provide no information on the mechanisms of toxicity and other 

pathological processes that would aid in the development of antidotes or treatments for the toxins.  

With reference to Table 1.2 it can be seen that, in mice, the LD50 toxicity of PTX-1 and PTX-2 has 

been determined to be 250µg/kg i.p. for PTX-1 and 260 µg/kg (i.p.) for PTX-2.  These figures are 

higher than the LD50 value for DTX-3 (500 µg/kg) but lower toxicity than that seen for DTX-1 at 

166 µg/kg or OA at 200 µg/kg.  The highest toxicity for DSP toxins is seen with the YTXs with an 

i.p. LD50 of 100 µg/kg. By the oral route, yessotoxin was not found to be toxic at 1000µg/ kg.  It has 

been found that the oral toxicity of OA is 25-50 times lower than that seen from i.p. dosing  (Aune 

et al. 1998).  A review paper has stated that the LD99 in mice (i.p.) for PTX1-6 ranged from 106-770 

µg/kg (Yasumoto and Murata 1990).  This study did not define which PTX isomer caused the 
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greatest toxicity, and did not provide detail of any pathologies observed. No toxicity data has been 

published on the PTX-2 seco acid isomers to date.   

 

1.2.5.10 Pectenotoxins and public health 

 

All the in vivo studies with the PTXs discussed above have used very high dosing levels compared 

with the doses known to cause illness in human intoxications. Pectenotoxins have been associated 

with severe diarrhetic illness resulting in hospitalization.  One such incident occurred during 

December of 1997 when over 100 people living in the Eastern states of Australia were poisoned, 

presenting with severe gastroenteritis, following consumption of cooked and uncooked pipis 

harvested off the New South Wales (NSW) coastline between Ballina and Evans Head.  This 

particular incident included 56 cases of hospitalization reported to the NSW Health Department 

alone. Symptoms included nausea, vomiting and diarrhoea.   At the time of the incident, the 

shellfish responsible for the poisoning were found to contain pectenotoxin-2 seco acids and low 

levels of pectenotoxin-2 (Eaglesham et al. 2000), in the absence of other DSPs like OA and DTXs.  

Further analysis of pipis involved in this poisoning incident and elucidation of the causative toxic 

agent is detailed and discussed in Chapter 3. Another poisoning incident involving the consumption 

of pipis (Donax deltoides) occurred on North Stradbroke Island (Qld, Australia) in March 2000 

where an elderly woman became seriously ill after eating pipis from one of the local beaches (G. 

Shaw, personal communication).  To investigate this incident, fresh pipis were collected from a 

pristine beach on the island with no sewage outlets.   High levels of PTX2-SA were found in the 

shellfish that caused the illness (Eaglesham et al. 2000).  Pipis can metabolize PTX-2 to PTX-2 seco 

acids, which explains the different toxin profiles seen between the shellfish and the phytoplankton 

at the time of the Stradbroke poisoning.  Thus, it seems possible that these seco-acids are 

responsible for the diarrhetic symptoms seen or that once ingested, they may convert back to PTX-2 

prior to absorption into the body, perhaps in the strongly acid or alkaline environment of the 

digestive tract. Alternatively, the toxin may be absorbed as the seco-acid and metabolized in the 

liver. 

 

By analysis of the pipis from the poisoning incident the amount of toxin consumed by the patient 

was estimated.  It was found that the pipis contained approximately 300 µg/kg of PTX2-SA.  The 

average meal consists of approximately 0.5 kg of pipis.  Therefore, the person consumed 

approximately 150 µg of PTX2-SA during the meal.  For an average 70 kg person this equates to a 

dose of 2 µg PTX2-SA per kg body weight leading to illness in humans.  This figure is considerably 

lower than the doses used in the toxicity studies in mice described in this review.  The amount of 

DTX-1 sufficient to induce gastroenteritis in a human is 32µg when eaten (Yasumoto et al. 1985).  

This also, is a very low figure compared to the doses used in the toxicology studies for DTXs 

described in this paper.  In light of this information the question should be posed as to why the oral 
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toxicity studies are conducted with such high doses in mice?  In addition, the question is raised "are 

humans more sensitive to DSP toxins than mice?" The symptoms experienced at lower doses may 

relate to differences in metabolism for the DSPs or other physiological processes such as absorption 

mechanisms and simply to differences between intestinal surface area to body weight ratios.  

 

It is fundamental to our understanding of the process of poisoning to gather information on the 

mechanisms of toxicity of these toxins.  It is not possible to conduct an accurate health risk 

assessment without such information. 

 

1.2.5.11 Yessotoxin (YTXs)  

 

Yessotoxins are lipophillic polyether compounds (fig 1.13).  The group consists of yessotoxins and 

a number of analogues including the homoyessotoxins.  The chemical structure of the YTXs 

includes a terminal side chain of 9 carbons, has two sulfate esters and lacks a carbonyl group 

(Yasumoto and Murata 1990).  In several countries YTXs are included with the class of DSP toxins 

for regulatory purposes because it co-extracts with other DSP toxins and is often found in 

association with DSPs in shellfish.  Studies on YTXs have shown them not to cause diarrhoea or 

inhibit PP2A (Ogino et al. 1997). Thus, even though YTXs are found in association with other 

DSPs in shellfish, the question has been raised as to whether it should be classified as a DSP.    In 

the EU, the YTXs have been re-classified and are no longer included in recommended guidelines 

for DSPs, but are regulated within their own sub-group.  

 

 

 

 

 

 

 

 

 

 

 

    

Fig. 1.13  Structures of Yessotoxins, 

taken from Draisci et al., 2000. 

 

These toxins resemble the brevetoxins, have been isolated from Protoceratium reticulatum and are 

potent ichthyotoxins.  It was found that yessotoxin killed mice with an i.p. dose of 100 µg/kg but in 

suckling mice caused no fluid accumulation in their intestines - even at a fatal dose (Yasumoto et al. 

1988).  At the time of printing, this group stated that the mode of action for yessotoxin was not yet 
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understood, but is may be possible that there is P450 activation involved as P450s are not developed 

in the newborn for several months in humans and weeks in animals.  This may explain why the 

adult mice suffered toxicity whereas the suckling mice were not affected.  Oral studies have found 

the yessotoxins to not induce diarrhetic symptoms or cause any notable pathology (Tubaro et al. 

2002, oral communication 10th International Conference on Harmful Algal Blooms, Florida).   

 
1.2.5.12 Azaspiracid poisoning (AZP) 

 

Azaspiracid poisoning is a newly identified syndrome (Ofuji et al. 1999).   The causative toxin, 

azaspiracid (AZA) was first identified from Irish mussel extracts in association with a shellfish 

poisoning incident that took place in the Netherlands during 1995 (Satake et al. 1996) 

 

Symptoms of AZP are similar to DSP with nausea, vomiting, severe diarrhoea and stomach cramps.  

In laboratory investigations, AZPs have been found to target the liver, pancreas, thymus, spleen and 

GIT (Ito et al. 2000; Ito et al. 2002).  In mice, AZA also induces a slow progressive paralysis 

(Satake, IOC proceeding of the 9th International conference on Harmful algal blooms, 2000).  AZAs 

can only be quantified by LCMS methods rather than the mouse bioassay test, and it has been 

recommended that 16mg AZP equivalents/100g shellfish is safe for consumption (Fish Farm 

International, Vol. 28, No.7).  A thorough review of AZP was conducted by James et al. (2000) in 

the IOC proceedings of the 9th International Conference on Harmful Algal Blooms. 

 

1.2.6 Other dinoflagellate toxins  
 

1.2.6.1 Cooliatoxin 

Cooliatoxin was first described by Holmes et al. (1995) as a monosulphated toxin with a molecular 

weight of 1062da and isolated from Coolia monotis present in Platypus Bay, Australia.  C. monotis 

has been described as a benthic algae (Besada et al. 1982; Holmes et al. 1995) and as an epiphytic 

dinoflagellate (Rhodes and Thomas 1997; Tanaka et al. 1998).  Coolia monotis has been associated 

with ciguatera-endemic areas (Besada et al. 1982), but cooliatoxin does not bioaccmulates in fish, 

nor cause symptoms or pathology in mice consistent with CTX poisoning and therefore is not 

considered to contribute as a causative agent for ciguatera. 

 

Cooliatoxin has a molecular weight that corresponds to the mono-sulphated form of yessotoxin and 

produces similar clinical symptoms to yessotoxin with delay of the appearance and onset of toxic 

effects.    Cooliatoxin was shown to have an LD50 of 1mg/kg (i.p.) in mice with the unusual finding 

that the hearts of mice were still beating upon death (Holmes et al. 1995).  Mice injected with sub-

lethal doses 0.3 or 0.7 MU showed laboured breathing but no other signs of intoxication.  In vitro 
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studies by Holmes et al. have demonstrated that cooliatoxin causes a block of unmyelinated nerves 

that may result in hypothermia and respiratory failure in vivo.  Cooliatoxin concentrations above 

20nM induced a slow developing sustained positive inotrophic effect on guinea pig left atria.  

Tetrodotoxin and propranolol (a β-adrenoreceptor blocker) was found to reverse the effect, which 

indicated that the response was mediated by stimulated nerves within the atrial musculature 

releasing noradrenaline.   They concluded that the in vitro experiments on peripheral nerves did not 

account for the lethal effects of cooliatoxin and suspected a central action of the toxin also exists.  

The authors further explained that the sulphate moiety is likely to be important for its potency as 

desulfonation reduces the potency of other sulphated polyether toxins such as yessotoxin and 

maitotoxin.   

 

In addition to cooliatoxin other compounds have been isolated from C. monotis.  A new ceramide 

was discovered which was found to have a branched-chain fatty acid never seen before but no 

specific toxicity was associated with this new ceramide. (Tanaka et al. 1998). 

 

1.2.6.2 Gambierol 

Gambierol is a brevetoxin-like metabolite isolated from G. toxicus and shows toxicity towards mice 

(Yasumoto and Murata 1990) and references there in.  G. toxicus also produces potent antifungal 

agents called gambieric acids (named A-D) and are the most potent antifungal compounds known 

(Nagai et al. 1992). 

 

1.2.6.3 Miscellaneous toxins and shellfish syndromes related to dinoflagellate toxins 

Other shellfish poisoning syndromes include Venerupin shellfish poisoning which caused a high 

mortality rate during a 1942 outbreak in Japan (Shimizu 1987) and references therein.  The 

causative algal species was thought to be Prorocentrum minimum var. mariae-leburiae, and the 

toxin caused death without paralysis but by complete liver failure.   

 

Other bioactive compounds and metabolites have been isolated from dinoflagellates.  For example, 

Amophidinol, isolated from the dinoflagellate Amphidinium klebsii (Yasumoto and Murata 1993) 

and references therein.  This is a polyhydroxypolyene and shows potent antifungal, cytotoxic and 

hemolytic activity.  Additionally, diacylgalactosylglycerolipid is a cytotoxic compound that can be 

isolated from several marine algae.  Other examples include prorocentrolide, isolated from 

Prorocentrum lima and goniodomin A from the dinoflagellate Gonyaudoma pseudogonyaulax 

which are new types of nitrogenous polyether lactone that also have antifungal properties (Schmitz 

and Yasumoto 1991).   
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1.3 METABOLISM OF ALGAL TOXINS IN MARINE ANIMALS 
 

Research has been conducted on the metabolism of dinoflagellate toxins within molluscs to 

determine how the shellfish avoid intoxication from feeding on the toxic algae and to establish 

which toxins are being consumed by humans when they eat the shellfish (Lassus 1995; Pillet and 

Houvenaghel 1995; Pillet et al. 1995; Suzuki et al. 2001).  Studying the metabolism of the toxins 

within the shellfish may give us more of an idea of how these toxins are metabolized in humans. It 

was assumed that fish may have up-regulated metabolism systems to cope with the different algal 

toxins, but it has been shown that salmon are more sensitive to the toxins than rats (Fladmark et al. 

1998).  Studies on various toxins responsible for the different algal syndromes in shellfish have 

shown significant differences in the toxin profile between the toxin producing dinoflagellates and 

the contaminated bivalves.  This indicats that metabolic transformation is occurring within the 

shellfish following consumption of the toxic algae (Oshima 1995; Suzuki et al. 1996; Suzuki et al. 

1998; Suzuki et al. 2000; Suzuki et al. 2001).  Metabolising systems are known in shellfish, for 

example, glutathione and cysteine (Oshima 1995) and zinc-hydrochloric reduction for PSP toxins 

(Shimizu 1984) and these may cause or contribute to the conversion of algal toxins in vivo.  It was 

found that lethality is increased in marine animals that had never been previously exposed to certain 

algal toxins (Shumway and Cucci 1987).  This research could indicate that there was an enzyme 

induction system involved in the detoxification or alteration of the toxin inside the molluscs or may 

indicate the presence of another protective system such as a binding protein.  Evidence has shown 

that ciguatoxic fish contain a toxin-binding protein that may confer protection (Hahn et al. 1992).  

 

For ciguatoxins, acid-catalysed spiroisomerisation has been observed in the acid environment of the 

stomach of herbivorous fish (Lewis and Holmes 1993) where incomplete biotransformation of the 

gambiertoxins to the ciguatoxins could be seen (figure 1.14).  After accumulation in herbivores the 

toxins are transferred to carnivorous fish.  Carnivorous fish have been shown to contain ciguatoxin 

and no gambiertoxin, indicating that any remaining gambiertoxin present in the herbivorous prey is 

completely biotransformed in the carnivorous fish (Legrand et al. 1989; Murata et al. 1990; Lewis 

and Holmes 1993). 

 

GTX-4A    +2 OH        CTX-2       + 1 OH        CTX-4     ? 

      H+                                               H+                                              H+ 

 

GTX-4B    +2 OH        CTX-3        +1 OH        CTX-1     ? 

 

With reference to fig. 1.14 GTX-4A and / or GTX-4B produced 

fish to CTX-2, CTX-3, CTX-1 and the putative CTX-4 

spiroisomerisation (vertical arrows) results in toxins with the t
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backbone predominating (GTX-4B, CTX-3 or CTX-1) with the ? indicating further suspected 

biotransformation to more polar and possibly lower potency forms (Lewis and Holmes 1993).   

 

Some researchers have proposed that the potency of the different toxins can vary depending upon 

the stage in the growth cycle of the algae (Pan et al. 1999).  It has also been suggested that the algae 

are in fact themselves subject to the toxicity and have their own metabolising enzymes to combat 

and detoxify the toxins throughout their different cycles (Baden 1989; Baden et al. 1989).  This 

issue was further investigated reporting dinoflagellates could tolerate the high concentrations of the 

toxins they produce due to the up-regulation of their protein phosphatase expression (Boland et al. 

1993).  However, this result questions the potential benefit of producing such toxins if the host 

producer is suffering from the effects of the poison itself.  Thus, evidence of metabolism to protect 

the algae may support the hypothesis that symbiosis of the algae with a second toxin-producing 

bacterium or virus.  An example of this is demonstrated with another class of algal toxin, where it 

was found that a toxin produced by a bacterium of the Moraxella genus eluted at the same time with 

known PSP toxins and caused the contamination of scallops in the absence of any dinoflagellate 

algae in the laboratory (Kodama 1988).  Despite a number of publications on potential production of 

dinoflagellate toxins by other organisms, this issue is currently un-resolved and under debate. 

 

Another study has shown variation between different species of shellfish and differing patterns of 

accumulation of certain toxins in preference to other toxins (Ishida et al. 1996). This observation of 

differential uptake and metabolism in the shellfish has been investigated by another group (Lee et 

al. 1988) who found that DTX-3 was undetectable in D. fortii and suggested that acylation of DTX-

1 to DTX-3 occurred in the hepatopancreas of scallops. 

 

It may be possible that by studying the metabolism of the toxins within the shellfish, food poisoning 

could be prevented by altering the metabolism of the toxin in the shellfish either in aquaculture 

systems or during cooking.  Such research indicates that, from a public health aspect of shellfish 

poisoning, it would be more appropriate to carry out toxicological studies using toxins extracted and 

purified from marine animals rather than from algal cultures, especially in the scenario where a 

toxin has not been fully characterized. 
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1.4 METABOLISM STUDIES WITH MARINE ALGAL TOXINS ON 

MAMMALIAN SYSTEMS 
 

Much of the work for metabolism studies has centered on the metabolism of the brevetoxins.  In one 

study, isolated perfused rat livers were used to investigate the metabolism, biliary excretion and 

clearance of radiolabelled PbTx3 (Pace et al. 1987).  After 60 minutes of perfusion, 7% appeared in 

the bile, 26% remained in effluent perfusate and 65% was recovered from the liver.  The PbTx3 was 

found to be metabolized and eliminated in the bile as several more polar metabolites than the parent 

compound with one of the metabolites being an epoxide.  In the liver extract, 77% of the radiolabel 

was PbTx3 and 23% migrated with more polar metabolites.  Only PbTx3 was detected in the 

effluent perfusate.  They concluded that they would go on to structurally characterize the biliary 

metabolites.   

 

Another group investigated the in vivo distribution and elimination of PbTx-3 in rats which gave 

more complete results (Poli et al. 1990).  The authors found that when PbTx-3 was administered by 

i.v. injection (1.8 µg (9.4 Ci/mmole, 19µCi) the radiolabelled PbTx-3 was rapidly cleared from the 

circulatory system (90% cleared within one minute).  Within 30 minutes the remaining radiolabel 

had distributed 69.5% to skeletal muscle, 18.0% to liver, and 8.0% to intestinal tract. 

 

After 24 hours the radiolabel decreased in the muscle, remained constant in the liver and increased 

in the intestinal tract and faeces.  They found the elimination to be via faeces (75.1%) and urine 

(14.4%).  After 6 days, 9% radiolabel was still present in the carcass. A significant amount of the 

toxin was found in the skeletal muscle.  This is thought to be due to the high lipid solubility of the 

toxin and so the toxin is stored in the skeletal muscle where it would be slowly released into 

circulation to be metabolized by the liver.  HPLC analysis of the radiolabelled extract from the 

skeletal muscle confirmed that the extract was parent toxin and was neither being metabolized in the 

skeletal muscle or a metabolite targeting skeletal muscle.   

 

To detect if there were any metabolites a sample of faeces was analyzed by HPLC. Detecting 

metabolites in the faeces is not conclusive evidence that metabolism is occurring in the body as the 

metabolites could have been produced by bacteria in the gut.  From the in vivo experiments by Poli 

et al. (1990), the liver was indicated as the main organ that could be responsible for any metabolism 

that was occurring.  To investigate if this was the case, in vitro experiments with liver hepatocytes 

were carried out by incubating cells with 0.45 µg labeled toxin for 24 hours.  Media samples were 

collected at timed intervals and analysed by HPLC.  Radiolabelled peaks were detected which were 

more polar than the parent radiolabelled compound.  The time course of the appearance and 

disappearance of the compounds indicated that at least one of the compounds could be an 

intermediate compound.  Their results showed that metabolism is in fact occurring in the liver.    
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The intermediary forms are of concern as these products can often be very reactive and cause 

significant damage to surrounding tissues especially epoxide derivatives.  The results of the 

experiments by Poli et al. confirmed a previous study that had been conducted (Pace et al. 1987) 

and concluded that with the metabolism and excretion seen, the liver was the major organ of 

metabolism and that biliary excretion was an important route of elimination.   

 

The follow up work by Poli et al. included development of an anti-brevetoxin antibody (PbAb) (Poli 

and Hewetson 1990) and investigations for prophylactic and therapeutic use of these antibodies has 

been conducted (Templeton et al. 1989).  It was reported that rats pretreated with 1 ml of anti-

brevetoxin IgG did not develop signs of intoxication when infused with 25µg/kg brevetoxin 

compared to the control group (Templeton et al. 1989). The rats were also shown to have lessened 

clinical symptoms when administered with PbAb immediately post toxin dose.   The work by 

Templeton et al. indicated that, if death is a result of the effects of the toxin centrally, the 

mechanism of lethality can be modulated peripherally as circulating antibody was able to prevent 

death.   

 

A review of all the above work by Poli et al. is summarized (Poli et al. 1990), where descriptions of 

detection, metabolism and pathophysiology of PbTx-2 and PbTx-3 are given in all model systems of 

i.v. bolus dosing of rats, isolated rat livers perfused with toxin, and isolated rat hepatocytes exposed 

to the toxin in vitro.  

 

In the above studies, there was no discussion of possible P450 involvement in the metabolism of 

dinoflagellate toxins.  P450 metabolism has been observed in Antarctic and Arctic marine algae 

(Pflugmacher et al. 1999).  It is believed that the algae have phase 1 and phase II enzymes for 

detoxification purposes.  It is possible that rupture of algal cells during an algal bloom or an 

extraction process for toxins could release these enzymes.  These enzymes, if still active, then 

become able to act upon toxins released into the surrounding water/media and may explain why 

varying isoforms of toxins can be found in crude extracts of toxins from algal origin. 

 

The superfamily of cytochrome P450 enzymes are a group of heme-containing enzymes found 

predominantly in the endoplasmic reticulum of hepatocytes.  They allow for the metabolism of a 

broad range of chemical compounds such as xenobiotics (drugs, environmental pollutants, 

carcinogens, pesticides) and endogenous substances (steroid hormones, fatty acids and 

prostaglandins).  Approximately 750 P450s have been cloned (Eastabrook 1998) from all types of 

plant and animals and yet we know very little of their role in metabolism. 

 

The purpose of metabolically altering xenobiotic compounds is to make them more water soluble to 

enable elimination from the body.  The first stage of metabolism may involve revealing or adding 
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functional groups to the compound by oxidation, hydrolysis or reduction.  The following stage 

(phase II) is a conjugation stage where a functional group is joined with a structure such as a 

sulphate, glucuronide or glutathione which is catalysed by a phase two enzyme such as the 

sulphotransferases or glutathione-S-transferase.   Some chemical compounds may already possess 

polar functional groups and thus only require to be acted upon by the phase II enzymes. 

 

The most abundant human hepatic cytochrome family is CYP3A.  They comprise at least 30% of all 

hepatic enzymes and are responsible for the oxidative metabolism of approximately 50% of all 

known drugs.  Further to this, the CYP3A4 isoenzyme accounts for 60% of the cytochrome 

enzymes in the liver and approximately 70% of cytochrome enzymes in enterocytes of the gut wall 

responsible for 1st pass metabolism (Michalets 1998).  Here, extensive transformation of orally 

ingested substances can occur during absorption across the intestinal wall.  Many of the P450 

enzymes show considerable inter-individual variation in their activity toward particular substrates 

and polymorphism studies have been carried out for a number of years with a genetic basis for 

many polymorphisms being established (Bordet 1994; Broly 1995; Gross 1996; Hong and Yang 

1997; Marez 1997).    
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1.5 OBJECTIVES AND RESEARCH STRATEGY 

 
Prior to commencing this PhD project, PTX2-SA and 7-epi-PTX-SA, the shellfish toxins thought to 

be involved in the 1997 DSP incident in NSW, had no toxicology elucidated whatsoever.  It is 

evident that for an appropriate health risk assessment to be performed, toxicology research is 

required on the PTX2-SAs with a specific necessity for in vivo oral toxicology to be conducted to 

enable their impact on health – though consumption of contaminated shellfish, to be assessed. 

 

The need for the research is demonstrated by the lack of a suitable guideline value for PTX2-SAs in 

commercial shellfish that has been based on scientific data.  Closures of shellfish aquaculture beds 

caused by persistent high Dinophysis cell counts and sustained PTX2-SA concentrations in 

Australian shellfish is currently causing a great economic burden to the Australian shellfish 

industry, but until toxicology and safety information is provided, permitted guideline levels of these 

toxins in commercial shellfish must err on the side of caution for public health protection. 

 

Toxicology information is needed to 1) decipher the contribution of PTX2-SAs to the DSP 

syndrome, 2) determine their potential risk to human health, 3) to perform a health risk assessment 

for consumption of contaminated shellfish and 4) for guidance in the regulation of permitted toxin 

levels in shellfish that are sold for human consumption.  Thus, the objectives for this project are as 

follows: 

 

(i) Develop a robust method for extraction and purification of PTX2-SAs from shellfish and 

marine algae  

(ii) Produce purified PTX2-SAs extracted from shellfish and marine algae for investigations 

(iii) Conduct acute oral and i.p. studies in mice to determine the toxicopathology and body 

distribution of PTX2-SAs 

(iv) Investigate mechanisms of toxicity of the PTX2-SAs with the use of cDNA microarray 

technology and in vitro cell culture assays 

(v) Perform a health risk assessment for the consumption of seafood contaminated with the 

PTX2-SAs to aid establishing guideline values for pectenotoxins in shellfish. 

 

This study provides a greater understanding of the metabolism and mechanisms of toxicity for the 

PTX2-SAs and also provides information that may be useful in the setting of guideline values for 

PTX2-SA concentrations in seafood. 
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2.1 INTRODUCTION 

 

A variety of techniques have been utilized and developed for the investigation of the algal toxins.  

Today there are several methods and assays for the detection of various shellfish toxins.  These 

include bioassays such as the mouse bioassay (Sommer and Meyer 1937) which was developed for 

the PSP toxins but now has been adapted for many of the shellfish toxins, the brine shrimp and paua 

larval bioassays (Rhodes and Thomas 1997) and the chick feeding test to detect ciguatoxins 

(Vernoux et al. 1985).  Analytical tools include several HPLC-MS methods and ELISAs for 

detection and quantification of toxins.  Many techniques have been used in the past to identify and 

characterize the chemical composition of the toxins and their metabolites.  Such methods include 

HPLC, TLC, MS, CD, NMR, ESI-MS and X-ray crystallography.    

 

Several in vitro assays have been investigated such as use of specific cultured cell lines to identify a 

specific shellfish toxin.  The in vitro bioassays are useful when a known toxin is being assayed, but 

the mouse bioassay is the most accepted bioassay, especially for regulatory purposes as it has the 

potential to detect ‘unknown’ toxins.  For example, it was the ‘scratching’ syndrome unique to ASP 

that was observed in the mouse bioassay that led to the identification of domoic acid after the 

poisoning incident in Canada in 1987 (Iverson and Truelove 1994).   As a consequence, the mouse 

bioassay is the most widely accepted test for shellfish poisons but is ideally run alongside HPLC, 

which is more sensitive and specific.  HPLC-MS is also very favorable as it can identify and 

quantify the specific isoforms of individual toxins.  The route of administration of the toxin is an 

issue that has to be addressed with the investigation of novel toxins as an i.p. dose can show an 

immensely different profile of toxic responses to, for example, an oral dose of a toxin (Loomis and 

Hayes 1996). 

 

This chapter details materials, chemicals and reagents and equipment used in this PhD project.  

General methods are described in this section with specific methods appearing in the appropriate 

chapters. 
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2.2 SAFETY AND ETHICS  

 

For this project all procedures were conducted in a manner of Good Laboratory Practice (GLP), in 

accordance with Material Safety Data Sheet (MSDS) guidelines and all procedures involving 

animals received ethical approval from Queensland Heath Scientific Services and Griffith 

University Animal Ethics Committee prior to commencement.  All investigations involving animals 

conformed to the 'Australian code of practice for the care and use of animals for scientific purposes' 

(NHMRC, 1997). 

2.3 MATERIALS 

 
 
2.3.1 Chemicals and biologicals 
 
Unless otherwise stated the following chemicals were obtained at the highest grade available and 

were purchased via the University of Queensland Chemistry Stores, St. Lucia, Brisbane.  Table 2.1 

lists the chemicals used in this project, additional chemicals can be found in Table 2.2, which lists 

chemicals specific to investigations detailed in chapter 6. 

 
Table 2.1 General chemicals 
 
Chemical  Primary Source 
10% Buffered formalin concentrate x8 Australian Biostain PTY Ltd. 
Acetone Merck 
Acetonitrile Mallinckrodt  
Ammonium Formate APS Ajax Finechem 
Chloroform Burdock & Jackson 
Citric Acid Sigma 
Dextrose Sigma 
Dimethyl Sulfoxide Sigma 
Ethyl acetate Mallinckrodt  
Formic acid Prolab 
Glacial acetic acid BDH Laboratory Supplies 
GN-Nylon filter (0.2µm pore) Millipore Millex 
HCl APS Finechem 
Hexane Australian Chemical Reagents (ACR) 
Iodine crystals (AR) Asia Pacific Specialty Chemicals Ltd.  
Methanol Mallinckrodt  
Milli Q water Millipore water purification system. 
Potassium iodide (AR) Merck Pty. Ltd. 
Sephadex LH-20 (bead size 25-100µ) Sigma 
Silica Gel 100 (0.063-0.200mm)  Merck Pty. Ltd. 
Tris (hydroxymethyl) methane (AR) Merck Pty. Ltd. 
Trisodium citrate AJAX Chemicals. 
Whatman filter paper # 4 and #42 Labsupply PTY Ltd. 
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Table 2.2 Chemicals and Reagents specific to cytotoxicity and microarray studies (chapter 6). 
 
Reagents Source 
5-Aminolevulinic acid Sigma 
Agarose LE, analytical grade Promega Corp., USA 
Antibiotics:100U/mL penicillin G sodium, 
10,000µg/mL streptomycin sulfate in 0.85% 
saline 

Gibco In vitrogen Corp 

Boric acid USB, Amersham life science 
Bovine Serum Albumin (BSA) Gibco BRL, Life Tech, USA 
Bromo Phenol Blue USB, Amersham Life Science 
Calcium Chloride Dihydrate Sigma 
Chloroform Sigma 
Collagenase (Clostridium histolyticum) Gibco 
D-Glucose Gibco BRL 
Diethyl Ether Merck Pty. Ltd. 
Dimethyl Sulfoxide Sigma 
Dulbecco’s modified Eagle’s medium (DMEM) GibcoBRL 
Ethanol - 75%  (in DEPC treated water) Riedel-de Haen, Germany 
Ethidium Bromide (3,8-Diamino-5-ethyl-6-
phenyl-phenan thridium bromide C21H20BrN3) 
10mg/mL  

Plusone, Pharmicia Biotech 

Ethylene glycol-bis-β-aminoethyl ether NNNN 
tetra acetic acid (EGTA) Sigma 

Ethylenediaminetetra acetic acid (EDTA) Beijing Chemical Works 
Fetal calf serum (FCS) Gibco BRL, Life Tech, USA 
Ficoll 400 Pharmacia Biotech 
Foetal Bovine Serum  (deactivated by heating) GIBco BRL life technologies  
Gentamicin Solution (10mg/mL) Gibco BRL, Life Tech, USA 
HB salts Sigma 
Heparin Sigma 
HEPES Molecular Sigma Biology 
Hydrochloric Acid APS – Asia Pacific Specialty Chemicals 
Insulin/Transferrin/ Sodium Selenite Solution Gibco BRL, Life Tech, USA 
Iodine (2%) Asia Pacific Specialty Chemicals Ltd. 
Isobutanol Merck Pty. 
Isopropanol  Sigma 
Magnesium Sulphate Sigma 
MTT (98%),  (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) ACROS Organics NJ, USA 

Phosphate buffered saline  Sigma 
Potassium chloride USB, USA ACS grade 
Potassium phosphate dibasic USB, USA 
Propidium iodine (PI) Sigma, UK 
RNA secureTM Solution   Ambion, Austin, Texas 
RNase (DNase-free solution) Boehringer Mannheim Corp. IN, USA. 
Sodium bicarbonate Gibco BRL ACS grade 
Sodium chloride USB, ACS grade, USA 
Sodium dodecyl sulphate USB, Ohio, USA 
Sodium dodecyl sulphate (20% SDS) MSB Amersham Life sciences, USA 
Sodium orthophosphate, mono H Sigma 
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Reagents Cont: - Source Cont: - 
Tris Gibco BRL Life tech 
Trizol Reagent  Gibco BRL Life technologies 
Trypan blue stain 0.4% (prepared in 0.85%saline) Gibco BRL Life Technologies 
Trypsin EDTA (0.25% trypsin .1mM EDTA-
4Nain HBSS without Calcium or magnesium) GibcoBRL- In vitrogen corporation, Canada 

Williams media E powder 
With l-Glutamine, without sodium bicarbonate Gibco BRL, Life Tech, USA 

Xylene cyanol F.F Sigma 

 
Table 2.3 Biological samples 
 
Biological Source 
Algae Samples:  
Ballina, NSW 
West Lakes, SA 

 
Myee Pipis Inc., Ballina, NSW 
Australian Water Quality Centre (AWQC), 
SA Waters Corporation, Bolivar, SA. 

HepG2 continuous cell line City University of Hong Kong 
Mice: 
C57BL/6J female 
SJL/J female 

Animal Resource Centre, Murdoch Dr. 
Murdoch, W.A. 

Rat hepatocytes City University of Hong Kong 
Mussels Ken Lee, SASQAP. 
Oysters Ken Lee, SASQAP. 
Pipis Myee Pipis Inc., Ballina, NSW 
 
 
Table 2.4 Biologicals and reagents specific to cDNA microarray 
  
Biological Source 
5X First Strand Buffer (10U/uL) In vitrogen 
Cy-3 dUTP and Cy-5 dUTP Amersham Pharmicia Biotech, UK. 
dGTP, dATP, dCTP, dTTP. Amersham Pharmicia Biotech Inc, USA. 
DTT (0.1M) In vitrogen Life Technologies 
Human COT- 1 DNA (10mg/mL) In vitrogen life technologies, USA 
Oligo dT primer In vitrogen life technologies, USA 
Polydeoxyadenylic Acid (8mg/mL) Amersham Pharmicia Biotech Inc., NJ, 

USA. 
RNAse inhibitor (cloned) (1,000U) In vitrogen 
Superscript II RNase H Reverse Transcriptase In vitrogen life technologies, USA 
Yeast tRNA (4mg/mL) GibcoBRL 
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2.3.2 Reagents and solutions 
  

The following reagents were prepared as described and stored at room temperature unless otherwise 

stated. 

 

Table 2.5 Reagents for toxin extraction and analysis 

Solution Quantity Constituents 
Ammonium Formate 
Stock 

25.2g 
1 L 

Ammonium formate 
Milli Q water 

Mobile Phase 1L 
(70:30) 

700mL 
300mL 
1mL 
5mL 

Acetonitrile 
Milli Q water 
Formic acid 
2mM Ammonium formate 
Filter 

Sodium citrate 
anticoagulant (acid 
citrate dextrose) 

11.26g 
4.0g 
11.0g 

Trisodium citrate 
Citric acid 
Dextrose 
Make up to 500mL with distilled 
water. Make 5mL aliquots for blood 
collection vials. 

Acidic Lugols iodine 
solution 

100g 
50g 
100mL 

Potassium iodide (AR) 
Iodine crystals (AR) 
Glacial acetic acid 
Make up to 1L using distilled water.  
This stock is then used at 
700µL/100mL sample. 

10% buffered neutral 
formaldehyde 

2.5 L of X8 Concentrate Dilute to 20L with Milli Q 
Store at RT 
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Table 2.6 Reagents and solutions for HepG2 studies 
 
Solution Component Quantity/Volume 
DMEM 
pH 7.4 
Complete 

DMEM powder  
Milli Q water 
Sodium bicarbonate 
 
 
FBS 
Antibiotics  
(100U/mL penicillin, 
10,000µg/mL streptomycin). 

1 packet  
800mL 
3.7g 
pH to 7.2 then filter with a 0.2µ 
cellulose nylon filter 
100mL 
100mL 

DMEM 
Serum-free 

DMEM powder  
milli Q water 
sodium bicarbonate 
 
 
Antibiotics 
(100U/mL penicillin, 
10,000µg/mL streptomycin). 

1 packet  
900mL 
3.7g 
pH to 7.2 then filter with a 0.2µ 
cellulose nylon filter 
100mL 

MTT (5mg/mL) MTT 
0.1m PBS (sterilised) 

250mg 
50mL 
Filter with a 0.2um cellulose nitrate 
filter and store in darkness at 4oC. 

10% SDS stop 
Solution 

SDS  
Isobutanol 
5 N HCl 
 

100mL 
100mL 
800µl 

0.01M PBS 1 X PBS foil pack containing: 
NaCl 0.138M 
KCl 0.0027M  

Dissolved 1 packet in 1L milli Q 
water – pH 7.4 as per manufacturers 
instructions  
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Table 2.7 Solutions for rat hepatocyte studies 
 
Solution Component Quantity (g/L unless otherwise stated 
Perfusion buffer A 
pH 7.35 

10X HBSS without Mg and Ca 
SodiumbBicarbonate 
HEPES 
EGTA 
Heparin 
Milli Q water 

100mL 
2.2 
2.83 
0.19 
2000 Units 
Make up volume up to 1L 

10X HBSS (without 
Mg and Ca) 

KCl 
KH2PO4 
NaCl 
Na2HPO4.7H2O 
D-Glucose 

4.0 
0.6 
80.0 
0.9 
10.0 

10X HBSS complete CaCl2.2H2O 
MgSO4.7H2O 
KCl 
KH2PO4 
NaCl 
NaHPO4.7H2O 
D-Glucose 

1.85  
1.998 
4.0 
0.6 
80.0 
0.9 
10.0 

Hepatocyte wash 
medium (pH7.35) 

10X HBSS (Complete) 
Sodium bicarbonate 
HEPES 
BSA 
Milli Q water 

100 mL 
2.2 
2.83 
1g 
Make up volume to 1L 

Williams E hepatocyte 
culture medium 

Williams E powdered medium 
HEPES 
Sodium Bicarbonate 
5-Aminolevulinic acid 
FCS 
Insulin/transferrin/ sodium 
Selenite solution 
Gentamicin solution 
(10mg/mL) 
Milli Q water 

1L packet 
2.83 
2.2 
17.0mg 
20mL 
5.0mL 
 
5.0mL 
 
Make up volume to 1L 

Digestion perfusion 
medium 

X10 HBSS (complete 
Sodium bicarbonate 
HEPES 
Collagenase (Clostridium 
histolyticum) 
Milli Q water 

10mL 
0.22 
0.283 
0.05% (w/v) 
 
Make up volume to 100mL 

2% Iodine (w/v) Iodine 
70% Ethanol 

2 
100mL 

0.01M PBS 1 X PBS foil Pack containing: 
NaCL 0.138M 
KCl 0.0027M 

Dissolved 1 packet in 1L milli Q 
water – pH 7.4 as per manufacturers 
instructions 
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Table 2.8 Solutions for the high-density microarray. 
 
Solution Component Amount (g unless otherwise stated) 
5X TE buffer stock Tris 

Boric Acid 
EDTA (0.5M) 
Milli Q 

54 
27.5 
20mL 
Make up volume to 1L and pH to 8.0 

1% Denatured agarose 
gel 

Agarose 
1XTE buffer  
Ethidium bromide 

0.26 
26mL 
14uL 

10X Loading buffer 
(5X loading buffer for 
electrophoresis is 
made from this stock) 

BromoPhenol Blue 
Xylene cyanol F.F. 
Ficoll 

0.25% in water 
0.25% in water 
15% in water 

20X SSC NaCl 
Tri-sodium citrate 

175 
88 
Adjust pH to 7.0 with 1M HCl 
From this stock dilutions were made 
to produce 2x and 0.2X  SSC 

Hydrolysis solution 0.5M NaOH 
100mM EDTA  

5mL 
5mL 

1M  Tris /HCl 
 

Tris 
Milli Q water 
0.5M HCl 

121.14 
up to 1L 
pH to 7.4 

10X low T dNTPs: 
 

dGTP (100mMol) 
dATP (100mMol) 
dCTP (100mMol) 
dTTP (100mMol) 
Milli Q water 

30uL 
30uL 
30uL 
6uL 
504uL 

 
All reagents were required to be RNase free and thus were purchased RNase free directly or were 
autoclaved at 125°C for 90 minutes.  All laboratory ware was autoclaved and all procedures were 
carried out in a laminar flow cabinet cleaned with 70% ethanol.   
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2.3.3 General apparatus and equipment 
 

Table 2.9 General equipment 

Equipment Source 
Buchner funnel with suction filtration unit Buchner/ Millipore 
GC column: 0.5 micron, 30m x 0.25 DB-5ms J and W Scientific Inc. 

HPLC Perkin and Elmer series 200 with 
autosampler and pump and with a PE/SCIEX 
API 300 LC/ MS/MS system 

Applied Biosystems/Sciex, Perkin Elmer 

Incubating water bath set at 70˚C Grant, England. 

Incubator shaker Innova 400 by New Brunswick scientific, 
supplied by John Morris scientific Pty Ltd. 

Light intensity recorder: LI COR LI 400 data 
logger 

Li Cor, USA – John Morris Scientific Pty Ltd. 

Light microscope with eye piece micrometer 
attached to a computer with Video live Plus 
computer package and video camera attached 
to microscope 

Nikon Eclipse E400 Microscope. 

Lithium heparin tubes Jobas 
Open glass column (3cm x 84cm) Exelo 
Osterixer blender Omni mixer OCI Instruments (5 speed) 
Prep Nova Pack HR C18 chromatography 
column (6µm, 60Å, 25 X100 mm) 

AllTech 

PTC-100 TM programmable thermal controller MJ Research Inc. Supplier: Bresatec LTD. 
Refrigerators and freezers Various 
Rotary evaporator  Rotavapor-R with a IKA DEST condenser 
Sedgwick Rafter Chamber  Graticules Ltd, England 
Shimadzu LC-10AT with SPDM10A 
diodearray detector 

Shimadazu 

Sonicator Branson sonifier 450 
Spectroline CM10 Fluorescence analysis 
cabinet Long wave UV 365nM (UV bulb 
model EN160/F 0.17 Ambs) 

Spectronics Corporation, USA 

Varian Star CX gas chromatograph with Varian 
8200 CX auto sampler connected to a Varian 
Saturn 4D mass spectrometer 

Varian 

Waters RCM (25 x 10) chromatography 
column (Millipore)  

Waters 
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Table 2.10 Apparatus and materials for mice bioassays 

Item Source 

Atherton autoclave Atherton 
Camera Nikon 
CO2 chamber Queensland Health Scientific Services 
Hospital grade disinfectant active ingredient: 
3.0% Benzalkonium chloride 

Lemon/ Mist Concept by Eco lab Australia 

Olympus BH2 microscope with exposure 
control unit (AD system) and Olympus C-
35AD4 camera 35mm attachment 

Olympus 

Photographic film 35mm Kodac and Fuji 
Rat and mice pellets Norco rural stores, Krauss Ave, South Lismore 

NSW, 2480, Australia. 
Rotary microtome  Shandon AS 325, supplied by Edward Keller,  
Stainless steel blade (R35) Feather safety razor Co. Ltd, Japan 
Stainless steel syringe needle (0.45 X 13 mm) Thurmo medical corporations, Elkton 

MD21921 USA. 
Superfrost slides and cover slips 76mm X 26 
mm 

Menzel 

Tecniplast polycarbonate (Makrolon bayer) 
cages and metabolism chambers 
Plastic drinking bottles 

Imported by: Siper Import Company, Sydney 
Australia from 'Techniplast Gazzada' 21020 
Buguggiate, VA, Italy. 

 

Table 2.11 Instruments and equipment for microarray and in vitro assays 
 
Equipment Source 
Biological safety cabinet: NU-426-400E series 
21 

Nuaire, MN, USA 

Biophotometer Eppendorff, Hamburg, Germany 
Cell counter – Bright line-Neubauer 1/10mm  BOECO, Germany 
Cellulose nylon filter (0.2 U) / disposable 
syringe units 

Advantec MFS. Inc., CA, USA  

Centrifuge (rotor JA18 and F2402H) Beckman 
Centrifuge (Universal) Hettich 
Centrifuge 15/80 MSE rotor MSE 43124-134 
Serial 973974 

Harrier  

Collagen coated 96 microtitre plates Iwaki, Japan 
Dual action shaker /water bath Polyscience, USA 
ELISA plate reader: Spectra Max 340 with Soft 
Max Pro 1.2 

Molecular devices  

FCS Calibur flow cytometer Beckton Dickinson, CA, USA with computer 
and ModFit LT 2.0ep for PowerMac by Verity 
Software House, USA. 

FCS tubes (5mL Polystyrene round bottom) Falcon 
Filter holders with receiver for membrane 
filtration of media  

Nalgene, NY, USA 
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Equipment Cont: - Source cont:- 
Gel Doc 1000 coupled to Molecular Analyst 
(version 1.5) 

Biorad Laboratories, CA, USA 

Horizontal gel electrophoresis apparatus  GIBCO BRL Life Technologies 
Humid box mixer (Vari-Mix) Thermolyne Oscillating 
Incubator Nuaire CO2 water jacketed, USA 
Inverted microscope Carl Zeiss Axiovert 25  
Membrane filter (47mm) Nalgene, NY, USA 
Microarray chips 
9,984 genes 

Supplied by Dept chemistry and Biology, City 
University of Hong Kong.   

Microcentrifuge Microcentaur MSE  Sanyo, UK  
Microcon centrifugal filter devise Amicon Bioseparations by Millipore, USA 
Microtitration plates, flasks and petri-dishes NalgeNunc international, Denmark 
Microwave Roma 
Multi channel pipette and pipette tips Falcon 
Nikon Cool Pix 950 digital camera Nikon, Japan 
Nylon filter (61um, 100um and 250um) 
autoclaved 

Corning, USA 

Peristaltic pump (Masterflex) Cole-Parmer Instrument Co. 
pH meter PerpHecT log R, Model 310 Orion, USA 
Polyprolene centrifuge tubes ones in NRCET – Beckman polyallomer 
PTC-100TM thermal controller MJ Research Inc., MASS, USA 
Scan Array 4000 Microarray analysis system 
with GenePix Pro 3.0 (Axon) 

Packard Bioscience, Biochip Technologies, 
USA. 

Sterile disposable pipettes Sterlin, UK  
Techware power Supply (P5250-2) Sigma 
Tru-Sweep ultrasonicator Crest ultrasonics Corp., NJ, USA 
Waterbath Precision Scientific, Inc. 
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2.4 GENERAL METHODS  

 

2.4.1 HPLC/MS/MS analysis 
 

Any reference to HPLC/MS/MS analysis in this project was performed on a Perkin Elmer 200 series 

HPLC system coupled by a high-flow electrospray source with a PE/SCIEX API 300 triple stage 

mass spectrometer (Allied Biosystems). An Alltech Alltima C18 column (150 x 4.6mm, 5µ) was 

used to separate the PTXs with a mobile phase of 60% acetonitrile/water in 2mM ammonium 

formate and 0.1% formic acid, at a flow rate of 0.8 mL/min.  The mass spectrometer was run in 

single ion monitoring (SIM) mode with (M+NH4)+ and (M+1+NH4)+ ions for PTX2-SA, 7-epi-

PTX2-SA, PTX-2, OA and OA-acyl esters.  PTXs and OA were quantified by comparison to a 

commercially sourced OA standard and PTX standards produced in-house by the extraction and 

purification method detailed below (2.4.2).    

Table 2.12 

Compound Quantitation ion 

 (confirmation ion)  m/z 

Retention time 

(approx) minutes 

PTX-2 876.6 (877.6) 9.17 

PTX2-SA 894.6 (895.6, 899.6) 6.03 

7-epi-PTX2-SA 894.6 (895.6, 899.6) 7.23 

OA 827.5 (805.5, 751.5) 6.0 

DTX-3 hydrolysis to OA (ester) 827.5 (805.5, 751.5) 6.0 

 

 

2.4.2 Toxin extraction 
 

 The PTXs in this study were extracted from pipis (Donax deltoides) collected from Ballina, NSW 

and oysters and mussels collected near Port Lincoln, SA, or from Dinophysis caudata bloom 

(plankton net) samples collected off the coast of Ballina, NSW. The toxins were extracted into 

methanol with sonication and centrifugation followed by cleanup stages employing organic 

partitioning, column chromatography with sephadex LH-20, preparative HPLC and analytical 

HPLC separation with a mobile phase of 70:30% acetonitrile/water with 2mM ammonium formate 

and 0.01% formic acid.  Toxin composition and concentrations were determined by HPLC-MS.   

The HPLC-MS confirmed that there was no okadaic acid, DTX-1, DTX-2, DTX-3 or PTX-2 in the 

samples.  
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The optimization of the extraction methods and toxin stability studies are detailed in Chapters 3 and 

4 respectively.  Below is the final methodology employed for extraction of the PTXs in this project. 

 

Stage 1 - Shelling and drying 

Frozen shellfish were shelled and gutted, removing as much tissue from the stomach sack as 

possible.  The total weights of guts were recorded (wet weight), placed in aluminum trays and 

frozen.  Once frozen the gut tissue was freeze-dried using a Dynavac freeze drier over night.  The 

dry tissue mass was ground using a coffee grinder and the material weighed.  

 

Stage 2 - Extraction 

100g of freeze dried material was placed in a 2L conical flask with 300mL methanol sealed and 

placed on a swirling incubator at RT for 24 - 48 hours.   

 

Following this extraction the methanol/ freeze-dried tissue slurry was filtered by suction filtration 

via 12.5cm Whatman #4 (fast) in a Buchner funnel. The remaining algae mass on the filter paper 

was re-extracted with 200mL chloroform with swirling and sonication (5 minutes on continuous 

cycle) for a further 1 hour.  This chloroform extract was filtered by suction filtration via 12.5cm 

Whatman #4 (fast) in a Buchner funnel and this extract added to the first methanol extract.  This 

combined extract was then filtered again via #4 Whatman filter paper and then via Whatman #42 

(slow) paper.  An aliquot of this crude extract was then analyzed by LC-MS. 

 

Stage 3 - Clean up 

The extractant was rotary evaporated to a dark oily mixture.  This was mixed with 100mL water, 

with swirling and sonication (3 minutes on a 50% cycle), and then partitioned twice against 100mL 

hexane and three times against 100mL ethyl acetate.  The recovered hexane (200mL) and ethyl 

acetate (300mL) extracts were taken to dryness by rotary evaporation and re-suspended in 4 mL 

methanol.  Extracts were then stored at -20°C until further processing.  The ethyl acetate extract was 

to be further purified for experimental purposes. 
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Stage 4 – Sephadex LH 20 

An open glass column (3cm by 84cm) was slurry packed with methanol and sephadex LH-20.  The 

column was loaded with approximately 3mL of the crude extract and eluted with 100% filtered 

methanol. Fractions (4mL) were collected at 5 minute intervals until all pigmentation had 

disappeared from the column (approximately 70 fractions).  Fractions were analyzed by LC-MS.  

Fractions found to contain PTXs were combined, rotary evaporated to dryness and re-suspended in 

4 mLs of methanol. 

 

Stage 5 – Preparative HPLC. 

 

Aliquots of 1.5mL of the toxin extract were injected on to a C18 column.  The PTX2-SAs were 

separated on the column pumped with 70:30% mobile phase at 4mL/min, using a Shimadzu LC-

10AT with SPDM10A diodearray detector to monitor the effluent at 238nm to allow manual 

fraction collection at the detector outlet.  Fractions were collected in chloroform (v/v of fraction). 

Samples were then shaken and partitioned in separating funnels and the chloroform layer was rotary 

evaporated to dryness.  The lightly discoloured solid was taken up in 2 - 4mLs methanol and stored 

under nitrogen at -20ºC. Aliquots were analyzed by LC-MS to determine which fractions contained 

the PTX2-SAs.  The column was washed with 100% acetonitrile between injections. 

 

Stage 6 – Analytical column purification. 

An analytical HPLC-MS PE series 200 autosampler with an Alltima 5 micron C18, 150mm by 

4.6mm analytical column, purchased from Alltech was used to separate individual epimers.  

Samples to be loaded on the column were evaporated under nitrogen to approximately 250µL and 

20 or 30µL volumes were injected on to the column with a mobile phase of 70:30% 

acetonitrile/water with 2mM ammonium formate and 0.01% formic acid running with a flow rate of 

1.2mL/min.    All fractions were collected in 3mLs chloroform, partitioned after thorough mixing, 

separated, dried under nitrogen and taken up in 700µl methanol. An aliquot of this was diluted and 

fractions were analyzed by LC-MS to determine purity and concentration. 
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2.4.3 Preparation of a combined PTX2-SA and 7-epi-PTX2-SA toxin 

formulation for in vivo dosing   

 
 

A known concentration of toxin stock was diluted in milli Q water to produce the target dose 

concentrations of total toxin.  For example, if a toxin stock mixture of PTX2-SA (60%) and 7-epi-

PTX2-SA (40%) had a known concentration of 13µg/mL of PTX2SA and 9µg/mL of 7-epi-PTX2-

SA (total seco acid concentration of 22µg/mL in methanol) this equates to 0.022µg total PTX2-SAs 

per µl of stock.  If a 20g mouse were to be dosed with 20µg/kg of total seco acids, the mouse would 

require 0.4µg of toxin in a total of 0.5mL toxin vehicle.   Therefore, from this particular toxin stock, 

20µl would be taken and evaporated under nitrogen then immediately re-suspended in a minimal 

volume of methanol and diluted up to 0.5mL with milli Q water.  Mice were given toxin doses 

either by gavage or by i.p injection in volumes of 0.5mL.  Control mice were dosed with the same 

volume of dilution methanol in water.  Dose concentrations were made immediately prior to gavage 

or i.p injection, as stability studies in our laboratory showed the conversion of PTX2-SA to 7-epi-

PTX2-SA begins to occur after 10 minutes in water (Chapter 4).   

 

The dose concentrations were confirmed with LC-MS. Use of the LC-MS also confirmed that there 

was no okadaic acid, DTX-1, DTX-2 or PTX-2 in the samples.  Examinations of an alkaline 

hydrolysate showed that there were no significant levels of DTX-3 present (for example, 1.8 ng/Kg 

in the dose given to each animal in the 875µg/Kg study, see chapter 5). 

 

A crude extract of the shellfish or algae was not given to mice at any point during this investigation 

as all the shellfish samples obtained for this study contained significant amounts of PTX-2, the 

toxicology of which has already been thoroughly investigated and is reviewed in chapter 1. 

 

2.4.4 Mice 
 
The C57BK/6J strain is an inbred intense black mouse (a:H-2b) and was chosen due to experience 

with this strain in our laboratories. The SJL/J strain is an inbred albino mouse (c,p, rd:H-2s) 

homozygous for SJL/J type myo-D1 allele, and is known to have a genetic predisposition to cancers 

of the gastrointestinal tract – in particular of the germinal centers in Peyer’s patches and mesenteric 

lymph nodes. The SJL/J strain was chosen in anticipation that sub-chronic or repeat dose studies 

maybe conducted during the course of this PhD with the knowledge that the parent molecule for the 

PTX2-SAs  –  PTX2, is a known tumour promoter. 
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Female C57/BL/6J and SJL/J mice (circa 20g) were randomly distributed into groups and 

acclimatized for 14 days. The temperature was controlled at 22±2°C with a 12h light/dark cycle.  

Rodent food pellets and tap water were provided ad libitum.  Following all doses, mice were 

observed continuously for 6 hours and then periodically until termination.  Daily weight gain/loss, 

food and water consumption was monitored.  Urine and faeces were collected and were either 

extracted for toxin analysis or analysed for the urinary biomarker malondialdehyde (MDA). Mice 

were killed by carbon dioxide overdose at 30 min, 1, 3, 6, 12 and 24 hours or at 14 days post dose.  

Entire organs were taken at necropsy washed in saline, blotted and weighed.  For histological 

analysis, tissue sections were fixed in either 3% glutaraldehyde for electron microscopy (EM) or in 

10% neutral buffered formalin for light microscopy (LM) with haematoxylin and eosin staining (H 

& E).  Tissues taken for pathological observation with LM included liver, kidney, entire GIT, lung 

and spleen tissues.  To ensure good structural preservation for LM observation, the GIT was fixed 

inside and out by placing a suture at the rectum and at the base of the oesophagus and flooding the 

GIT with 10% formalin with the use of a fine needle and syringe. Tissues for LM observation were 

processed at the Veterinary Pathology Department of the University of Queensland by the standard 

method.  For EM observation, very small sections of duodenum and liver were cut in cross section 

and submerged in 3% glutaradehyde.   EM sections were processed by the standard method 

(protocols can be found in the appendix) at the EM unit of Queensland Health Pathology Services 

located in the Royal Brisbane Hospital, QLD.  Sections were viewed and photographed with a 

Hitachi H 600 TEM operating at 100 kilo volts. 
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2.4.5 Faeces and urine collection 
 

2.4.5.1 Extractions for PTXs 

Faeces and urine were collected in separate containers within metabolism chambers (fig 2.1). The 

faeces samples were ground with a mortar and pestle.  Then the faeces samples and the urine 

samples were extracted separately with 10mLs methanol on a rolling mixer for 24 hours.  Samples 

were centrifuged, mixed with 15 mL hexane (fig 2.2), partitioned and separated, keeping the 

aqueous phase for extraction with an equal volume of chloroform, with partitioning and separation 

(fig. 2.3).  The chloroform fractions were then rotary evaporated to dryness and re-suspended in 2 

mLs of methanol.  PTX concentrations were determined with the use of HPLC-MS. 

 

Fig 2. 1  Example of a metabolism chamber for 
mice 

 

 

 

 

 

 

 

 

 

 

 

 Fig 2.2 urine extraction
and clean up with hexane 

Fig 2.3 urine extraction into 
chloroform  

 

2.4.5.2 Measurment of malondialdehyde in mouse urine 

Reactive oxygen species are known to be involved in many disease processes involving lipid 

peroxidation of cell membranes (Kehrer 1993).  Malondialdehyde (MDA) can be detected in tissues 

and in urine and is known to be a biomarker of such damage (Mihara and Uchiyama 1978; Bagchi 

et al. 1993; Chaudhary et al. 1994; Draper et al. 2000).  Urinary MDA was measured in mouse 

urine to determine if lipid peroxidation was caused in vivo following dosage with PTX2-SAs and 

PTX2.  Urine was collected following dosage at the times specified in Table 5.14.  Urine 

preservatives of 0.1% BHT and 1% desferal were added and samples were stored at –20ºC until 

analysis.   
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The method of urinary MDA measurement employed by this project is a gas-liquid chromatography 

(GLC/MS) method developed by Beljean and Bruna, (1988).   This methodology detects and 

quantifies urinary MDA by detection of MDA as its derivative of 2-(pyrazol01’-yl) benzothiazole 

(HBT-MDA).  All chemicals for MDA analysis were purchased from Ajax chemicals (Australia) 

and all reagents and stock solutions were prepared as previously described (Beljean and Bruna 

1988). 

 

A series of 1 in 2 dilutions were made of the stock standard solution (500µM) to produce a 12 point 

standard calibration curve.  A summary of sample preparation is as follows: Triplicate 1mL aliquots 

of mouse urine or calibration standard were mixed with 1mL of 0.1M citric acid buffer (pH2.5) and 

0.5mL of 10mM HBT solution in capped glass tubes, and left to stand in a 70ºC water bath for 30 

minutes.  Samples were then allowed to cool to room temperature before extracting the HBT-MDA 

derivative with 1mL of HBT-AA internal standard solution on a rolling mixer for 30 minutes.  The 

supernatant, obtained by centrifugation of the samples at 2500xg for 10 minutes, was transferred to 

a glass gas-chromatography (GC) vial, capped and concentrations of MDA were obtained by 

detection of the HBT-MDA derivative in samples by GC/MS analysis.  The GC/MS conditions 

were set with a temperature cycle starting at 73ºC for 1 minute followed by a temperature ramp to 

230ºC at 10ºC per minute, stabilizing at 230ºC for 1.5 minutes.  The injector temperature was 290ºC 

and the transfer line was 240ºC.  The mass spectrometer coupled to the GC was operated in full 

scan mode with 100-250m/Z mass range.  The filament emission current was 10µA with the ion 

trap temperature being set at 220ºC.  MDA results were normalized against the ratio of urinary 

creatinine to protein and compared to control mice urine that were administered toxin vehicle alone. 

 

2.4.5.3 Urinary creatinine and protein measurement 

Analysis of urinary creatinine and protein was assayed for all samples being processed for urinary 

MDA quantification.  Analysis of urinary creatinine and protein was provided as a service by the 

Veterinary Pathology Department at the University of Queensland. 
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2.4.6 Histological techniques 

 

2.4.6.1 Autopsy conditions for light microscopy  

Mice were sacrificed at 1, 3, 6, 12, 24 hours or at 14 days post dose by carbon dioxide overdose and 

immediately necropsied.  The entire liver and kidneys were removed and washed in saline, blotted 

and weighed then sectioned and placed in 10% formaldehyde.  The entire GIT, lung and spleen 

tissues were then taken and fixed in 10% formaldehyde. The GIT was fixed inside and out to ensure 

good structural preservation by closing the GIT with cotton at the base of the oesophagus and at the 

rectum then injecting fixative into the lumen.  Paraffin sections were prepared at the University of 

Queensland Veterinary Pathology Department using conventional methods, and stained with 

haematoxylin and eosin.  Tissues were viewed using a light microscope with camera attachment. 

 

2.4.6.2 Autopsy conditions for electron microscopy  

Mice were sacrificed 1, 3, 6, and 24 hours or at 14 days post dose by carbon dioxide overdose. 

Small sections of liver and GIT were taken, stored in 3% glutaraldehyde for electron microscopy 

and processed for ultrastructural examination within 24 hours by the standard EM method (detailed 

in Chapter 5 and the appendix).    

 

 

2.4.7 Tissue extractions for investigation of distribution of the PTX2-SA 

and PTX2           
 
At necropsy, blood was taken into citrate by heart puncture.  All tissues for distribution studies were 

taken at necropsy weighed and immediately placed in an aliquot of methanol.  Samples were 

homogenized in a tissue homogenizer and extracted for toxins in the same manner as shellfish tissue 

(chapter 3) with the exception that once the chloroform extracts were evaporated under nitrogen the 

samples were taken up in a 300µl of methanol for HPLC analysis.  

 

 64



Chapter 2  General Methodology      Vanessa Burgess 

2.4.8 Data analysis  

 
Below lists some definitions and formulas used for statistical analysis of data in this thesis. 

 

In the chemical stability studies, the students T-test: two sample assuming unequal variance was 

used to assess the significance of difference between test means and control mean observations.    

 

The t-distribution is denoted thus: 

T=  X - µ  

      S / √n 

  

Precision is the reproducibility of the assay i.e. the agreement between repeated tests.  Standard 

deviation (SD) is commonly used to describe repeated measurements and determine the 

reproducibility between triplicate samples.  SD is calculated thus: 

 

SD =  Square root of: Σ (X-X)2 

          n-1 

 

Percentage coefficient of variation was used as this allows for comparisons of the sample variation 

relative to the means in different sample groups by expressing SD as a percentage of the mean for 

each group and is calculated thus: 

 

C.V. % = S.D. X 100 

      Mean 
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3.1 INTRODUCTION AND REVIEW OF LITERATURE ON 

EXTRACTION METHODS FOR DSPS 

 
This chapter details the methodology employed in this project for the extraction of pectenotoxins 

from pipis, oysters and mussels, and from algal samples in seawater.   Instrumental techniques have 

been developed over the last decades that have proved to be highly sensitive and accurate in the 

detection, quantification and purification of DSPs.  Many of these techniques have centered on 

crude extractions into various solvents, with separation on a silica or sephadex chromatography 

column with further purification and quantification employing reverse phase HPLC-MS.  
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The derivatization and clean up step described by Lee et al. (1989) involved the chloroform extract 

being dried under nitrogen, and the residue was esterified with 0.1% ADAM.  The solvent was 

evaporated and partitioned with hexane and loaded onto a Sep-pak silica column, with fractions 

being eluted with a chloroform/methanol gradient.  The eluate was concentrated, dissolved in 

methanol and analysis was performed by HPLC with florescence detection. 

 

Again, variations of solvents used for separation on silica columns are numerous in the literature.  

Additional stages of separation with a sephadex LH-20 column and reverse-phase chromatography 

have also been reported (Yasumoto et al. 1985).  These stages have been employed by many 

research groups, again with various eluting solvents and types of columns for chromatography 

(Jung et al. 1995; Suzuki et al. 1998; Sasaki et al. 1999).  

 

The method for the extraction of PTX2-SAs in this thesis, was provided by colleagues in another 

laboratory (Hardstaff, W and Quilliam, M, personal communication, fig. 3.2).  Modifications of the 

Hardstaff and Quilliam method were performed as poor toxin yields were found in many of the 

purification stages.  Several papers were reviewed on the extraction methods of various DSP toxins 

from shellfish and algal bloom samples to optimize methodology. 

 

3.2. METHODOLOGY  

  

3.2.1 Identification of algae in guts of frozen pipis or from plankton net 

samples 

 

Algae were viewed from the gut contents of pipis (Donax deltoides), or from seawater and lake 

water samples collected by plankton net.  Pipis were shelled and the stomachs were dissected from 

the pipis body.  Gut contents were placed in a 15mL plastic tube containing 10mL milli Q water or 

10mL milli Q water with 70uL lugols preservative.   For the water samples, 70uL lugols was added 

to a 10mL sample of seawater.  The tubes were inverted several times to make a slurry of algal 

material and water.  The samples were transferred onto a Sedgwick Rafter Chamber using a plastic 

pipette and were viewed with X100 magnification (with phase 1 objective) for searching and X400 

magnification (with phase 3 objective) for identification and photography.   
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3.2.2 Preparation of shellfish material for extraction of PTXs  

 

Frozen shellfish were shelled and gutted, removing as much tissue surrounding the stomach sack as 

possible.  The total weight of guts were recorded (wet weight), then placed in aluminum trays and 

frozen.   The muscle and other waste tissue was stored frozen at -20°C.  Once frozen the gut tissue 

was freeze-dried over night in a Dynavac freeze-drier.  The dry tissue mass was ground using a 

coffee grinder and the dried material weighed, divided into plastic tubs of approximately 100g each, 

sealed and stored at –20ºC. 

 

Dried material was extracted by the Hardstaff and Quilliam method shown schematically in fig. 3.2. 
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3.2.3 Optimisation of the extraction process 

 

Optimisation of the Hardstaff and Quilliam method and the final protocol for the extraction of PTXs 

from shellfish are detailed in the following pages.  Optimizations included investigations into:  

• The solvent used to produce the crude extract 

• Method comparisons for crude extraction stage 

• Column chromatography on silica gel (flash), or with Sephadex LH20 

• Varying the type and concentrations of the constituents in the mobile phase  

• Collection of fractions from preparative HPLC directly into chloroform  

• Use of an analytical column to separate the individual seco-acids and the epimers. 

 

3.2.3.1 Extraction solvent choice 

 

The method of crude extraction by Hardstaff and Quilliam (assigned method A) was compared to 

methods B and C in the literature: 

Method B: adapted method where homogenized mussel digestive glands were extracted 3 times at 

RT with acetone each time for 2 minutes (Draisci et al. 1995).  The combined acetone fraction was 

filtered.  

Method C: adapted method where 1Kg of mussel digestive glands were mixed with 80% methanol 

(Draisci et al. 1996). 

 

From these papers, 5 different assay conditions were derived for comparative investigation: 

1. The Hardstaff and Quilliam method: 10g of freeze dried pipis gut was extracted 3 times in a 

blender with 35 mL methanol each time followed by suction filtration with Whatman #4 

filter paper.  The crude extracts were combined then filtered with a Whatman filter #42, and 

a 250ul sample was analyzed by HPLC-MS. 

2. Method performed as per method 1 (above) but with acetone as the extracting solvent. 

3. 10g freeze-dried pipis gut was placed in a conical flask with 70mLs ethyl acetate and placed 

on a swirling shaker for 5 hours. The sample was then spun in a centrifuge at 2000xg for 10 

minutes.  The supernatant was taken off and stored with a 250µL aliquot for HPLC-MS 

analysis.  

4. Method performed as in method 3 (above) but with methanol as the extracting solvent. 

5. Method performed as in method 3 (above) but with acetone as the extracting solvent. 
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3.2.3.2 Efficiency of partitioning 

 

The efficiency of the hexane wash process was investigated by analysis of the waste water and 

hexane washes, in addition to the ethyl acetate fraction by HPLC-MS.  Each of the washes were 

dried by rotary evaporation and re-suspended in 5mL methanol.  An aliquot was taken and diluted 1 

in 6 and analyzed by HPLC-MS. 

 

3.2.3.3 Flash chromatography with silica gel  

 

The crude extract was quantified with HPLC-MS, rotary evaporated to dryness and taken up in a 

measured volume of methanol to be loaded onto the silica column.  Fractions were collected from 

the silica column under an ethyl acetate / methanol gradient.  The percentage ethyl acetate was 0.5, 

2, 10, 20, 40, 60 and 80%.  The fractions were collected under a pump system at 5 Psi in 50mL 

conical flasks with nitrogen.  Aliquots of 1mL were sent for HPLC-MS analysis to identify the 

fractions containing the PTXs.  The column was washed with 100% ethyl acetate to ensure PTXs 

were not retained by silica in the column.  An aliquot of this wash was also sent for HPLC-MS 

analysis.   

 

3.2.3.4 Sephadex LH20 column chromatography 

 

Sephadex is a hydroxypropylated dextran and used as a liquid chromatography media for molecular 

sizing of natural products.  The exclusion limit of sephadex LH20 for peptides is 4Kd 

(approximately 35 amino acids) and for small organics is 5Kd.  Materials with a greater molecular 

weight are eluted off the column before smaller molecules, and as the PTX2-SAs are large, it was 

anticipated that they would be eluted relatively quickly.  The approximate bed volume of sephadex 

in methanol is 3.9-4.3 ml/g dry gel (Pharmacia Biotech manual).  The sephadex slurry was made 

with methanol to separate and elute the toxins, as suggested by Hardstaff and Quillliam.  The 

methanol was filtered to ensure no particulates went onto the column and the flow rate, of 

approximately 1mL/min, was measured prior to each run.  The crude extract was centrifuged (5 

minutes at 2000 x g) if a precipitate had formed in the sample prior to being loaded onto the LH-20 

column.  Between 2 and 3 mLs of crude toxin extract was loaded onto the column and 

approximately 70 fractions were collected at 5 minute intervals.  A selection of fractions were 

analyzed by HPLC-MS to determine the elution times of the PTXs.  Once the elution times were 

known, larger fraction volumes could be collected around the known elution times.  Fractions 

containing the PTX2-SAs were combined, rotary evaporated to dryness and immediately re-

suspended in 4 mLs methanol and transferred to a glass screw topped vial and stored under 

nitrogen.  An aliquot of the re-suspended extract was diluted and analyzed by HPLC-MS.   
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3.2.3.5 Optimisation of preparative HPLC  

 

First attempts with preparative HPLC were performed on a Shimadzu C-R6A Chromatopac using 

an Econosil C18 (10µ, 250mmx 10mm) column, coupled to a ‘Linear’ UVIS 200 detector (detection 

at 235nm).  Conditions of the HPLC included a mobile phase of methanol/water (60% to 40%) with 

no buffers added.  The injection volume was 50µL, and a flow rate of 2mm/min was set.  Additional 

HPLC systems were employed in this stage such as a Perkin Elmer series 200 with autosampler and 

pump coupled to a PE/SCIEX-API 300 LC/MS/MS system.  Separations were performed with the 

combination of a new mobile phase of acetonitrile/water (ratios of 62:38, 60:40, or 70:30) and a 

Prep Nova Pack HR C18 chromatography column (6µm, 60 Å, 25mm X 100mm) to optimize 

collections and produce enhanced separation of the PTX isomers.  Injection volumes with the new 

column were increased to 100 or 150µL.  In addition, the prep’ HPLC column was set up with a 

post column split into the HPLC-MS to produce secondary fractions.  If a precipitate had formed, 

the sample was filtered with a 0.45 micron filter prior to being loaded onto the column. The column 

was washed with 100% acetonitrile for 20 minutes between runs and then reconditioned for 20 

minutes with mobile phase.  To remove all the chemicals and water in the mobile phase, the 

fractions were combined with an equal volume of chloroform in a separating funnel, shaken with 

inversion and venting for 2 minutes and left to partition for 30 minutes. The chloroform fraction 

was separated, filtered through anhydrous sodium sulphate, and rotary evaporated.  Samples were 

then taken up in 2 to 4 mLs of methanol immediately.  It was hypothesized that the PTXs were 

unstable in water and thus would be unstable standing in the mobile phase following prep’ HPLC 

and prior to being partitioned into chloroform.  Thus, an experiment was conducted to see if there 

would be greater yields of the toxins if the fractions were collected directly into chloroform rather 

than partitioning at the end of each run on the HPLC.   Several collections were made, either 

directly into an empty flask or with a flask containing chloroform.  The results were compared by 

yields of PTXs. 

 

Once the above methodology was established, the separations were performed with a Shimadzu LC-

10AT autosampler coupled to an SPD-M10A diode array detector with a 1.5mL manual injector to 

allow faster processing of all extracts.  This HPLC system was linked to a computer running ‘SPD-

MXA Real-Time’ to monitor the chromatography and enable the collection of the isomers as they 

eluted from the column.  

 

3.2.3.6 Analytical column separation  

 

Preparative HPLC was sufficient to separate PTX-2 from the PTX2-SAs but not sufficient to 

separate the various seco acid isomers from each other completely.  All fractions containing PTX-2 

were stored at –20ºC.  The fractions containing the PTX-2-SA peak and the 7-epi-PTX-2-SA peak 
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were combined in various ratios in preparation for toxicology studies. Aliquots were made and 

stored at –20ºC.  An aliquot was analyzed by HPLC to accurately quantify the concentration for 

toxicology investigations.   

 

An analytical HPLC-MS PE series 200 autosampler with an Alltima 5 micron C18, 150mm by 

4.6mm analytical column, purchased from Alltech was used to separate individual epimers for 

toxicopathological investigation.   By using a post column split (approximately 1:50) to the mass 

spectrometer, and monitoring the characteristic ions for the seco acids, it was possible to collect 

each PTX2-SA isomer as a separate fraction. 

 

Samples that had been processed though prep-HPLC containing both PTX2-SA and 7-epi-PTX2-SA 

in methanol, were evaporated under nitrogen to approximately 250µL, and 20 or 30µL volumes 

were injected onto the column.  A mobile phase of 60:40% acetonitrile/water with 2mM ammonium 

formate and 0.01% formic acid was employed, running with a flow rate of 1.2mL/min.  The mobile 

phase was optimized by varying the percentage of acetonitrile from 60, 65, 68 and 70% with water 

to enhance separation of the PTX2-SA peaks. 

 

All samples were collected in 3mLs of chloroform, mixed by shaking with venting, partitioned 

against the chloroform, dried under nitrogen and taken up in 700µl methanol. An aliquot of this was 

diluted and analyzed by HPLC-MS to determine its purity and concentration. 

 

3.2.3.7 Extraction of PTX2-SAs from marine algal samples  

 

Aliquots of each of the water samples were crudely extracted into an equal volume of methanol and 

HPLC analysis was performed to determine if the samples contained PTXs prior to commencing 

extraction of all samples. 

 

The method of extraction from algal bloom samples is very similar to the method of extraction for 

shellfish. The algal samples of D. caudata collected in Ballina, NSW were collected into three 

opaque plastic bottles containing seawater with a plankton net by staff of Myee Pipis Inc. and 

transported in a cooler box to our laboratories.  A summary of the methodology employed is written 

below. 

 

A one-litre sample of marine water containing algae was added to 1L of methanol and sonicated for 

4 minutes on a constant cycle.  The samples were then centrifuged for 4 minutes at 2000 x g.  The 

supernatant was removed and poured into a separating funnel.  The pellet was re-extracted with 

200mL methanol and sonicated for 4 minutes, centrifuged and this supernatant was added to the 

original extraction.  Six hundred milliliters of hexane was added to 500mL sample, shaken for 2 
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minutes and left to partition.  The bottom layer was collected and mixed with an equal volume of 

chloroform, shaken for 2 minutes and left to partition then separated from the bottom layer.  The 

chloroform was rotary evaporated to dryness and the sample was taken up in 20mLs of methanol. 

 

Optimization involved variations of the extraction process and the following experiments were 

compared for yields of toxins extracted:  

 

• Sample + methanol, sonication, chloroform partition, rotary evaporation – taken up in 25 mLs 

methanol 

• A hexane step was added after sonication. The clean up then proceeded with chloroform 

partition, rotary evaporation, and the residue was taken up into 25 mLs methanol  

• The method as detailed above but with a final re-suspension volume 50mLs methanol.  

 

Following this first extraction stage the algal toxins were treated in the same manner as extracts 

from the shellfish i.e. were purified though the stages of sephadex LH-20, preparative HPLC and 

analytical HPLC separation. 

 

3.2.3.8 Isolation of non-PTX-containing fractions for negative control dosing 

 

Isolation of non-toxin containing fractions were done to ensure any toxicity observed in the mice 

dosed with the PTX-2-SAs was not, in fact, caused by an artifact created during the extraction 

process or some other component of the shellfish or algae that may have remained in the sample 

matrix following the purification steps. 

 

Fractions of shellfish and algae found to contain no PTXs were identified following LH-20 

separation by HPLC-MS.  These non-PTX containing fractions were treated in the same manner as 

the PTX-containing fractions.  The samples were processed through prep-HPLC, with a fraction 

being collected at the same elution time as for the PTX2-SAs, and then purified through an 

analytical C18 column.  All samples were analyzed by HPLC-MS to re-confirm that they did not 

contain any PTXs, OA, or DTXs.   

 

3.2.3.9 Stability of toxin stocks in storage 

 

Stock batches of PTXs were monitored every few months to ensure they maintained their 

concentrations and composition of PTX2-SAs.   
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3.2.3.10 Hydrolysis reaction for OA acyl esters 

 

DTXs have been established as contributing to the DSP syndrome, but additional esters of OA have 

been identified in shellfish for many years (Yanagi et al. 1989; Norte et al. 1994; Fernandez et al. 

1996; Gago et al. 1996).  Standard analysis for DSP toxins in the past has not included an alkaline 

hydrolysis reaction to detect for these additional compounds such as OA acyl esters.   In Portugal, 

some of these esters have recently been documented to contribute to incidences of DSP (Vale et al. 

1999; Vale and Sampayo 2002).  In light of this evidence it was necessary to determine if the pipis 

from the NSW poisoning incident of 1997 contained these OA esters.  Contaminated pipis (Donax 

deltoides) were supplied by Gustaaf Hallegraeff (University of Tasmania) who had been storing 

shellfish from the 1997 NSW poisoning incident.  The samples arrived with official documentation 

from the NSW Health Department. 

 

The method to detect OA acyl esters involved homogenizing 100g of shellfish tissue with triplicate 

samples (4g) of homogenate being mixed with 16mLs of 90% methanol and homogenized again at 

high speed.  Samples were centrifuged and the supernatants were transferred to 30mL glass tubes.  

Two mLs of supernatant were mixed with a small volume of 2.5N sodium hydroxide and samples 

were heated at 75°C for 45 minutes.  Samples were cooled, neutralized with 2N HCl and filtered 

prior to analysis.  The remaining methanolic extract was cleaned with hexane washes and also 

analyzed for toxins. 
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3.3 RESULTS AND DISCUSSION 

3.3.1  Algae 

 

D. acuminata was the only dinoflagellate found in the guts of the pipis from Ballina (fig. 3.3a and 

b).  D. caudata was found in the seawater samples from which toxins were extracted (fig 3.3c).  

Additionally, in the water samples received from West Lakes in South Australia, D. acuminata was 

observed (fig. 3.3d). 
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Fig. 3.3 Dinophysis species found in samples of shellfish (A and B) and in plankton net samples
from Ballina (C) and West Lakes (D). 
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3.3.2 Optimisation of the extraction process 

 

3.3.2.1 Extraction solvent choice 

 

All samples were analyzed in duplicate and the average extracted PTX concentration is shown 

below in table 3.1.  An example of chromatographs of each of the experiments is shown in figs. 

3.4a-d.  In these chromatographs a small ‘early’ PTX2-SA peak can also be seen. 

 

Table 3.1 Crude extraction yields for the PTXs in different methods 

Method PTX2-SA 

µg/10g dry pipis 

7-epi-PTX2-SA 

µg/10g dry pipis 

PTX2 

µg/10g dry pipis 

Total Toxin 

µg/10g dry pipis 

1 32.27 20.19 30.48 82.94 

2 4.44 3.21 ND 7.65 

3 11.10 7.65 ND 14.31 

4 41.64 28.06 24.29 93.99 

5 12.73 8.82 ND 21.55 

 

The results demonstrate that, of the three solvents investigated for extraction, methanol was the 

most efficient solvent and provided the most stable environment for the extraction of the PTX2-SAs 

from freeze-dried pipis.  PTX-2 was not detected in the acetone or ethyl acetate experiments and 

one could initially presume that acetone and ethyl acetate did not extract PTX-2 under the 

experimental conditions or that the PTX-2 is unstable in these chemicals, but analytically it is 

known that residual acetone in the samples causes an interference with the chromatography and 

broad peaks were caused in the chromatography making interpretation difficult especially for PTX-

2 (fig.3.4 b and c).   

 

This experiment also indicated that the process of swirling the freeze-dried material in solvent is 

just as effective as the laborious method of repeatedly blending and filtering the sample.  Thus, 

future extractions were performed with this swirling method.  In addition, it was decided that the 

remaining freeze-dried pipis tissue once filtered was re-extracted with either methanol or 

chloroform with ultrasonic treatment for 5 minutes.  The material was once again filtered with the 

two sizes of Whatman filter papers and this extraction was added to the first extraction to increase 

yields of toxins. 

 

   77



Fig.3.4 Examples of chromatographs from the extraction efficiency experiment detailed in section 3.2.3.1. (A) methodology No.1 with methanol and blending,  
(B)- methodology No. 2 with acetone and blending, (C)-methodology No.3 with ethyl acetate and swirling, (D)- methodology No. 4 with methanol and swirling.  
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AD 
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3.3.2.2 Partition efficiency 

 

The results showed there was a significant amount of toxin remaining in the waste hexane 

fraction and thus all future washes would be done with 5 minute shaking times rather than 3 

minutes, and waste hexane was mixed with 100mL clean Milli Q water, followed by partition 

and separation. This second 100mL of water was added to the original water fraction for 

extraction into ethyl acetate. 

 

Table 3.2  Concentrations of PTXs extracted with different partition and extraction solvents. 

Fraction PTX2-SA 

ng/mL sample 

7-epi-PTX2-SA 

ng/mL sample 

PTX2 

ng/mL sample 

Total Toxin 

µg/10g dry pipis 

Water 84 30 0 114 

Hexane 4026 549 229 4803 

Ethyl Acetate 10484 962 286 11731 

 

 

3.3.2.3 Flash chromatography  

 

Approximately 90% of the total PTXs were lost or destroyed on the silica column (Table 3.3).  

The toxin was never recovered, not even in the final wash of 100% ethyl acetate, and thus it 

was assumed that the silica may have chemically changed the PTXs.  This stage was thus 

removed from the extraction and purification process.  Replacement of the silica column with 

diatomaceous earth or a carbo-graph column was considered, but it was decided that 

separation with sephadex LH-20 (Yasumoto et al. 1985) may yield sufficient separation of the 

PTXs and thus was investigated first. 

 

Table 3.3  Percentage loss of PTXs on  the silica column 

 PTX2-SA 

µg/100g dry pipis 

7-epi-PTX2-SA 

µg/100g dry pipis 

PTX2 

µg/100g dry pipis 

Total Toxin 

µg/100g dry pipis 

Crude 

Extract 

313 53 11 376 

Post Silica 

column 

38 9 0 47 

% loss 89 85 100 87 
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3.3.2.4 Sephadex LH20 

 

The PTXs eluted from the column between 45 and 85 minutes from the start of 

chromatography.  The colours displayed during separation on the column were a clear yellow 

colour for pipi extracts (fig. 3.5 a and b), a more vibrant orange with the oyster samples 

compared to the pipis (fig. 3.5 c), and green colouration was seen in algae samples most likely 

from chlorophyll in the algae (fig. 3.5d).  Fractions that did not contain PTXs were rotary 

evaporated to dryness, taken up in a minimal volume of methanol and stored at –20ºC,  (refer 

to section 3.3.2.8 for preparation of non-toxic fractions for negative controls). Upon trial the 

sephadex LH-20 methodology was acceptable and no optimisation was required.   

 

C D B A 

* 

* 

Fig. 3.5 Colour display of separating

crude extracts though LH20: 

A. Pipis - toward beginning of

separation. 

 

B. Pipis  - toward end of

chromatography, the colours are

more separated  

 

C. Oyster extract was vibrant orange

in colour 

 

D. Green spectra of algal extracts

passing though the column. 

 

* = column clamps  
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3.3.2.5 Optimisation of preparative HPLC 

 

First attempts with preparative HPLC, performed on a Shimadzu C-R6A Chromatopac using 

an Econosil C18 (10µ, 250mmx 10mm) column, coupled to a ‘Linear’ UVIS 200 detector 

were not very successful.  Five fractions (fig. 3.6) were collected and aliquots of these were 

analyzed by HPLC-MS to determine the elution times of the PTX-2SAs.    PTXs were only 

found in the first 3 fractions.  This shows the PTXs were eluting off the column very quickly 

and no separation was occurring.  Thus it was decided to use a different analyzer and to 

change the mobile phase from methanol/water to acetonitrile/water (ratios of 62:38, 60:40, or 

70:30) to optimize collections and produce enhanced separation of the PTX isomers. 
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Employing the P.E./SCIEX HPLC system, collection of fractions was guided by monitoring 

the ions 876.7 and 894.7 mass units for PTX2-SA and 7-epi-PTX2-SA respectively.  

Approximate elution times with the acetonitrile/water (70:30) and the NovaPak column is 

shown in table 3.4 with an example of a chromatograph shown in fig.3.7.  

 

Table 3.4 Elution times of the PTXs employing the Novapak C18 column. 

PTX Isomer Average elution time* (minutes) 

Unknown seco-acid 10.14 

PTX 2 SA 11.30 

7-epi-PTX-2-SA 13.53 

PTX-2 15.95 

*Elution times would vary slightly every time a new batch of mobile phase was made. 
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ig. 3.7 Example of a chromatograph of PTX separation employing the PE series 200. 
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Using the Shimadazu SPD LC system, separation of the PTX isomers was not as efficient as 

the PE series 200 but satisfactory enough - given that a large quantity of crude extract could 

be processed in one day by using the large volume manual injector compared to weeks to 

process the equivalent volume using the PE series 200 with injections of just 150µL.  Table 

3.5 below details the average elution times of PTXs from an algal extract.  An example of a 

chromatograph of PTX separation employing the Shimadazu SPD LC system can be seen in 

fig. 3.8 for a shellfish sample (A) and an algal sample (B).    

 

Table 3.5  Average elution times of the PTXs from an algal sample following prep HPLC 

PTX Isomer Average elution time* (minutes) 

Unknown seco-acid 10.42 

PTX 2 SA and 14.20 

7-epi-PTX-2-SA 17.08 

PTX-2 20.28 

*Elution times would vary slightly every time a new batch of mobile phase was made. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AA AB

Fig 3.8 A chromatograph of PTX
separation for a pipi extract (A) and an
algal extract (B) employing the Shimadazu

 

Figure 3.9a shows a chromatograph from the Shimadazu SPD LC system with a 

corresponding graph (fig. 3.9b) to show the spectral analysis of each peak in fig. 3.9a.  This 

method was used to identify that the additional early peak seen was a PTX2-SA. 
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Fig. 3.9 A chromatograph from the Shimadazu SPD LC system (A) Spectral graph of the 5 peaks in fig. 3.9a (B) 
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Analysis of fractions collected directly in chloroform showed that the percentage composition 

of total toxins varied compared with those fractions that were collected and later extracted 

into chloroform (Table 3.6).  If samples were not collected in chloroform the ratio of PTX2-

SA to 7-epi-PTX2-SA was approximately 1:1, but when collected directly into chloroform the 

ratio would be approximately 3:1 as was found in the initial crude extractions from shellfish. 

With the seco acid ratio from pipis being approximately 70% PTX2-SA and 30% 7-epi-

PTX2-SA in crude extracts, all future separations were collected directly into flasks 

containing chloroform.  Additionally, following partition of the mobile phase with 

chloroform, the samples were filtered through anhydrous sodium sulphate to remove any 

dissolved water in the chloroform.  

 

Table 3.6 Comparison of ratios of PTX2-SAs collected in or out of chloroform 

Collection in PTX2-SA  7-epi-PTX2-SA  PTX-2  

No chloroform 48% 45% 7% 

In chloroform 68% 23% 9% 

 

A continual problem encountered during the extraction process was that percentage 

composition of the seco acid epimers in stocks changed during each stage of purification.  

This was especially evident during the stage of preparative HPLC.  This problem had not been 

described in the literature.  Thus, in order to determine what factors were influencing these 

conformational changes, chemical stability studies were conducted (Chapter 4). 

 

The analysis of a combined toxin stock from algal extractions (3.2.3.7) following preparative 

HPLC is shown in table 3.7 below.  The fractions were further purified with an analytical 

column to produce single ‘isomer-only’ samples for toxicology studies (section 3.2.3.6).  

 

Table 3.7 An example of a combined toxin stock composition 

Toxin µg/10mL % distribution 

PTX2-SA 261 77 

7-epi-PTX2-SA 80 24 

PTX2 0 0 

OA 0 0 

Total PTXs 341 100 
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3.3.2.6 Analytical HPLC 

 

Using a PE series 200 HPLC system with an analytical C18 column, individual PTX2-SA 

peaks could be separated and collected more accurately than with the Prep-column and 

shimadazu system.  An example of a chromatograph from the PE series 200 is shown in fig. 

3.10a, where 4 fractions were collected of the 4 peaks on the graph.  These 4 fractions were 

then analyzed again to check for contamination of other seco acids, shown in fig. 3.10b) 
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Fig. 3.10 A) chromatograph of PTX separation employing the PE series 200 and B) analysis of
each of the 4 peaks collected in ‘A’ 
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Following analytical HPLC all the fractions are reasonably pure, although a small percentage 

of other seco acids can be seen in some samples, an example is shown below in table 3.8 and 

can be seen in  figs 3.11A-D showing dose compositions for mice studies.  The final 

extraction and purification methodology can be viewed in section 2.4.2. 

 

Table 3.8 An example of toxin extract prepared for dosing experiments showing toxin 

composition of the PTX2-SAs with an approximate 0.5% contamination with PTX2. 

 µg/10mL % distribution of 

total stock 

PTX2-SA 186 51.8 

7-epi-PTX2-SA 171 47.6 

PTX2 2 0.55 

OA (or OA acyl esters) 0 0 

Total PTXs 359 100 

 

 

Toxicology investigations were conducted with various percentage compositions of these two 

isomers because, for example, the raw pipis in this project have a seco acid composition that 

is approximately 70% PTX2-SA and 30% 7-epi-PTX2SA whereas cooked pipis have almost 

the opposite of this generally with 35% PTX2-SA and 65% 7-epi-PTX2 – an example of a 

chromatograph of such a toxin stock composition is given in Fig. 3.11a.  Percentage 

compositions can be varied in shellfish depending on the algal bloom species and the 

metabolic capabilities of the shellfish involved.  To alter the composition, aliquots of known 

concentration and composition were combined and mixed with a calculated volume of 7-epi-

PTX2-SA or PTX2-SA stock that had been separated with an analytical column and 

quantified.  For example, a quantity of a toxin batch (70% PTX2-Sa and 30% 7-epi-PTX2-

SA) was mixed with a concentrated aliquot of 7-epi-PTX2-SA to change the composition to 

approximately 50% PTX2-SA and 50% 7-epi-PTX2-SA (fig. 3.11b).  
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Fig. 3.11 Chromatographs of a toxin dose for mice studies showing a composition of approximately 35% PTX2-SA and 65% 7-epi-PTX2-SA (A), 
approximately 50% PTX2-SA and 50% 7-epi-PTX2-SA (B), approximately 90% PTX2-SA and 10% 7-epi-PTX2-SA (C) and a composition of just  
7-epi-PTX2-SA (D).
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Fig. 3.11 Continued: - 
Chromatographs of a toxin dose for mice studies showing a composition
of approximately 35% PTX2-SA and 65% 7-epi-PTX2-SA (A),
approximately 50% PTX2-SA and 50% 7-epi-PTX2-SA (B),
approximately 90% PTX2-SA and 10% 7-epi-PTX2-SA (C)  
and  a composition of just 7-epi-PTX2-SA (D).

ADAC
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3.3.2.7 Extraction from algal samples 

 

The water sample from West Lakes in SA containing D. acuminata was supplied following a 

press release from the South Australian Department of Human Services who had announced 

the D. acuminata bloom to be potentially dangerous at 48,000 cells/L and had placed a ban on 

shellfish harvesting in the area for fears of a DSP incident.  Following crude extraction into 

methanol, it was found that the sample only contained a low concentration of PTX2  at 

approximately 14µg/L with no PTX2-SAs being detectible.  Thus, only the water samples 

from Ballina were extracted. 

 

Each of the three samples received from Ballina appeared to have a slightly different colour 

and to have a different concentration of algae in them.  The samples were extracted for seco 

acids separately.  Upon extraction, the sample that appeared densely filled with algae was 

found to contain exclusively PTX-2 with no seco acids.  It was previously thought by the 

scientific community that the PTX2-SAs might only be made in the shellfish by enzymatic 

metabolism of PTX2, but seco acids were found in the other two bottles of algae.  Both of the 

other 2 water samples, which were less dense and paler in colour, had much less PTX2 with a 

higher concentration of the PTX2-SAs. Figure 3.12a shows a chromatograph of an extract 

from the bottle that contained mostly PTX2-SA and figure 3.12b gives an example of a 

chromatograph of an extract from the bottle containing mostly PTX2. 
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Fig. 3.12 Chromatographs from the samples of seawater containing plankton net samples of a
D. caudata bloom. Chromatograph A displays an extract from one of the lighter coloured
bottles of seawater and chromatograph B displays an extract from the darker coloured bottle of
seawater 

AB

   90



Chapter 3  Extraction of Pectenotoxins   Vanessa Burgess 

 

The reasons for this conversion to seco acids of two of the samples and not the other one are 

unknown. All the algal samples were collected from the same bloom location and treated in 

the same manner, the only difference being the amount of plankton net sample in the bottle.  

 

There are differing reports on whether the PTX2-SAs are metabolic products only found in 

shellfish or whether the seco acids can be found in algae cells (Daiguji et al. 1998; 

MacKenzie et al. 2002); James et al. 1999).   It is possible that the algae themselves may have 

enzymes capable of ester hydrolysis [linking the carboxylic acid and alcohol to form the 

ester], but the enzymes would have to be compartmentalized separately from where the toxins 

are stored in the cell.  Marine algae have been reported to contain several esterases   

(Pflugmacher et al., 1998).  Rough treatment (including freezing and transport) of the cells 

could result in such an enzyme being released from compartments within the cell enabling 

action upon PTX2 within the cell or in surrounding water if the entire cell had ruptured.  

 

Additional factors which may have affected toxin composition in the bottles included light 

exposure - determined by the density of algal cells, and whether these algae cells were intact 

as ruptured cells would lead to the toxin coming into contact with marine water that may 

contain organisms such as bacteria and other micro-organisms capable of metabolising the 

toxins, or it may simply be that PTX2 is unstable in water. 

 

For ease of purification, samples containing PTX-2 only were processed separately to those 

containing the seco acids.  Samples were separated though Sephadex LH20.  Then aliquots of 

concentrated toxin extract from algae (orange in colour with an orange precipitate) were 

filtered though a Millipore millex- GN nylon filter with 0.2µm pores or drawn up through a 

fine syringe, which excluded the orange particles in the sample prior to injecting onto a HPLC 

column.  The issue of toxin isomers changing during different extraction stages, again 

occurred with algae extracts. 
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3.3.2.8 Results for isolation of a non-toxic algal extract for negative control 

 

A non-toxin containing fraction was processed to produce a 0.5mL dose that was 

administered to mice by oral gavage to observe for any toxicopathology (Chapter 5).  In fig. 

3.13 below, no PTX2-SA peaks can be seen.  Samples were also analyzed by HPLC-MS and 

were found to contain no traces of any DSPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.13 A chromatograph of an algal extract following prep-HPLC that contains no PTXs. 
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3.3.2.9 Yields of extracted PTX2 from shellfish and algae 

 

Total extractions for shellfish and algal samples following prep-HPLC are summarized in 

table 3.9 below.   The first crude extractions of PTXs into methanol produced the highest 

yields, but of course many fractions that contained PTXs were excluded following separation 

through LH20 to aid purification.  Every stage of purification involved sacrificing PTX yields 

to exclude impurities from extracts and such loss could not be avoided. 

 

Table 3.9 An summary of approximate PTX extractions following prep-HPLC. 

Source PTX2-SA 

µg 

7-epi-

PTX2SA 

µg 

PTX-2 

µg 

Early SA 

peak 

Total 

PTXs 

µg 

Batch 1:   

Pipis, oysters, mussels 

127 85 12 N/D 224 

Batch 2:   

Ballina algae samples 

535 327 302 N/D 1164 

Batch 3: Pipis 5 78 1 52 136 

Batch 4:  SA Oysters 38 382 163 97 680 

Total extracted 705 872 478 149 2204 

 

Batch 1 toxins were extracted from a total of 2396g freeze-dried pipis, oyster and mussel 

tissue (or 6148g wet gut tissue).  Batch 2 toxins were extracted from 3L of plankton net 

samples of a D. caudata algae bloom (dry wt not determined).  Batch 3 toxins were extracted 

from 168g freeze-dried pipis gut tissue, and batch 4 toxins were extracted from 232g freeze-

dried oysters.  These stock batches were then divided according to degree of purity and stored 

for different experiments or for further purification with an analytical column as detailed in 

3.2.3.6.   

 

3.3.2.10 Stability of toxin stocks in storage 

 

One batch of toxins (extracted from shellfish) did change its composition and concentration 

during storage (table 3.10).  It is thought that this particular batch (1) contained an additional 

component, which eluted with the PTX2-SAs during extraction, and affected the physical 

stability of the batch. The chromatograph in fig.3.14 below, shows the PTX2-SA analysis of a 

batch of toxins that was initially extracted in July 2000 (see fig 3.10a), stored at -20°C for 

several months and re-analyzed for further purification (see fig.3.7).  It can be observed how 
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some of the aliquots had changed their composition.  Chromatographs in Fig. 3.15 shows the 

seco acid composition of a batch of toxins that was extracted in April 2000 (A), and also a 

chromatograph of a crude methanolic extract [from the same batch of pipis as (A) that had 

been in storage] that was extracted in July 2001 and stored at -20°C for several months (B). In 

that 6 month period an additional seco acid peak appeared.  This change in distribution of 

PTX2-SAs has not previously been reported and is discussed in chapter 4. 

 

Table 3.10 A change in the seco acid composition of one shellfish extract during a storage 

period of one month. 

Batch 1 PTX2-SA 7-epi-PTX2-SA Total 

Month 1 127µg 85µg 212 

Month 2 45µg 107 152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14 This chromatograph was produced from the same stocks of toxin extract that had been
in storage at -20°C for a period of approximately one month. 
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 Fig. 3.15 Chromatograph of a crude methanolic extract of pipis extracted and analyzed in April 2000
(A) and the same crude methanolic extract of pipis that had been kept at -20°C for several months (B).  
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3.3.2.11 Hydrolysis reaction for OA acyl esters  

 

With a hydrolysis reaction it was possible to see that the pipis from the 1997 NSW poisoning 

incident contained significant concentrations of OA acyl esters that were not detected at the 

time of the incident.  Results showed that the pipis contained approximately 1µg of OA acyl 

esters per gram of pipis flesh.  Figure 3.16 shows a chromatograph illustrating how the OA 

esters are revealed on the chromatography following hydrolysis.  Although reportedly less 

toxic than okadaic acid itself, the concentrations of OA acyl esters present may have been 

sufficient to cause the observed symptoms.  With the varying and extreme pH environments 

in the gastro-intestinal tract, it is theorized that these esters could be hydrolyzed in the human 

gastro-intestinal tract to release okadaic acid.  In the light of this new evidence it is reasonable 

to assume that these OA acyl esters were most likely the causative agent in the 1997 NSW 

DSP incident and not the PTX2-SAs.  There have been official reports of OA acyl ester 

involvement in DSP poisoning incidents in Portugal (Vale et al. 1999; Vale and Sampayo 

2002; Vale and Sampayo 2002).  Alkaline hydrolysis of shellfish samples to reveal high 

levels of OA have also been reported for shellfish in New Zealand (MacKenzie et al. 2002) 

and in Spain (Morono et al. 2002).  Additionally, an OA diol-ester has been shown to be 

almost as toxic as OA in a diatom bioassay (Windust et al. 1997).  Hydrolysis of shellfish 

samples suspected of containing DSP toxins is now routinely performed in QHSS as a 

consequence of this information and the reported poisoning incidents involving OA esters  (G. 

Eaglesham, personal communication). 
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Fig. 3.16.  Chromatographs showing the comparison of shellfish extracts before and after the hydrolysis reaction. 
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3.3 CONCLUSIONS 

 

The process of extraction was a very lengthy process taking approximately 1 year of full PhD 

time with relatively poor yields.  The extracts were very costly to produce in both time and 

chemicals involved in the extraction process.  

 

Since the completion of extraction studies, investigations on the laboratory based production 

of PTX2 have been performed (Paquette et al. 2002) and the conversion of PTX2, from algal 

sources, to PTX2-SAs with the use of chemical and or biological agents have commenced by 

another research laboratory (C. Miles, AgResearch – New Zealand and M. Quilliam, NRC-

Canada, personal communication).  This group has conducted investigations on different 

methodologies to cause the hydrolysis of PTX2 to its seco acid.  These studies have included 

some commercial esterases to simulate those found in the Greenshell mussel without success, 

but they are trying out other methods such as ester & amide hydrolysis and decarboxylation, 

which are proving more successful.   

 

If a chemical means of converting PTX2 to PTX2-SA can be achieved this would be a much 

more efficient method as PTX2 is much more readily available in higher concentrations when 

extracted from algal blooms from which the extraction and clean up of toxins is much less 

arduous. 

 

The PTX2-SAs were found to be relatively unstable in some stored samples of crude extracts 

from shellfish and algae.  This instability may have been caused by environmental factors 

such as light exposure, water seepage into samples whilst stored in the freezer, or variations in 

temperature.  Additionally, there may have been biological or chemical agents (from the 

extraction process) still present in the samples causing their degradation.  Such factors are 

investigated in Chapter 4.  
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4.1 INTRODUCTION 
 

The pectenotoxins are known to be unstable after isolation from algae or shellfish (as reviewed in 

chapter 1).  During the process of extracting and purifying PTXs for this project, the percentage 

composition of the seco-acids i.e. ratio of PTX2-SA to 7-epi-PTX2-SA in stocks would alter during 

different stages of purification or concentrations would be lost (Chapter 3).  Thus investigations 

were conducted to identify what physicochemical factors may be causing such changes of the seco-

acids in the extracted toxin mixtures.  Investigations were carried out on the stability of the seco-

acids in water, in a mobile phase of acetonitrile and water, in different environments of temperature, 

by drying under nitrogen, and exposure to UV light.  Investigations were also conducted on the 

effect of body fluids such as whole blood and gastric juices from mice (in vitro).  The effect of 

citrate and lithium heparin on the seco acids was also investigated, as one of these chemicals would 

be used as a blood preservative in the toxicopathology investigations (Chapter 5).   All studies were 

conducted with glass ware to avoid any issues of possible loss of toxins by adsorption to plastic 

wear as has previously been reported for a study with the cyanobacterial toxin microcystin-LR   

(Hyenstrand et al. 2001; Hyenstrand et al. 2001). 
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4.2 MATERIALS 
All materials for this chapter can be found detailed in chapter 3. 

 

4.2.1 Stocks of PTX toxins 
All stability studies were conducted with 3 toxin samples (A, B and C) that were extracted and 

purified from D. caudata (Chapter 3.3.2.7).  These stock samples were used for test samples and for 

controls.  Toxin sample A was composed of PTX-2 only. Toxin sample B and C were composed of 

PTX2-SA and 7-epi-PTX2-SA mixtures with no PTX-2.  The compositions of these mixtures can be 

seen in Table 4.1 below.  All experiments were executed in triplicate and controls for each 

experiment were analyzed by HPLC on the same day as the tests to ensure variations in HPLC 

conditions were minimized.   

 

Table 4.1 Stock PTXs: A, B and C sample concentrations determined by HPLC-MS.  

Original Stock A Stock B Stock C 
 µg/mL % Distrib. µg/mL % Distrib. µg/mL % Distrib. 

PTX2-SA 0 0 23 76 4.5 30 
7-epi-PTX2-SA 0 0 7 24 11 70 

PTX-2 33 100 0 0 0 0 
Total Toxin. 33 100 30 100 15 100 

 

A dilution was made of stocks A, B and C to be used for all the following stability investigations.  

One mL of sample A was diluted with 15 mL methanol and 2 mL of sample B was diluted with 

14mL of methanol.  For the stability in water study, stock C was diluted with milli Q water for the 

test sample and with methanol for the control at a ratio of 1:62.5. 
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4.3 METHODOLOGY 
 

At any point in this section where samples are evaporated and re-dissolved in methanol, the 

methodology involved re-suspension in 200µL methanol with mixing, transfer to a HPLC vial insert 

followed by an additional 50µL of methanol to wash out the vial, which was then added to the first 

200µL collected.  Following re-suspension in methanol and transfer to HPLC vial inserts,  samples 

were sealed and stored at -20°C until analysis by HPLC. All results are presented in tables of 

calculated mean results for each experiment.   

 

4.3.1 Stability in water  
An experiment was conducted to determine if water would be a suitable vehicle for the PTXs in the 

toxicology investigations (Chapter 5).  For this experiment only stock C was used as it was this 

stock that would be used for in vivo  experiments.  This stock was chosen for in vivo studies as the 

percentage distribution of the seco acids in this stock reflected that found by analysis of cooked 

pipis from Ballina.   A one in 61.5 dilution of the toxin stock was made in milli Q water (2mL total 

volume), and a control stock sample was diluted 1 in 62.5 with methanol.  These samples were 

immediately analyzed by HPLC-MS/MS and injections of the test sample to the HPLC column 

were made at 2, 28, 55, 109, 324 and 350 minutes following initial dilution.  The control samples 

were injected at 124 and 188 minutes post dilution.  

 

4.3.2 Investigations on the affect of temperature on the PTX stocks 
Investigations were conducted to determine if the PTX2-SAs or PTX2 were affected by changes in 

temperature and how the toxins may behave during the cooking process.  The conditions to be 

investigated included heating at 70°C (to simulate the cooking process), incubating for 24 hours at 

37°C (human body temperature), standing at room temperature, and also the effect of freeze-

thawing the samples. 

 

Aliquots of stocks A and B (250µL) were placed into separate microcentrifuge tubes in triplicate 

plus control aliquots into a HPLC vial insert.  The control aliquots were immediately sealed and 

placed in the freezer at -20°C.  The test samples were placed in a programmable thermal controller 

(PTC-100).  For heating at 70°C, lids were left open for evaporation and samples were heated at 

70°C for 10 minute cycles until the sample had completely evaporated (approximately 40 minutes).  

For the 37°C incubation, lids were sealed and samples were left in the thermal controller for 24 

hours.  All samples were left to cool to RT and then re-suspended in 250µl of methanol, sealed and 

placed in the -20°C freezer until analysis by HPLC.   Samples and controls to be left standing at RT 

and for freeze-thaw investigations were aliquoted, in triplicate, into HPLC vial inserts. All samples 
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were sealed and controls were immediately placed in the freezer.  The test samples for RT 

investigations were left on the laboratory bench for 24 hours then placed in the freezer.  The freeze-

thaw samples were placed in the freezer for 3 hours or over night and then at RT for 3 hours.  This 

freeze-thaw process was repeated 10 times. 

 

4.3.3 Effect of evaporating under nitrogen  
Evaporation of toxin samples under nitrogen is required several times during the extraction process.  

Two experimental conditions were investigated.  Firstly, the effect of evaporating the toxin on glass 

with immediate re-suspension of the sample in methanol and secondly, evaporating the toxin on 

glass and leaving the dried sample for 24 hours sealed in the freezer, followed by re-suspension in 

methanol.  Aliquots of A and B (250µL) were placed into glass HPLC vials in triplicate with 

controls aliquoted into HPLC vial inserts.  The control aliquots were immediately sealed and placed 

in the freezer at -20°C.  All the triplicate samples were evaporated under nitrogen. Nitrogen 

evaporation only samples were immediately re-suspended in 250µl methanol and transferred into a 

HPLC vial, sealed and placed in the freezer.  Alternatively, the samples for investigation of the 

effect of drying on glass were left dry, sealed and placed in the freezer for 24 hours.  After 24 hours 

samples were removed from the freezer, allowed to warm to room temperature and then re-

suspended in 250µl methanol.    

 

4.3.4 Effect of the mobile phase  
The effect of mixing and partitioning samples with an acetonitrile/ water (70:30%) mobile phase 

was investigated to see if the HPLC procedures in the extraction process affected the toxin samples 

and could account for losses of toxins during extraction.  The mobile phase of acetonitrile and water 

with ammonium formate and formic acid was made up as detailed in chapter 3.  Aliquots of A and 

B (250µL) were placed into separate 4mL glass HPLC vials in triplicate.  Control aliquots of 250µL 

were immediately sealed and placed in the -20°C freezer.  All the triplicate test samples were mixed 

with 1mL of mobile phase and left at RT for 1 hour  (1 hour estimated as being the longest period of 

time that samples would be stood in mobile phase prior to partition with chloroform).  The samples 

were then partitioned against 1mL of chloroform for 20 minutes.  The bottom layer was taken and 

transferred to a 2mL glass HPLC vial.  The chloroform was evaporated under nitrogen and contents 

were dissolved immediately in 250µL of methanol and transferred to a HPLC vial insert.   

 

4.3.5 Effect of citrate and lithium-heparin  
The effect of citrate and lithium-heparin on toxins A and B was investigated.  Citrate and lithium 

heparin are anticoagulants, one of which would be used for blood collection in the toxicology 

studies (Chapter 5).  Aliquots of A and B (250µL) were placed into separate 4mL glass HPLC vials 

in triplicate.  Control aliquots of 250µL were immediately sealed and placed in the -20°C freezer.  
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One mL of a 50% methanol/water mixture was added to each of 3 standard lithium-heparin blood 

collection tubes and shaken for 1 minute.  This 1 mL was then added to each of the 250µL test 

aliquots for the lithium-heparin study.  For the citrate study, 1mL of sodium citrate solution was 

aliquoted into the glass vials containing 250uL of toxins A or B.  All the vials were mixed and left 

at RT for 1 hour.  After 1 hour the samples were mixed with 1mL of chloroform and left to 

partition.  The bottom layer was taken, evaporated under nitrogen and re-suspended in 250µL 

methanol.   The top aqueous layer was re-extracted with a further 1mL of chloroform to ensure all 

available toxin was recovered.  This re-extractant was taken, dried under nitrogen and also re-

suspended in 250µL of methanol.  

 

4.3.6 Effect of gastric fluids and blood from mice on the PTX stocks 
These in vitro experiments were undertaken to investigate if enzymes, and other biological 

substances such as co-factors and pH, present in the blood and digestive tract (including those 

contained in the cells of the tissues within the GIT) could affect PTX2-SA stability.  Three C57 

male mice were euthanised under carbon dioxide.  Blood was collected in 0.5mL of citrate by heart 

puncture and the entire GIT was dissected out.  All the three samples of blood were pooled with 

5mLs of citrate and swirled gently to mix.  The outside of the GIT was washed with a saline buffer, 

blotted and weighed.  The three GIT samples were combined in a grinding vial with 3mLs of milli 

Q water and blended in a tissue homogenizer.  Aliquots of A and B (250µL) were placed into 

separate glass HPLC vials in triplicate.  Control aliquots of 250µL were sealed and placed in the  

-20°C freezer.  All the triplicate samples were mixed with either 250µL of the blood-citrate mixture 

or 250µL of the tissue homogenate.  All the samples were incubated at 37°C for 2 hours.  After 2 

hours the samples were allowed to cool to RT.  Samples were then partitioned with 1mL of 

chloroform.  The bottom layer was taken, dried under nitrogen and taken up in 250µL methanol.   

The top layer was re-extracted with a further 1mL of chloroform.  This re-extractant of chloroform 

was dried under nitrogen and taken up in 250µL of methanol.  

 

4.3.7 Effect of ultraviolet light  
The effect of UV treatment was investigated.  Samples were compared to results from triplicate 

samples sealed at RT and left in the dark for 24 hours in addition to standard control samples stored 

in the freezer.  Two sets of triplicate aliquots of A and B (250µL) were made.  Control aliquots were 

sealed and immediately placed in the -20°C freezer.  The triplicate samples were sealed and either 

placed in a UV box set at 365nm for 24 hours or placed in a dark box at RT for 24 hours.  After this 

time all samples were stored at -20°C until HPLC analysis. 
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4.4 RESULTS  
 
4.4.1 Control results 
 

The summary tables of control results below are for three different methodologies to match the 

experimental samples that are listed in the first column of each table. The -20°C controls are 

expressed as mean results of 8 samples that were kept in a freezer at all times.  The RT controls are 

expressed as means of 3 controls that were kept at room temperature (either on the laboratory bench 

or in a dark box) and the 37°C controls are expressed as means of 2 controls that were warmed in a 

thermal cycler to 37°C for 1 or 2 hours. 

 

Each table shows the mean result for the group of controls for each PTX isomer, percentage 

distribution of PTX isomers in the sample, standard deviation (S.D) and % C.V.  Percentage 

distribution is the percentage concentration of each PTX isomer in the toxin stock mixture.  This 

percentage composition in the control samples can then be compared with percentage composition 

of experimental samples to observe changes in composition and the inter-conversion of the seco 

acids in stock if such changes occur. 

 

Table 4.2  Stock toxin A -20°C control concentrations  

Control -20°C 
UV, Freeze-thaw, Bench, Dark,  

Drying under Nitrogen, Boiling, Glass, 37°C

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL 

% 
C.V. 

PTX2-SA 0.0 0.0 0.0 0.0 
7-epi-PTX2-SA 0.0 0.0 0.0 0.0 
PTX-2 2296 100 125 17 
Total 2296 100   
 

Table 4.3  Stock toxin A RT control concentrations  

Control RT 
Lithium heparin, Citrate, Mobile 

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL 

% 
C.V. 

PTX2-SA 0.0 0.0 0.0 0.0 
7-epi-PTX2-SA 0.0 0.0 0.0 0.0 
PTX-2 2684 100 605 23 
Total 2684 100   
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Table 4.4  Stock toxin A 37°C control concentrations  

Control 37°C 
Blood, Stomach 

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL 

% 
C.V. 

PTX2-SA 0.0 0.0 0.0 0.0 
7-epi-PTX2-SA 0.0 0.0 0.0 0.0 
PTX-2 2884 100 833 29 
Total 2884 100   
 

Table 4.5  Stock toxin B -20°C control concentrations for day 1 

Control -20°C   Day 1* 
UV, Freeze-thaw, Bench, Dark, Drying 

under Nitrogen, heating to 70˚C 

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL  

% 
C.V. 

PTX2-SA 1590 71 32 2 
7-epi-PTX2-SA 665 29 16 2 
PTX-2 0.0 0.0 0.0 0.0 
Total 2255 100 - - 

 

Table 4.6  Stock toxin B -20°C control concentrations for day 2 

Control -20°C   Day 2* 
Glass, 37°C 

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL 

% 
C.V. 

PTX2-SA 2010 72 221 11 
7-epi-PTX2-SA 786 28 149 19 
PTX-2 0.0 0.0 0.0 0.0 
Total 2796 100 - - 

 

*Investigations for drying on glass and heating investigations at 37°C for toxin sample B were done on a different day to 

the other investigations.  It was noted that the laboratory temperature was several degrees higher than normal on this day 

due to extreme weather conditions.  This change in laboratory temperature may affect results and thus controls were 

processed separately in parallel to experiments on that day. 

 

Table 4.7  Stock toxin B RT control concentrations  

Control RT 
Lithium heparin, Citrate, Mobile 

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL 

% 
C.V. 

PTX2-SA 2037 68 63 3 
7-epi-PTX2-SA 959 32 183 19 
PTX-2 0 0 0 0 
Total 2995 100 - - 
 

Table 4.8  Stock toxin B 37°C control concentrations  

Control 37°C 
Blood, Stomach 

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL 

% 
C.V. 

PTX2-SA 1887 74 16 1 
7-epi-PTX2-SA 662 26 0 0 
PTX-2 0 0 0 0 
Total 2549 100 - - 
 

Stock toxin C control results - refer to section 4.4.2 results. 
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4.4.4.1 Discussion of control PTX toxin results 
 

For toxin A controls the S.D. and % C.V. was relatively high but still considered acceptable for 

residue analysis, whereas the B toxin sample had a very low %C.V.  This shows that the A toxin 

controls are less reliable than the B toxin control results and also maybe unreliable for use in the t-

test when it is used for analysis with test samples. 

 

The number of controls in each temperature category was chosen by the number of tests e.g. at  

-20°C there were 8 controls as 8 tests were being conducted.  Generally, the mean and standard 

deviation of the control groups that contained just 2 or 3 controls was much greater than that of a 

group of 8 controls (with the exception of the 37°C controls).  The %CV was also high for these 

controls.  This shows that the repeatability is low and also indicates that the t-test may be unreliable 

as the t-test compares the means of sample groups and calculations are based around the standard 

deviation. 

 

Controls and samples for the investigations on the possible effects of the mobile phase, lithium, 

citrate, blood and gastric juices all have room for human error in them as these controls have been 

combined with chloroform, partitioned, dried under nitrogen, taken up in methanol and transferred 

to a HPLC vial.  All these stages have room for errors in pipetting, loss of toxin to glass ware, and 

may have evaporated to a degree.  All of these factors can influence the S.D. and % C.V. as, at the 

nanogram level, even the slightest inaccuracy in the pipetting can have wide-ranging effects on the 

concentration of the PTXs, no matter how well calibrated the pipette.  

 

4.4.2 Stability in water results 
 

Table 4.9 Changes in PTX2-SA concentrations in milli Q water over time. 

Minutes post 
dilution 

PTX2-SA 
ng/mL 

7-epi-PTX2-SA
ng/mL 

Total toxin 
ng/mL 

% PTX2-SA % 7-epi-PTX2-
SA 

2 5250 9219 14469 36 64 
28 2819 11750 14569 19 81 
55 1863 11628 13448 14 86 

109 1417 9270 10687 13 87 
324 1077 7560 8637 12 88 
350 742 6817 7559 10 90 

 

Table 4.10 Concentrations of PTX2-SAs in the control samples. 

Control 37°C 
Blood, Stomach 

T1 
ng/mL 

T2 
ng/mL 

Mean 
ng/mL 

% 
Distribution

S.D. 
ng/mL 

% 
C.V. 

PTX2-SA 4738 4725 4731 29 6 0 
7-epi-PTX2-SA 11201 11664 11433 71 328 3 
PTX-2 0 0 0 0 0 0 
Total 15938 16389 16164 100 - - 
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Fig. 4.1 Graph to show the stability of PTX2-SA and 7-epi-PTX2-SA in milli Q water over 6 hours. 
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4.4.2.1 Discussion of the stability of the PTX stocks in water 

 

From tables 4.9 and 4.10 and fig. 4.1 it is possible to see that not only does the concentration of the 

seco-acids change over time compared to the control but also the percentage distribution of the 

PTX2-SAs within the stock.  For the control samples there was a slight increase in total seco acid 

concentration that would have been caused by evaporation of the sample following the first 

sampling by the HPLC, but the samples otherwise appeared stable.  For the test sample, during the 

first 55 minutes there was an increase in the concentration of 7-epi-PTX2-SA with a corresponding 

decrease in the concentration of PTX2-SA. After 55 minutes the concentrations of both isomers 

continued to decrease showing that the PTX2-SAs are unstable in water over a period of time.  With 

these results it was decided that doses should be made up in milli Q water immediately prior to 

administration and not given to mice if the dose was standing in water for more than 5 minutes. 

 

 

  
  

107 
 



Chapter 4 Chemical stability studies   Vanessa Burgess 

4.4.3 Results of investigations on the effect of temperature on the PTXs 

 
Table 4.11 Sample A results for the effects of different temperatures on PTX2 concentrations 

Sample A 
(PTX-2 only) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL P value Sig. at 95% 

level 
37°C 2296 2295 150 0.99 No 
Freeze-thaw 2296 2254 56 0.49 No 
Heating to 70˚C 2296 1837 85 0.001 Yes 
Bench/RT 2296 2225 52 0.24 No 
 

Table 4.12  Sample B results for the effect of incubating the PTX2-SAs at  37˚C  

37˚C Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. at 

95% level 
PTX2-SA 2010 1542 50 64 0.19 No 
7-epi-PTX2-SA 786 874 35 36 0.55 No 
Total 2796 2416 85 100 0.38 No 
 

Table 4.13 Sample B results for the effect of repeatedly freeze-thawing the PTX2-SAs 

Freeze-thaw Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. at 

95% level 
PTX2-SA 1590 1596 86 68 0.92 No 
7-epi-PTX2-SA 665 738 30 32 0.04 Yes 
Total 2255 2334 117 100 0.36 No 
 

Table 4.14 Sample B results for the effect of evaporating the PTX2-SAs under 70˚C 

Heating to 70˚C Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. at 

95% level 
PTX2-SA 1590 1690 153 65 0.38 No 
7-epi-PTX2-SA 665 900 71 35 0.03 Yes 
Total 2255 2590 224 100 0.12 No 
 

Table 4.15 Sample B results for the effect of standing the PTX2-SAs at RT for 24 hours 

Bench/RT Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. at 

95% level 
PTX2-SA 1590 1660 39 66 0.06 Yes 
7-epi-PTX2-SA 665 759 34 34 0.03 Yes 
Total 2255 2418 71 100 0.04 Yes 
 

 

4.4.3.1 Discussion of temperature investigations 

• 37˚C 

No significant difference was found between the control samples and the concentrations of the seco 

acids or PTX-2 in samples heated at 37°C for 24 hours.  The percentage distribution  ratio of PTX2-

SA to 7-epi-PTX2-SA did change in sample B compared to controls from a ratio of 72/28% to a 

ratio of  64/36%.  The t-test did not find this change to be significant relative to actual 

concentrations involved. 
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• Freeze thaw   

For the freeze-thaw samples there was an increase in concentration of both the seco-acids compared 

to the controls for sample B but a decrease in concentration for sample A toxin. The decrease in 

concentration of PTX-2 in test sample A was not found to be significant when compared to the 

controls by a t-test.  For sample B, the increase in concentration of 7-epi-PTX2-SA was found to be 

significant compared to the control at the 95% level, but no significant change was found for PTX2-

SA.  The percentage distribution ratio of PTX2-SA to 7-epi-PTX2-SA did change in this experiment 

with the control having a 71/29 % distribution ratio and the test having a distribution ratio of 68:32 

%.   A possible reason why the test concentrations became higher than the controls could be that the 

test samples evaporated to a degree thus concentrating the samples during the repeated freeze thaw 

process. Alternatively the higher concentration could be explained by experimental imprecision 

expected at these concentrations. 

 

• Heating at 70°C 

A significant decrease in total seco acid concentration was found for sample A compared to 

controls.  This indicates that PTX-2 is greatly affected by heating to 70°C.  Additionally, it should 

also be acknowledged that loss of PTX2 concentrations may not only be caused by heating as the 

experimental conditions involved the samples being evaporated in room air – and it is possible that 

exposure to room air could affect the samples. 

 

No PTX-2 seco acids were found in the samples indicating that when heated to 70°C, PTX-2 is 

degraded into another compound or compounds.  A significant change was also calculated for 

sample B, and this change was a higher concentration of 7-epi-PTX2-SA in test samples compared 

to controls.  There was also a higher concentration of PTX2-SA, but this higher concentration was 

not found to be significantly different compared to the control by the students t-test.  A change in 

distribution ratio of PTX2-SA/ 7-epi-PTX2-SA occurred for sample B from 71/29%, in the controls, 

to 65/35% in the test samples.  It is not possible for PTX2-SA to be ‘created’ and thus the increased 

concentrations are possibility caused by experimental imprecision – most likely during re-

suspension of the evaporated sample.  The S.D values for the test samples were much higher than 

for controls and this will have affected the outcome of the t-test. 

 

Boiled shellfish tissue has previously been found to have little difference in total seco acid 

concentration compared to the fresh sample, but did find considerable conversion of PTX2-SA to 7-

epi-PTX2-SA (Eaglesham et al. 2000).  It is acknowledged that the free toxin employed for these 

experiments may behave differently to toxins in a matrix of shellfish tissue. 
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• Room Temperature 

No significant difference was found for changes in concentrations between test sample A and 

controls.  But a significant difference was found for both the seco acid isomers in sample B.   The 

test samples were found to have much higher concentrations of seco acids than the control.  Again 

this cannot be explained by toxin being ‘created’ and thus it can only be concluded that either 

evaporation occurred to the sample or that experimental imprecision was responsible.  However, 

this does not alter the interpretation in terms of degradation or conversion of the toxins as again, the 

PTX2-SA to 7-epi-PTX2-SA distribution ratio changed from 71/29% in the controls to 66/34% in 

the test samples. 

 

 

4.4.4 Results of investigations on the effect of evaporating the PTXs 

under nitrogen 
 

Table 4.16 Sample A results for the effect of evaporating PTX2 under nitrogen with immediate 

re-suspension in methanol 

Sample A 
(PTX-2 only) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL P value Sig. 0.05 

PTX-2 2296 2853 60 0.00002 Yes 
 

Table 4.17  Sample B results for the effect of evaporating the PTX2-SAs under nitrogen with 

immediate re-suspension in methanol 

Sample B 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 1590 1633 19 73 0.05 Yes 
7-epi-PTX2-SA 665 601 6 27 6.58E-05 Yes 
Total 2255 2234 21 100 0.324 No 
 

Table 4.18 Sample A results for the effect of evaporating PTX2 under nitrogen and leaving dry 

on glass for 24 hours 

Sample A 
(PTX-2 only) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL P value Sig. 0.05 

PTX-2 2296 2496 148 0.12 No 
 

Table 4.19 Sample B results for the effect of evaporating the PTX2-SAs under nitrogen and 

leaving dry on glass for 24 hours 

Sample B 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 2010 2187 62 74 0.45 No 
7-epi-PTX2-SA 786 753 32 26 0.81 No 
Total 2796 2940 92 100 0.68 No 
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4.4.4.1 Discussion for evaporation studies 

 

• Drying under nitrogen with immediate re-suspension in methanol 

 A significant difference in the concentration of test sample A and the controls was observed with 

the mean of the test samples being higher.  As it is not conceivable that toxin could be ‘created’ this 

higher concentration could have been caused either by an error in initial pippetting to aliquots or an 

error when the evaporated toxin (under nitrogen) was re-suspended in methanol and transferred to a 

HPLC vial.  The re-suspension volume may have been less than 250µL (pipetting error) or 

evaporation may have occurred in transfer and thus the sample may have become more 

concentrated.  For sample B a significant change in concentration was found for both of the seco 

acids with the t-test.  For PTX2-SA there was a higher concentration in the test samples compared 

to the mean concentration of the controls.  This higher concentration in test samples can be 

explained by evaporation and diluting factors as described above for PTX2, but in this experiment it 

can also be seen that the 7-epi-PTX2-SA in the samples decreased by 63.3ng/mL and it may be 

possible that this 7-epi-PTX2-SA converted to PTX2-SA thus increasing the concentration of 

PTX2-SA in the samples.  Although from what is known of the chemistry of the seco acids, this 

conversion is unlikely, but could be considered a possibility as no significant change was found for 

the total concentration of seco acids in the B samples.  Another reason why the t-test may have 

given significant results was that the S.D values for each of the isomers was relatively low 

compared to S.D. values in other experiments.   

 

• Leaving dry on glass for 24 hours 

Total concentrations of PTX2-SAs in test samples A and B were higher than the control 

concentrations which may have been caused by evaporation of samples during transfer to HPLC 

vials, but this change in concentration was not found to be significant with the t-test. 
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4.4.5 Results for investigations on the effect of the mobile phase on the 

PTX stocks 
 

Table 4.20 Sample A results for the effect of mobile phase on PTX2 

Sample A 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 0.0 5 ND 0.21 ! ND 
7-epi-PTX2-SA 0.0 0 ND - ! ND 
PTX-2 2684 2556 201 99.79 0.76 No 
Total 2684 2562 200 100 - No 
 

Table 4.21 Sample B results for the effect of mobile phase on the PTX2-SAs 

Sample B 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 2037 1413 256 62 0.17 No 
7- epi- PTX-2 SA 959 862 135 38 0.55 No 
Total 2995 2275 222 100 0.019 Yes 
 

 

4.4.5.1 Discussion for mobile phase studies 

 

For test sample A, no significant difference in concentrations between the test samples and controls 

were found, but the results of HPLC analysis did show that 5.42ng/mL of PTX2-SA was produced 

from a reaction with the mobile phase.  This was a very small percentage (0.2% of the entire 

sample), but it does show that PTX2 can be converted into PTX2-SA by environmental or chemical 

conditions other than by enzymatic action.  For sample B, the concentrations in the test samples for 

PTX2-SA and 7-epi-PTX2-SA were much lower than the control, but only a significant difference 

in concentration was found by the students t-test for total PTX2-SA concentration in the sample.   

These results show that the seco acids can be affected by one or more of the components of the 

mobile phase – namely acetonitrile, formic acid, ammonium formate or water.  The effect of organic 

solvents such as methanol and acetonitrile on the extraction and analysis of cylindrospermopsin has 

been investigated, it was found that HPLC-PDA absorbance was affected with concentrations 

greater than 50% methanol or 30% acetonitrile (Metcalf et al. 2002).    The mobile phase 

composition for investigations with PTX2-SAs was chosen as it produced the best separation of 

PTX2-SA peaks in chromatography, but investigation of the effects of differing concentrations of 

organic solvents such as methanol, chloroform and hexane were not investigated as no PTX2-SA 

internal standard was available to make such a comparison between different solvents (this was an 

issue for all the stability studies in this chapter).   The issue of solvent strength for the extraction 

process should be considered for future research as the extraction process detailed in chapter 3 is 

laborious and produced poor yields with losses of toxins in each stage of purification. 
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4.4.6 Results of investigations on the effect of citrate and lithium-heparin 

on the PTXs 
 

Table 4.22 Sample A results for the effect of citrate on PTX2 

Sample A 
(No PTX-2) 

Control 
Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 0.0 0.24 0.42 0.01 ! ND 
7-epi-PTX2-SA 0.0 0.00 ND - ! ND 
PTX-2 2684 2635 151 99.99 0.90 No 
Total 2684 2635.24 151 100 ! No 
 

Table 4.23 Sample B results for the effect of citrate on PTX2-SAs 

Sample B 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 2037 1438 80 62 0.00 Yes 
7-epi-PTX2-SA 959 881 68 38 0.55 No 
Total 2995 2319 146 100 0.02 Yes 
 

Table 4.24 Sample A results for the effect of lithium-heparin on PTX2  

Sample A 
(PTX-2 only) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL P value Sig. 0.05 

PTX-2 2573 2573 419 0.81 No 
 

Table 4.25 Sample B results for the effect of lithium-heparin on PTX2 

Sample B 
(No PTX-2) 

Control 
Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 2037 1787 98 69 0.01 Yes 
7-epi-PTX2-SA 959 818 40 31 0.26 No 
Total 2995 2605 134 100 0.07 Yes 
 

 

4.4.6.1 Discussion for citrate and lithium-heparin studies 

 

• Citrate 

Toxin A test sample concentrations were several hundred ng/mL higher than the control 

concentrations, but this difference was not significant by the students t-test. Again, the higher value 

in the test samples can be explained by experimental imprecision or possibly by evaporation.  For 

toxin sample B, a significant t-test result was found for PTX2-SA concentrations and for the total 

toxin concentration.  The PTX2-SA and 7-epi-PTX2-SA concentrations were reduced in the test 

samples, but only significantly for PTX2-SA and total toxin concentration differences. The 

percentage distribution of PTX2-SA to 7-epi-PTX2-SA also changed from 68/32% in the controls to 

62/38% in the test samples but the change was not found to be significant. 
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• Lithium-heparin 

No significant change was found for sample A with lithium heparin treatment.  For sample B, a 

significant change was found for the concentration of PTX2-SA but not for 7-epi-PTX2-SA, but 

such high S.D. values can be considered normal in trace analysis.  The percentage distribution was 

almost unchanged with only a 1% raise in PTX2-SA concentration with a subsequent 1% decrease 

in 7-epi-PTX2-SA concentration.  The t-test stated there was no significant loss of 7-epi-PTX2-SA 

but a significant loss of PTX2-SA.  With calculations of mean concentrations showing no change in 

distribution of the toxins it could be assumed that some of the PTX2-SA is epimerising to 7-epi-

PTX2-SA to maintain the percentage distribution of seco acids in the sample.   But, if the S.D. is 

observed for the 7-epi-PTX2-SA it is very high for the control (in excess of 600ng/mL) and thus the 

t-test result for the mean of 7-epi-PTX2-SA falls within 2 S.D. of the control mean as this is high.  

This consideration of the S.D again demonstrates that a large sample size for both controls and 

means would have been desirable.  Despite the sensitivity of statistical evaluation not being high, 

major trends in terms of degradation of toxin loss can be discerned. 

 

 

4.4.7 Results of investigations with whole blood and gastric fluid from 

mice on the PTXs 
 

Table 4.26 Sample A results for the effect of incubating PTX2 with whole blood 

Sample A 
(PTX-2 only) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL P value Sig. 0.05 

PTX-2 2884 1693 59 0.29 No 
 

Table 4.27 Sample B results for the effect of incubating PTX2-SAs with whole blood 

Sample B 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 1887 1494 46 75 0.0017 Yes 
7-epi-PTX2-SA 662 503 27 25 0.0095 Yes 
Total 2549 1997 73 100 0.0038 Yes 
 

Table 4.28 Sample A results for the effect of incubating PTX2 with gastric juices 

Sample A 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 0 2     
7-epi-PTX2-SA 0 0     
PTX-2 2884 1211 292  0.19* No 
Total 2884 1213 292    
 

*If all controls are used (i.e. including 37°C controls, as there was shown to be no significant difference with these ones) 

then the P value becomes 0.05 and makes this test significant.  
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Table 4.29 Sample B results for the effect of incubating PTX2 with gastric juices 

Sample B 
(No PTX-2) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 1887 1718 660 72 0.02 Yes 
7-epi-PTX2-SA 662 666 244 28 0.13 No 
Total 2549 2384 904 100 0.07 No 
 

 

4.4.7.1 Discussion for body fluid studies 

 

• Blood 

If the concentrations of the PTX2-SAs are observed for toxin sample A, it can been seen that there 

is a large difference between the control mean concentrations and the mean of the test 

concentrations, but the t-test result for this difference was not found to be significant.  This maybe 

caused by the S.D for the controls being over 800ng/mL, which is large due to experimental 

imprecision. 

 

For sample B, a significant loss of both seco acid isomers was found, but there was no real change 

in percentage distribution of the PTX2-SAs in the test samples compared to the controls.  For 

sample B, the S.D for the control and for test samples was relatively low (under 50ng/mL) and thus 

the t-test result should be considered reliable and conclude a chemical or metabolic action on the 

seco acids is occurring by components within the blood.  In addition to this, it has to be taken into 

consideration that a significant result was found for the effect of citrate of the seco acids (4.4.6), and 

this effect maybe additive in this experiment  

 

• Gastric juices 

For sample A, observation of PTX2-SA concentrations indicate that PTX2 has been reduced by 

over 50%, but the t-test gave a result of no significant difference for the reduction in concentration 

of the PTX2-SAs in the test samples compared to controls.  In addition, there was a small 

concentration (2ng/mL) of PTX2-SA found in the test samples that was not in the original toxin A 

(PTX2 only). This indicates that PTX2 may be converted into seco acids in the digestive tract.  

 

For toxin sample B, there was a reduction in PTX2-SA concentration that was found to be 

significant by the students t-test, despite high S.D. values.  The concentration of 7-epi-PTX2-SA 

increased slightly, but not significantly, and no great change in percentage distribution of the seco 

acids in toxin sample B was observed. 
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4.4.8 Results of investigation of the effect of ultraviolet light on the PTXs 
 

Table 4.30 Sample A results for the effect of long wave UV light exposure on PTX2 

Sample A 
(PTX-2 only) 

Control Mean 
ng/mL Mean S.D. P value Sig. 0.05 

PTX-2 2296 2126 114 0.10 No 
 

Table 4.31 Sample B results for the effect of long wave UV light exposure on the PTX2-SAs 

Sample B 
(No PTX-2) 

Control 
Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 1590 1484 131 69 0.29 No 
7-epi- PTX-2 SA 665 677 98 31 0.85 No 
Total 2255 2161 229 100 0.55 No 
 

Table  4.32 Sample A results for the effect storing PTX2 in a dark box at RT 

Sample A 
(PTX-2 only) 

Control Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL P value Sig. 0.05 

PTX-2 2296 2444 94 0.09 No 
 

Table  4.33 Sample B results for the effect storing PTX2-SAs in a dark box at RT 

Sample B 
(No PTX-2) 

Control 
Mean 
ng/mL 

Mean 
ng/mL 

S.D. 
ng/mL %dist P value Sig. 0.05 

PTX2-SA 1590 1609 117 69 0.81 No 
7-epi- PTX-2 SA 665 733 49 31 0.13 No 
Total 2255 2342 167 100 0.46 No 
 

4.4.8.1 Discussion for U.V. exposure studies 

 

No significant change in concentration was found with the t-test for either of the toxin samples in 

either UV or dark conditions compared to the controls that were kept in the freezer.  The dark test 

samples could also be used as controls for the UV test and when the means of these two test groups 

were compared no significant difference found indicating that the bonds within the SA molecules 

are stable under UV light.  Some purified cyanobacterial toxins such as nodularin (Twist and Codd 

1997), cylindrospermopsin (Senogles et al. 2000; Senogles et al. 2001) and microcystin-LR 

(Robertson et al. 1998) have been found to degrade under UV irradiation.  In these papers, the 

addition of organic material or cell free extracts to purified toxins were found to catalyze the 

breakdown of toxins.  This information on the presence of cell free extract affecting the catalytic 

break-down of certain toxins under UV light may have had a role to play in the differing 

concentrations of PTX2 and PTX2-SAs that were extracted from the 3 sample bottles of algae 

(plankton net samples) that were received from Ballina as the containers were clear plastic (as 

detailed in chapter 3).   
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4.5 SUMMATIVE CRITIQUE OF EXPERIMENTS 
 

The lack of availability of an internal standard for use in these stability studies allows for criticisms 

for the experimental methodology and the validity of results.  Additionally only small numbers of 

test samples were processed (triplicates) and it would have been more desirable to have greater 

numbers of test samples for statistical purposes, but this was not possible due to the limited supply 

of purified toxins.  The t-test result is based on the S.D. values and these should always be 

considered when assessing the usefulness and reliability of the t-test to demonstrate significant 

changes from control samples, i.e. the occurrence of false positive and false negatives depending 

upon the S.D. values in either or both the test and control samples.   Having more test samples per 

experimental group may have reduced the issues of varying S.D. values. Without the assurance of 

an internal standard, the main sources of error can only be assumed and may include such issues of:  

• Pipetting errors 

• Re-suspension of test toxin into methanol when samples were evaporated  

• Room for error and loss of toxin on transferring toxins from plastic thermal tubes to HPLC vial 

inserts. 

 

Analysis was by means of detection and quantification by HPLC MS.  Identification of end reaction 

products other than the PTX2-SAs and PTX2 was not possible due to the low toxin concentration 

used for experimentation and the constraints of laboratory infrastructure, but it would be interesting 

to find out what the PTX-2 was changed into, other than the small percentage that was changed into 

PTX2-SAs in the gastric and blood samples. 

 

 

  
  

117 
 



 

 

 

Chapter 5 Toxicology studies with the 

Pectenotoxin-2 seco acids 

 

 118
 



Chapter 5 Toxicology studies with the PTX2-SAs  Vanessa Burgess 
 

5.1 INTRODUCTION 
 

There is a lack of oral toxicology information for PTX2-SA and 7-epi-PTX2-SA, as discussed 

in chapter 1. With no reports of the toxicology of PTX2-SAs, the potential implications to 

public health in the long term cannot be predicted.  This information is needed to perform 

health risk assessments for consumption of contaminated shellfish containing PTX2-SAs, and 

for guidance in the regulation of these toxin levels in shellfish that are sold for human 

consumption.  Based on published toxicology for PTXs, a pilot study was designed and 

conducted in preparation for a larger study to determine the acute oral toxicopathology of a 

PTX2-SA and 7-epi-PTX2-SA toxin mixture (35:65% ratio) in 2 strains of mice (C57BL/6J 

and SJL/J) with concentrations of either 25, 190 or 875µg/kg total toxin.  Follow up studies 

included additional dose groups, dosage via i.p. administration, investigations with individual 

PTX2-SA isomers, toxin distribution studies (oral and i.p.), and investigations of oxidative 

damage by detection of malondialdehyde (MDA) in urine samples. 
 

This chapter details investigations on the toxicology of the PTX2-SAs, which include in vivo 

toxicopathology studies, toxin distribution studies, and detection of MDA a urinary biomarker 

for lipid peroxidation.  The following chapter (Chapter 6) details in vitro assays employing 

flow cytometry and cDNA microarray technology.  

 

Aims 
 
1. To determine the main target organs for PTX2-SA and 7-epi-PTX2-SA and identify any 

pathology that is caused by these toxins when ingested via the oral and i.p. routes. 

2. To determine if a single dose of PTX2-SAs affects the behaviour of mice 

3. To compare the oral and i.p. toxicology for the PTX2-SAs with the toxicology findings 

for PTX-2 

4. To determine if PTX2-SAs cause oxidative lipid damage in tissues by measurement of 

urinary MDA 

5. To provide a reasonable estimate of the NOEL and LOEL and other relevant information 

to conduct a health risk assessment for the consumption of shellfish contaminated with 

these toxins. 
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5.2 METHODOLOGY 
 
All methodology for in vivo experiments can be found in chapter 2.  Additional methodology 

is detailed below. 

 

5.2.1 Toxin extraction and preparation for dosing 
The PTXs in this study were extracted from pipis (Donax deltoides) collected from Ballina 

(NSW), oysters and mussels collected near Port Lincoln (SA) and algal plankton net samples 

(D. caudata) also from Ballina.  The toxins were extracted as detailed in Chapter 3.   The first 

batch of toxins extracted and employed for the pilot study consisted of combined toxins 

extracted from pipis and from oysters and mussels.  The follow up studies to the pilot study 

were conducted with extracts from pipis (same consignment as batch 1 extractions), oysters 

(second consignment) and algal bloom samples.  For follow up studies, each extraction source 

was tested in mice by oral gavage before the toxins were combined to produce a homogenous 

toxin stock to ensure all studies were comparable. 

 

A known concentration of toxin stock was diluted in a calculated volume of milli Q water to 

produce the target dose concentrations of PTX2-SAs.  Doses were prepared immediately prior 

to dosing as stability studies in our laboratory indicated the conversion of PTX2-SA to 7-epi-

PTX2-SA begins to occur after 5-10 minutes in water (Chapter 4).  The dose, at a volume of 

0.5 mL, was drawn into a syringe and administered by a single gavage or i.p. injection.  

Control mice were dosed with toxin vehicle alone. 

 

The dose concentrations were confirmed with HPLC-MS/MS. Use of the HPLC-MS also 

confirmed that there was no okadaic acid, DTX-1, DTX-2 or PTX-2 in the samples. 

Examinations of an alkaline hydrolysate showed that there were no significant levels of DTX-

3 present (for example, 1.8 ng/kg in the dose given to each animal in the 875µg/kg study 

(shellfish extract). 
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5.3 PILOT IN VIVO STUDIES  
 
All pilot studies were single dose investigations and were conducted with oral dosing only.  

The protocols of testing that took place are shown in Tables 5.1 and 5.2, detailing dosage, 

toxins, number of mice and dosing periods. 

 
Table 5.1 Protocol of oral dosing for histopathology pilot studies  

Toxin Dose (µg/kg) No. of C57/6 No. of SJL/J Exposure time 
PTX2-SA mix 1: 
35% PTX2-SA  
65% 7-epi-PTX2-SA 

25 
190 
875 

2 
2 
2 

2 
2 
2 

24h, 14 days 
24h, 14 days 
3h, 6h, 

Controls 0 3 3 6h, 24h, 14 days 

 

Table 5.2 Studies conducted to observe for the distribution of toxins. 

Toxin Dose (µg/kg) No of C57 mice Exposure time 
PTX2-SA mix 4: 
29.35%  PTX2-SA  
70.20% 7-epi-PTX2-SA 
0.45% PTX2 

300 
 

3 oral (pilot) 
  

1h 
 

Control 0 1 oral  1h 
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5.3.1  Results for the pilot study 
 

Dose concentrations for the pilot study in SJL and C57 mice are shown in Table 5.3.  Mice 

administered 25 or 190µg/kg appeared unaffected at 24 hours and thus allocated mice were 

kept for a further 14 days before necropsy observation, with analysis of faeces and urine for 

PTX2-SA concentrations being performed. 

 

Table 5.3 The HPLC-MS results for each dose of batch 1 PTX2-SAs in the pilot study  

Actual Dose confirmed by 
HPLC-MS-MS (µg/kg) 

Ave. weight for mice in study 
group (g) 

Ave. dose per mouse (µg) 

25 20 0.50 
190 20 3.80 
875 21 18.38 

 

5.3.1.2 Behaviour observations  

  

Behaviour changes were only seen in the mice administered 875µg/kg in the pilot study.  The 

behaviour of the SJL mice appeared normal immediately following dosage, but after 

approximately 2-4 minutes they began rubbing their cheeks along the side and bottom of the 

cage furiously.  Twenty minutes post dosing the mice began eating avidly.  Table 5.4 shows 

food consumption of mice following a dose of 875µg/kg PTX2-SAs.  Food consumption is 

expressed as the average amount eaten per hour as mice were all sacrificed at different times 

according to protocol. 

 

Table 5.4 Food consumption during the 875µg/kg dose study 

Mouse group Ave. food consumption during 
experiment  
(g/ hour/ mouse) 

Ave. food consumption prior to 
experiment  
(g/ hour/ mouse) 

SJL 0.28 0.20 
SLJ control 0.19 0.20 
C57 0.01 0.17 
C 57 control 0.25 0.20 
 

Other behaviours of the SLJ/J mice such as climbing and general activities like grooming 

appeared normal. Following dosage, the C57 mice became less active and did not attempt to 

eat or drink for several minutes, gradually they became interested in food but ate little.  One 

mouse was rubbing its cheek occasionally on the sides of the cage.  The other C57 mouse in 

this dose group appeared to be dry-reaching and was inactive.  When it did move it dragged 

its legs for some time but recovered (at necrospy this mouse was not found to have suffered 

any evident injury from the gavage procedure). 
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5.3.1.3 Faeces and urine observations in the pilot study 

 

No diarrhoea was detected and no blood could be seen in urine or faeces for any dose group.  

Both the faeces and the urine samples were extracted and PTX concentrations were found with 

the use of HPLC-MS/MS.  Analysis of urine and faeces was performed for the 25µg/kg study 

but concentrations were below the level of detection.  Results of the 190µg/kg study indicated 

PTXs were only detected in the faeces, and no toxin was found to be excreted after 24 hours 

following dosage to termination at 14 days (Table 5.5).  No toxin was found in the urine 

samples except for 3 samples that were contaminated with faeces (Table 5.6).   

 

Table 5.5 Faeces extractions for 190µg/kg pilot study. 

Sample 
Number 

Collection 
period 

Group Faeces 
sample 

weight (g) 

PTX-2-SA 
in total faeces 
collection (ng) 

7-epi-PTX2-SA 
(ng) 

PTX-2 
 

(ng) 
1 0-24 hours C57 Cont. 1.04 0.0 0.0 0.0 
2 0-24 hours SJL Cont 0.79 0.0 0.0 0.0 
3 0-24 hours C57 C3 1.05 471 1285 0.0 
4 0-24 hours SJL C2 1.25 665 1885 0.0 
5 Day 2 - 6 SJL Cont. 5.89 0.0 0.0 0.0 
6 Day 2 - 6 C57C3M2 4.43 0.0 0.0 0.0 
7 Day 2 - 6  SJL C2M2 6.23 0.0 0.0 0.0 
8 Day 7-14 C57 10.71 0.0 0.0 0.0 
9 Day 7-14 SJL 9.95 0.0 0.0 0.0 

10 Day 7-14 SJL Cont. 15.521 0.0 0.0 0.0 
 

Table 5.6 Urine extractions for 190µg/kg pilot study. 

Sample 
Number 

Collection 
period post 

dosing 

Group Urine 
Weight 

(g) 

PTX2-SA 
 

(ng) 

7-epi-PTX2-SA 
 (ng) 

PTX-2 
 

(ng) 
1 0-24 hours C57 Cont. 6.3 0.0 0.0 0.0 
2 0-24 hours SJL Cont .53 0.0 0.0 0.0 
3 0-24 hours C57 C3 2.51 7* 18* 0.0 
4 0-24 hours SJL C2 .43 2* 3* 0.0 
5 Day 2-6  SJL Cont. 2.24 0.0 0.0 0.0 
6 Day 2-6  C57C3M2 3.25 0.0 0.0 0.0 
7 Day 2-6  SJL C2M2 1.155 13* 0.0 0.0 
8 Day 7 -14  C57 3.65 0.0 0.0 0.0 
9 Day 7 -14  SJL 5.82 0.0 0.0 0.0 

10 Day 7 -14  SJL Cont. 4.75 0.0 0.0 0.0 
* Samples were contaminated with faeces due to design fault in metabolism chamber. 
 

Table 5.7 Total PTX2-SA excretion results for 190µg /kg study. 

Mouse Actual ave. dose per 
mouse (µg) 

Ave. total seco acids 
excreted per mouse (µg) 

% of excreted dose (non 
metabolized PTX2-SAs) 

C57 3.8 0.89 23% 
SJL 3.8 1.29* 34%* 

* + the toxin detected in the urine samples 
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Table 5.8 Faeces PTX2-SA extractions for the 875µg /kg study. 

Sample 
Number 

Collection 
period 

Group Faeces 
weight 

PTX2-SA 
in total faeces 
collection (ng) 

7-epi-PTX2-SA 
(ng) 

PTX-2 
 

(ng) 
1 1 hour C57 Cont. 0.04 0.0 0.0 0.0 
2 1 hour SJL Cont 0.39 0.0 0.0 0.0 
3 1 hour C57 C3* 0.19 0.0 0.82 0.0 
4 1 hour SJL C2* 0.18 0.0 0.30 0.0 
5 2 hours SJL Cont. 0.02 0.0 0.0 0.0 
6 5 hours SJL C3M2 0.12 0.0 1.3 0.0 
* Collection from two mice in same cage 
The only toxin to be detected in excreta in the 875µg /kg study was 7-epi-PTX2-SA. 

 

5.3.1.4 Necropsy observations for pilot study 

 

Gross pathology observations at necropsy are summarized below:  

 

25 µg/kg study:  

 

One C57 mouse appeared to be in shock and lost almost 12% of its body 

weight in the 24 hours post dose.  All other mice appeared normal at 24 

hours post dosing.  At 14 days post dose a macropathological observation 

noted was that the large intestine appeared distended compared to mice 

autopsied 24 hrs post dose. 

 

190 µg/kg study: No gross pathological changes were seen at 24 hrs or 2 weeks post dose. 

 

875 µg/kg study: At 3 hours post dose the C57 mice had marked haemorrhage in the 

glandular part of the stomach, with the stomach being very gaseous (fig 

5.2). At 6 hours post dose the wall of the duodenum was hyperaemic and 

swollen (fig 5.3).  For the SJL strain, at 4 hours post dose the mice had a 

markedly distended stomach with food and gas (fig. 5.5), focal areas of 

mild (compared to C57 mice) hyperaemia could be seen in the glandular 

part of the stomach.  At 7 hours post dose the duodenum was 

haemorrhagic (fig. 5.6).  
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 5 Toxicology studies with the PTX2-SAs  

Fig. 5.4 SJL/J control mouse 6 hours 
post dose with toxin vehicle alone.  

Fig. 5.1 C57BL/6J control mouse 
4 hours post dose with toxin 
vehicle alone  
Vanessa Burgess 

Fig. 5.5. SJL/J Mouse 4 hours post dos
875µg/kg/bw.  The stomach is seen gorged with

Fig. 5.2. C57BL/6J mouse 3 hours post dose wi
µg/kg/bw showing a gas-filled stomach and 
haemorrhage of the glandular stomach wall (arro
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Fig. 5.3. C57BL/6J mouse 6h post dose with
875µg/kg/bw showing hyperaemia and
swelling of the duodenal wall (arrow).  

 

 

 Fig. 5.6. SJL/J mouse 6h post dose with 875 
µg/kg/bw showing hyperaemia and swelling of 
the duodenal wall (arrow).   
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5.3.1.5 Histopathology observations with light microscopy in the pilot study 

 

25 µg/kg: No pathology was seen for any of the samples at the LM level. 

190 µg/kg: Necrosis could be observed of the tips of the duodenal villi of the SJL/J mice 

24 hours post dosing (Figs. 5.7 and 5.8) with no alterations present 14 days 

post dose. 

875 µg/kg: Marked histopathological changes were observed for the 875 µg/kg dosed 

mice at 3 and 7 hours post dose for both strains of mice.  The organs most 

affected were the stomach and duodenum.  In summary, pathology observed 

on the histopathology slides was as follows: 

Stomach: 

Severe necrosis, oedema and haemorrhage of the glandular stomach was 

found with inflammatory cells in the sub-mucosa, and invading the mucus 

membrane (figs. 5.10 and 5.11).  Atrophy of cells in the oesophageal part of 

the stomach can be seen. 

Duodenum: 

Extensive disintegration of tips of villi and loss of staining - indicating 

necrosis had occurred, with mucosal and submucosal haemorrhage (figs. 5.12 

and 5.14).  Some muscle damage seen by oedema of the muscle and sub-

muscular haemorrhage. 

Liver: 

Fatty change seen within periportal parachyma at 3 hours after 875µg/kg/bw 

toxins in SJL mice (fig. 5.16), but this pathology was not consistently seen in 

other mice. 

 

Fig. 5.8  Higher power of Fig 5.7 (SJL/J  mouse 
duodenum X200). Necrosis to tips of villi 24 h 
after a dose of 190µg/kg/bw.  

Fig. 5.7  SJL/J  Duodenum X40 
Longitudinal section of duodenum showing
damage to the tips of the intestinal villi. 24
hours following a dose of 190 µg/kg/bw.  
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Fig. 5.10 C57BL/6J  mouse stomach  
H &E X40.  
Loss of structure and haemorrhage
(arrow) of mucosa of the glandular
stomach can be seen 3 hours after a dose
of 875µg/kg/bw.  Injuries seemed to be
confined to the mucus membranes with
little penetration to the submucosal
tissues.     
Fig. 5.9.   
Control stomach 3 hours after a dose of
toxin vehicle alone.  H & E X100. 
Fig. 5.11.  C57BL/6J  mouse stomach  
H & E X200.  
Necrosis (N) and haemorrhage (arrow)
of the glandular mucosa and oedema
(E) of submucosa 3 hours after a dose
of 875µg/kgbw.   
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Fig.  5.12  SJL/J Duodenum X200
Longitudinal section showing ext
after a dose of 875µg/kg/bw.   

 

TX2-SAs  Vanessa Burgess 
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 (A), and (B) a magnified section of A  ear marked by the arrow X400  
ensive necrosis (N) of the duodenal villi with mucosal and submucosal degeneration and haemorrhage (arrow) 6 hours 
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Fig. 5.14. SJL/J mouse  H & E X40.  
Cross section of duodenum showing extensive necrosis of the villi (N) with
mucosal and submucosal haemorrhage (arrow) 6 hours after a dose of
875µg/kg/bw.  

Fig. 5.13 SJL/J control mouse H & E X40.  
Showing cross section of duodenum 6 hours after gavage of toxin
vehicle only.  The mucosa and intestinal villi are normal, cross
sections and longitudinal sections of villi can be seen. 
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Fig. 5.16. SJL/J mouse liver H & E X400.  
Slight hepatocellular fatty change within periportal parachyma at 3 hours after 875µg/kg/bw.
Additionally the cytoplasm appears more homogenious and pink staining but nuclei appear
normal. 
 

Fig. 5.15 SJL/J Control liver H & E X200,  3 hours after toxin vehicle alone.  
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5.3.1.6. Pilot distribution study 

 

For the pilot study oral dosing only was performed on three mice and observed at 1 hour post 

oral dosing with 300µg/kg.  The average results of three mice is shown in summary tables 

below (Tables 5.9 and 5.10).  The dose consisted of PTX2-SAs only with no PTX2. 

 
Table 5.10 Percentage recovery of PTXs from tissues 

 PTX2-SA 
(ng) 

7epi-PTX2-
SA (ng) 

Total SA 
(ng) 

Dose given 3310 2117 5427 
% of dose 61 39 100 
Ave recovered 648 1597 2244 
% of recovered 29 71 100 
 
% of dose 
recovered  

42 

Table 5.9 Distribution of PTX2-SAs  

Results per 
mouse 

Total SA/ 
Sample (ng) 

% of 
recovered

Blood 0.30 0.013 
Liver 7.00 0.31 
Intestine 403 17.98 
Kidney 0 0 
Spl.Hrt.Lung 0 0 
Int. Conten. 1834 81.70 
Total 2244 100 
 

No toxins were detected in the faeces or urine within 1 hour of dosing.  Given the low 

quantities detected in the samples it was decided to give higher doses in follow up distribution 

studies.  It would also be desirable to have a time-course study and to conduct i.p doses. 

 

5.3.2 Discussion of pilot study 
 

Batch 1 of the PTX2-SA toxin extractions employed for the pilot study, induced significant 

pathology that was consistent with known DSP gastrointestinal irritants causing severe 

necrosis of villi in the duodenum and severe haemorrhage of the glandular stomach in mice.  

Analysis of this first batch of toxins did not reveal any significant levels of other known DSP 

toxins such as OA, OA derivatives (DTXs), and contained no PTX-2.   Hydrolysis of samples 

to enable identification of OA acyl esters was not performed as it was not realized that OA 

could be present in the shellfish as acyl esters at that time.   

 

The pathology seen in the pilot study is similar to that of DSPs, which are known to target the 

intestine (Hamano et al. 1986; Terao et al. 1986; Edebo et al. 1988; Ito and Terao 1994; Blay 

and Poon 1995; Fiorentini et al. 1996; Ogino et al. 1997; Tripuraneni et al. 1997; Aune et al. 

1998; Oteri et al. 1998; Matias et al. 1999; Ito et al. 2002).  The small intestine has previously 

identified as a target organ for OA (Ito and Terao 1994), observing oedema in the small 

intestine within 1 hour of administration leading to hyper-secretion and erosion of tissue.  

Following this study, Ito and Terao (1994) have investigated the type of injury and repair 

process of the intestine caused by OA, DTX1 and DTX3.  They observed that DTX3 is known 
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to induce injury when administered by the oral route whereas OA and DTX1 caused intestinal 

injuries with both i.p and oral dosing.   They described the type of injuries caused by the toxins to 

be similar in nature with the basal epithelium becoming separated from the lamina propria within 5 

minutes of dosing whilst the villi on the upper portion of the cells remained intact.  They observed 

that when injuries were limited to the villi, new cells would move upward and differentiate into 

columnar cells with injuries being completely recovered within 2 days.  With more severe damage, 

villi fusion occurred which has been reported as a common mechanism in the DSP recovery 

process.  In this pilot study mice were not kept long enough to observe the recovery process in the 

875µg/kg experiments.  In the studies by Ito and Terao (1994) during the most severe cases of 

injury the crypt-villus unit was removed from the intestinal wall and regeneration took longer than 2 

days. 

 

Both the cheek brushing and the profuse eating by the SJL mice could be a sign of local irritation of 

the upper GIT associated with gavage of the toxic material.  A very small amount of unchanged 

toxin was excreted in the faeces within 24 hours and therefore absorption and metabolism of the 

PTX2-SA and 7-epi-PTX2-SA could be occurring. An oral toxicity study has previously been 

conducted with PTX2 at doses ranging from 250 µg/kg to 2500 µg/kg (Ishige et al. 1988). At levels 

of 250µg/kg Ishige et al. found one of their mice (of 5) had a watery distended duodenum and found 

mucosal injuries of the small intestine with necrosis of epithelial cells on the tips of villi for all the 

mice.  In this pilot study, the effect of a fluid-filled duodenum caused by exudation of inflammatory 

fluid into the duodenal lumen (accompanying the cellular necrosis) giving a swollen appearance 

macroscopically could be seen with a dose of 190 µg/kg and 875µg/kg.  At 1000 and 2500µg/kg 

Ishige et al. described lesions in the duodenum of extensive destruction of the microvilli.  In this 

pilot study, these lesions were seen in addition to haemorrhage in the mucosa and submucosa in the 

mice administered a dose of 875µg/kg.  Ishige et al. also found that mice administered PTX2 at 

doses of 1000µg/kg or more caused the mice to become immediately inactive, to have diarrhoea 

within 90 to 180 minutes and to have severe liver congestion.  The highest dose used in this pilot 

study was 875µg/kg with no diarrhoea seen in any dose group, and only one mouse becoming 

inactive for a period of time.  The fatty change of cytoplasmic lipid vacuolation observed in the 

liver of the SLJ/J mice is most likely post-parenial and not a consequence of toxicity exerted by the 

toxin i.e. because the behaviour of the SJL/J mice was to eat profusely following dosage the fats in 

the liver were accumulating more quickly than the mice could process them, and thus there is no 

unequivocal evidence of any hepatotoxicity caused by the PTX2-SAs in the pilot study.  It is 

acknowledged that pathology in the liver may have been observed in mice at the higher dose of 

875µg/kg had they not been terminated within 6 hours. It would have been interesting to see if the 

damage caused at the high dose would have repaired itself or if diarrhoea could have been seen 

between 24-48 hours, but due to ethical considerations however, the mice in this high dose group 

were all euthanased at 6 hours due to the severity of lesions observed. 
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The pilot distribution study identified the intestinal tract as a target organ for the PTX2-SAs, which 

is consistent with the target organ for PTX2 (as detailed later in chapter discussion).  The low 

percentage of detectable toxins in the liver indicates that the toxins have low absorption when 

administered orally.  

 

Toxins were only detected in faecal samples and not in urine, indicating that the PTX2-SAs, when 

absorbed into the body, are eliminated through the biliary system.  Large polar substances are 

commonly known to be excreted into the bile (Timbrell 2000).  With this information it is likely 

that the PTX2-SA are transported to the liver via the portal vein where the toxins or toxin 

metabolites would be excreted into the bile.  It would be interesting to isolate the gall bladders and 

extract them for toxins as bile is stored here until it is released into the intestinal tract. Should the 

PTX2-SA prove to be toxic, this mode of elimination though the biliary system may lead to 

increased toxicity through entero-hepatic re-circulation of the toxin.  

 

5.3.3 Conclusions for the pilot study 
 

Pathological observations of PTX2-SAs were found to be consistent with that described for other 

DSPs such as PTX2.  Other DSP related symptoms such as diarrhoea or pathology in the liver were 

not observed and follow up studies are required to elucidate further toxicopathology on the PTX2-

SAs.   

 

 

5.4 FOLLOW UP STUDIES WITH ACUTE DOSING 

 

5.4.1 Summary of in vivo investigations  
Further extractions of PTX2-SAs were prepared (Chapter 3)  to continue toxicology investigations. 

Follow up studies included additional dose groups to enable dose-response observations, and 

additional time periods (such as 12 and 24 hour dosing for higher doses or 3 and 6 hour for lower 

doses).  Studies with different PTX2-SA isomer combinations were also performed to determine if 

PTX2-SA or 7-epi-PTX2-SA caused the observed pathology seen in the pilot study.  It would also 

be interesting to observe a time-course of toxin distribution in vivo.  All studies were single dose 

investigations and were conducted with oral and i.p. dosing regimes to enable comparison of 

observed toxicology of the PTX2-SAs, if any existed, with that of published toxicity and 

toxicopathology for other DSP toxins.    The protocols of testing that took place are shown in  

Tables 5.11- 5.14 detailing dosage, toxins, mice, and exposure/observation periods. 
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Table 5.11 Protocol of oral dosing for histopathology pilot studies  

Toxin Dose (µg/kg) No. of C57/6 No. of SJL/J Exposure time 
PTX2-SA mix 1: 
35%  PTX2-SA  
65% 7-epi-PTX2-SA 

25 
190 
340 
500 
875 

1280 

2 
2 
1 
1 
1 
1 

2 
2 
2 
 

1 

3h, 6h,  
3h, 6h,  
12h 
 
12h 

PTX2-SA mix 2: 
90% PTX2-SA  
10% 7-epi-PTX2-SA  

1600 2 1 3h, 6h 

PTX2-SA mix 3: 
92% 7-epi-PTX2-SA  
8% PTX2-SA  

600 2 1 3h, 6h 

SA-unidentified ‘early peak’ 660 1 0 3h, 6h 
PTX-2 only 320 3 0 3h, 6h, 24h 
Non-PTX fraction from 
algae 

0 3 2 6h 

Controls 0 6 6 3h, 6h, 12h,  
 

 

Table 5.12 I.P dosing histopathology studies performed with shellfish and algal extracts 

Toxin Dose (µg/kg) No. of C57 mice Exposure time 
PTX2-SA mix 1: 
35%  PTX2-SA  
65% 7-epi-PTX2-SA 

250, 640 3 3h, 6h, 24h 

PTX2  only 300 3 3h, 6h, 24h 
Controls  2 24hr 

 
 

Table 5.13 Studies conducted to observe for the distribution of toxins. 

Toxin Dose (µg/kg) No. of C57 mice Exposure time 
PTX2-SA mix 4: 
29.35%  PTX2-SA  
70.20% 7-epi-PTX2-SA 
0.45% PTX2 

300 
1300 
650 

3 oral (pilot) 
5 oral  
5 i.p.  

1h 
30min, 6h, 12h, 24h 
30min, 1h, 6h, 12h, 24h 

PTX2  only 330 3 oral 
3 i.p  

1h 

Controls 0 1 oral (pilot) 
2 oral 
2 i.p 

1h 
24 hr 
24hr 

 
 
Table 5.14  Oral and i.p. dosing for MDA detection in mice urine 

Toxin Dose (µg/kg) No. of C57 mice *Collection time following dosage 
PTX2-SA mix 1: 
35% PTX2-SA  
65% 7-epi-PTX2-SA 

25  (low dose) 
 
 
 
750 (high dose) 

12 p.o. 
 
12 i.p. 
 
12 p.o. 

0-12hr pooled urine 
12-34hr pooled urine 
0-12hr pooled urine 
12-34hr pooled urine 
0-12hr pooled urine 
12-34hr pooled urine 

PTX2 only 650 6 0-12hr pooled urine 
12-34hr pooled urine 

Total dosed  42  
Controls  8  

* Urine samples were pooled from all cages for a particular dose group (all cages contained 3 mice each). 
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5.4.2 Results 
 
5.4.2.1 Macropathology observations 

Oral dose studies were repeated following the pilot study but the severe pathology that was seen 

with 875µg/kg could not be demonstrated again, not even by increasing the dose.  None of the 

characteristic lesions for DSP toxins were observed in the mice following PTX2-SA dosing except 

in the 340µg/kg dose group where one mouse did present with a milder form of the pathology seen 

with the ‘batch one’ toxins for damage to the duodenum (fig. 5.17, and fig. 5.18), but this 

observation is considered to be an artifact and was not observed in any other mice in that dose 

group.    Additionally, no mice died within the time periods indicated and again no diarrhoea was 

observed in any dose group.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.17 SJL/J.  Transverse
section of intestinal villi 12 hrs
following a p.o dose of 340
µg/kg PTX2-SA mix.
Disintegration and separation of
cells within the lamina propria
can be seen.  H & E X 400 
 

 

 

 

 

 

 

 

 

 

 

Fig. 5.18 SJL/J. Cross section
of intestinal villi 12 hrs
following a p.o dose of 340
µg/kg PTX2-SA mix.
Disintegration and separation of
cells within the lamina propria
can be seen.  H & E X 400 
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5.4.2.2 Acute i.p. dosing 
 
No mice died during the time periods indicated.  Observations seen at the LM level included 

sub-capsular haemorrhage within the liver with PTX2-SAs doses (figs. 5.19 and 5.20).   This 

observation could be caused by post-mortem changes as the livers were not bled out before 

being removed and such changes can be associated with the normal fixation of the liver, and 

therefore may not necessarily be a pathological change.  
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Fig. 5.19  C57BL/6J liver H & E X100.  3 hours post i.p injection with 640 µg/kg PTX2-SA mix 1.
Coagular necrosis and blood pooling in the sub-capsular region can be seen.  In the sub-capsular region
the nuclei appear contracted and there appears to be perfusion difficulties with blood accumulation.  
ig. 5.20  C57BL/6J liver X200.  24 hours post i.p injection with 640 µg/kg PTX2-SA mix 1. Cells appear to be
orphing together in the sub-capsular region.  The increased pink staining indicates changes in the cytoplasm
here it has become more solid but the nuclei appear normal.   
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5.4.2.3 Electron microscopy studies on the duodenum  
 

Preliminary observations indicated some cell structures showed compound related effects, but 

consistent results could not be seen. EM investigations with low PTX2-SA doses mainly 

showed alterations in the terminal web and in the mitochondria but microvilli were not 

effected.   Table 5.15 provides a summary of EM observations in the duodenum.  The 

significance of these changes could not be fully explored due to the limited quantity of 

purified toxin for studies, and it was not determined if these changes could repair themselves 

with time, given that renewal of villi within the intestinal tract usually occurs within a 24h 

cycle.  Additionally, there may be other explanations for the changes seen, even the necrosis 

associated with the method of fixation employed for this study, as perfusion fixation was not 

performed and thus some changes may be a post-mortem artefact.  As a consequence of not 

using perfusion fixation, liver samples were not sufficiently fixed and interpretation of these 

samples could not be performed.   

 

Table 5.15 EM observations of the duodenum 

Points of observation Comments 

Donut mitochondria: 

 

Some controls have slightly swollen mitochondria (fig. 5.21) but in 

test samples abnormal mitochondria can be seen wrapping around 

each other (fig.5.26) or appear as though they have engulfed an 

organelle or have spherical vacuoles in them (donut shape) and some 

mitochondria have become round.   

Terminal web effect Under the striated boarder there is a thin layer of homogenous 

cytoplasm called the terminal web, but in dosed mice  this area was 

generally increased in size and appeared disorganized compared to 

controls (figs. 5.24 and 5.25).  Also in this area there appears to be a 

tubular reticular effect where cells are morphing together  

Ramose  

 

Re-aggregation and reorganization of membranes in the upper part 

of the cell occurs in some areas (figs 5.25 and 5.26). 

Necrosis Necrotic cells near microvilli can be seen in fig. 5.27 

Basal lamina Structures of the basal lamina appear altered compared to control 

cells (figs 5.28) but the muscularis (muscle cells) deeper down 

appear unaffected 

Hypertrophied RER Hyperplastic RER can be seen in treated cells (fig. 5.26b) 

 

The following pages provide examples of images captured with the electron microscope.
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Fig. 5.22  Duodenum of C57BK/6J control 35 K 
3 hours following gavage of vehicle alone.  
Block 12518a  

Fig. 5.21 Duodenum of C57BK/6J control Mag X 6K 
3 hours following gavage of vehicle alone.  Microvilli are 
intact, but mitochondria appear enlarged 
Block 12518a  

TW – Terminal web area 
TB – Terminal Bars 
V – Microvilli 
D – Desmosomes 
M – Mitochondria 
MG – Mucin and glycocalyx 
TJ – Tight junction 
RER – Rough endoplasmic reticulum 
Fig. 5.23 Duodenum of C57BK/6J control Mag X 5K,
6 hours following gavage of vehicle alone, micrograph
taken close to the basal lamina. 
Block 12524a    
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Fig. 5.24  Duodenum of C57BK/6J Mag X 6K . 
3 hours following gavage of 25µg/kg PTX2-SAs.  Changes in the terminal web 
can be seen, but the microvilli appear normal with a coating of mucus.  Block  
12519a   

Fig. 5.25  Duodenum of C57BK/6J Mag X
3 hours following gavage of 190µg/kg PT
can be seen. Block  12525d  
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Fig. 5.26 Duodenum of SJL/J A (Mag X 3K) and B Mag X 10K    
6 hours following gavage of 25µg/kg PTX2-SAs. Block  12523  
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Fig. 5.28  Duodenum of SJL/J Mag X 6K    
6 hours following gavage of 190µg/kg PTX2-SAs. Micrograph taken 
near the basal lamina. Block  12526a   

Fig. 5.27 Duodenum of SJL/J Mag X 3K    
6 hours following gavage of 25µg/kg PTX2-SAs.  The cellular structure in this 
section appears necrotic.  Block  12523  
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5.4.2.4  PTX 2 dosing study  

 

5.4.2.4.1 Observations post dosing 

The mice gavaged with PTX2 appeared normal for the first 20 minutes and then appeared to 

be sleeping.  The mice that were administered PTX2 by i.p injection appeared normal for the 

first 15 minutes and then all three mice appeared to stagger in their walking taking very small 

steps, appearing off-balance and floppy.  Generally, all mice that were dosed did not appear as 

alert at the controls.  By one hour post dosing all mice were asleep including controls.  No 

mice died during the time periods indicated.   
 

Table 5.16 Necropsy observations 

 Macropathology observations 
Controls None evident 

p.o.  (3hrs) None evident 

p.o.  (6hrs) 
Large intestine appeared very pink in colour and the duodenum 
appeared fluid filled, although no haemorrhage could be seen in the 
duodenum or stomach. 

p.o.  (24hrs) None evident 
i.p. (3hrs) Slightly enlarged lymph nodes on the intestinal tract 

i.p. (6hrs) 
The liver appeared haemorrhagic towards the edges of lobes, the 
pancreas also appeared red with normal size.  The contents of the 
illeum and large intestine appeared yellow and fluid-filled (fig. 
5.29). 

i.p. (24hrs) Liver appeared red on surface. 
 

Fig. 5
PTX2
be see
and it
as an i

Fig. 5.29  C57BL/6J mouse 6 hours post gavage
with 320 µg/kg PTX2.  No abnormalities
observed.  
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.30  C57BL/6J mouse 1 hr following i.p injection of 330 µg/kg
 (for distribution studies).  The grossly enlarged spleen that can
n was not a consistent finding in other mice dosed with PTX2

 is considered normal to have a few mice with enlarged spleens
ndividual change and not compound (PTX-2) related. 
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Table 5.17 Body and liver weight comparison. 

 Weight before 
dosing 

Weight at 
Necropsy 

Weight of liver 
(g)* 

liver as % of 
bw** 

Control p.o 18.50 18.53 0.94 5 
Control i.p 19.78 18.93 1.29 7 

p.o. 1 (3hrs) 18.13 17.80 0.92 5 
p.o. 1 (6hrs) 18.70 17.80 1.01 6 

p.o. 1 (24hrs) 16.56 17.59 1.23 7 
i.p. (3hrs) 16.59 16.83 1.07 6 
i.p. (6hrs) 16.74 16.64 0.93 6 

i.p. (24hrs) 16.99 16.38 0.91 6 
* Livers were not bled-out before removal from body and therefore irregular findings for liver weight would depend on blood 

sludging at time of death in that particular organ. 

*  Significance of weight differences to controls could not be performed due to low animal numbers per group. 

 

Table 5.18  Extraction of PTXs from collected faeces following PTX dosing 

 
Collection 

(h) 
PTX2-SA 

ng/mL 
7 Epi-PTX2-SA

ng/mL 
PTX2 
ng/mL 

SA total
ng/mL 

PTX  total 
ng/mL 

ng/ 
sample 

% 
PTX2-SA 

% 
7epi-PTX2-SA

% 
PTX2

Cont 24 0 0 0 0 0 0 0 0 0 
po1 3 0 15 13 15 28 8 0 54 46 
po2 6 0 9 65 9 75 22 0 13 87 
po3 24 0 61 26 61 87 26 0 70 30 
ip1 3 0 5 7 5 11 3 0 40 60 
ip2 6 0 178 3 178 181 54 0 99 1 
ip3 24 0 94 21 94 115 35 0 82 18 

 

It can be seen from table 5.18 that some of the PTX2 dosed is converted to 7-epi-PTX2-SA in 

excreted faeces.  There are insufficient numbers of animals to observe a pattern of excretion 

rates or ratios but generally there appears to be a larger percentage of the excreted toxin being 

converted to the 7-epi-PTX2-SA than is remaining un-metabolized and excreted as PTX2.  No 

PTXs were detectable in urine samples. 

 

5.4.2.4.2 Histopathological observations 

 

Pathological observations seen at the LM level included sub-capsular haemorrhage of the 

liver with PTX2 doses (i.p) (figs. 5.31 and 5.32).   This should be considered a direct 

compound-related local effect only.  Penetration to the interior was not seen as the internal 

structure of the liver appeared normal and nuclei of all cells were unchanged.  This 

observation indicates that the toxin is not very lipid soluble and is unlikely to cause 

substantial hepatotoxicity.  Pyknoitic nuclei could be seen in a few cells around the periportal 
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area of the liver in dosed mice, but numbers were not significant and degeneration of some 

cells is within normal parameters. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.31  C57BL/6J Liver  
H & E X 40.  
3 hours post i.p injection of 300
µg/kg PTX2.  Sub capsular
haemorrhage can be seen.   

Fig. 5.32 C57BL/6J Liver  
H & E X 200.   
3 hours post i.p injection of 300
µg/kg PTX2.  Sub capsular
haemorrhage can be seen with
loss of glycogen in the
hepatocytes.   
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Fig. 5.33  C57BL/6J liver  
H & E X 200.   
6 hours post gavage of 320 
µg/kg PTX2.    There are 
changes in the cytoplasm 
indicated by increased pink
staining.   
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5.4.2.5 Distribution study 

 

5.4.2.5.1 Determination of dose concentrations 

 

Distributions studies were conducted with two different dose mixtures of PTXs.  The first 

consisting of a mix of PTX2-SAs with a small percentage of PTX2 (Tables 5.19 and 5.20) and 

the second mix was PTX2 only (Table 5.21).   

 

Table 5.19 Analysis of the dose stock to determine the composition of pectenotoxins 

Dose stock 
analysis 2SA ng/ml 7 epi ng/ml PTX2 ng/ml OA ng/ml 

SA total 
ng/ml 

PTX total 
ng/ml 

Stock conc. 30750 73543 469 0.00 104292 104761 
% in stock 29.35 70.20 0.45 0.0 99.55 100 

 
Table 5.20 Dose concentrations administered to mice for distribution studies 

Dose stock 
analysis 

Vol. stock for 
dose prep. (ul) 

Total PTXs in 
dose prep (µg) µg /mouse Ave wt (g) 

Dose 
µg /kg 

ip 504 53 10.56 16.44 ≈ 640 
po 738 77 19.33 15.06 ≈ 1280 

 
 
Table 5.21 Dose concentrations administered to mice for distribution studies with PTX 2  

Dose stock analysis µg /mouse Ave wt (g) 
Dose 

µg /kg 
ip 5.70 16.76 340 
po 5.70 17.79 320 
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5.4.2.5.2  Body distribution of the pectenotoxins following oral or i.p injection 

 
 
Tables 5.22, 5.23 and 5.24 and figures 5.34, 5.35 and 5.36 summarize information on the 
concentrations of PTXs extracted from organs and excreta from mice.  Data is presented as 
‘total’ PTXs extracted.   
 
Table 5.22  Summary of body distribution and total PTX concentrations (ng) extracted from 
organs and excreta of mice gavaged with the PTX2-SA dose 

 
30 min 

ng 
% 

Dist. 
6 h 
ng 

% 
Dist. 

12 h 
ng 

% 
Dist. 

24 h 
ng 

% 
Dist. 

Blood 0 0 0 0 0 0 0 0 
GIT contents 4450 89 3587 78 379 10 14 0 

Liver 3 0 11 0 1 0 0 0 
Kidneys 1 0 0 0 0 0 0 0 
Heart 0 0 0 0 0 0 0 0 
Lung 0 0 0 0 0 0 0 0 

Spleen 0 0 0 0 0 0 0 0 
GIT  562 11 214 5 16 0 1 0 

Faeces  0 0 795 17 3565 90 3704 100 
Urine 10* 0 0 0 1 0 0 0 

Total recovered 5026 100 4606 100 3962 100 3718 100 
Average recovery 3236        

*Sample contaminated with faeces 
 
 
Fig. 5.34  Distribution of pectenotoxins following gavage over a 24 hour period 
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It can be seen that following oral dosing the majority of the dose remained within the 
gastrointestinal tract and was excreted in the faeces without being absorbed.  Only a small 
percentage was absorbed into the GIT tissue (max 11% of that extracted at 6 hours) and an 
even smaller quantity (less than 1%) is detectable in the liver at 6 hours.  By 12 hours, the 
body had cleared 90% of all toxins recovered and by 24 hrs post gavage, no toxins could be 
detected in the tissues. 
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Table 5.23  Summary of body distribution and total PTX concentrations extracted from 
organs and excreta of mice administered the PTX2-SA mix by i.p injection 
 

 30 min 
% 

Dist. 
1 hr 
ng 

% 
Dist. 

6 h 
ng 

% 
Dist. 

12 h 
ng 

% 
Dist. 

24 h 
ng 

% 
Dist. 

Blood 0 0 3 0 3 0 42 2 0 0 
GIT contents 1737 81 2567 87 2118 78 527 24 6 0 

Liver 223 10 209 7 90 3 0 0 0 0 
Kidneys 1 0 0 0 4 0 0 0 0 0 
Heart 0 0 0 0 0 0 0 0 0 0 
Lung 0 0 0 0 0 0 0 0 0 0 

Spleen 0 0 0 0 0 0 0 0 0 0 
GIT  194 9 182 6 59 2 24 1 0 0 

Faeces  0 0 0 0 427 16 1594 73 1689 99 
Urine 0 0 0 0 0 0 0 0 16* 1 

Total recovered 2155 100 2961 100 2701 100 2187 100 1711 100 
Average recovery 2343          

 * Sample contaminated with faeces 
 
Fig. 5.35  Distribution of pectenotoxins following i.p injection over a 24 hour period 
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It can be seen that following i.p injection of the PTX2-SA mix, there was a wider distribution 
of toxins throughout different organs of the body.  Organs of particular interest include the 
liver where 10% of total toxins extracted can be seen in the liver at 30 minutes post dosing. It 
is interesting to observe that 81% of the toxins recovered at 30 minutes post dosing were 
found excreted into the GIT contents un-metabolized.  At 12 hours following dose, all but a 
small proportion (1% in the GIT tissue and 2% in the blood) of the detectable toxins had been 
excreted into the GIT lumen.  
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Table 5.24  Summary of body distribution and total PTX concentrations extracted from 
organs and excreta of mice gavaged or i.p injected with PTX2 only 
 

PTX2 1 hr p.o (ng) % Dist. i.p (ng) % Dist. 
Blood 1 0 39 9 

GIT contents 1012 95 303 67 
Liver 0 0 9 2 

Kidneys 0 0 3 1 
Heart 0 0 1 0 
Lung 0 0 2 0 

Spleen 0 0 24 5 
GIT  49 5 62 14 

Faeces  6 1 6 1 
Urine 0 0 0 0 

Total recovered 1068 100 449 100 
 
 
Fig. 5.36  Distribution of total pectenotoxin detectable 1 hour following PTX2 administration 
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For oral dosing, a similar pattern was seen with administration of PTX2 as was seen with the 
PTX2-SA dose.  The majority of the dose remains in the GIT contents and is never absorbed 
by the body, whilst only a small proportion (5%) is absorbed or transported though the GIT 
tissue.  No toxin was detectable in the liver at the 1 hour time point at the concentrations 
given.   For i.p dosing, again, there is a wider distribution of the toxins with PTXs being 
detected in all organs analyzed.  The greater proportion of the toxin extracted was detected in 
the GIT contents un-metabolized.  
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Table 5.25 Organ weights for the distribution study represented as percentage of body 
weight 

Dose group 
Time  

post dose
Wt at  

dosing 
Wt at  

necropsy 
% liver  
wt/bw 

% kidney 
wt/ bw 

% heart &  
thymus wt/ bw 

% lung  
wt/ bw 

% spleen 
wt/bw 

% GIT 
wt/bw*

po PTX2-SA 30 min 14.86 14.88 5.50 1.69 1.43 0.91 0.54 NR 
po PTX2-SA 6h 15.28 14.10 4.50 1.38 1.35 0.86 0.30 NR 
po PTX2-SA 12h 14.75 14.96 5.08 1.46 1.37 0.81 0.39 13.28 
po PTX2-SA 24h 15.35 14.57 4.50 1.98 0.99 0.81 0.34 11.89 
ip PTX2-SA 30 min 16.96 16.97 5.51 1.41 1.29 1.13 0.35 9.92 
ip PTX2-SA 1h 16.04 16.12 5.22 1.60 1.30 0.74 0.43 10.83 
ip PTX2-SA 6h 16.64 15.94 4.91 1.43 1.34 0.83 0.41 9.79 
ip PTX2-SA 12h 16.10 16.13 5.42 1.33 1.39 0.76 0.38 NR 
ip PTX2-SA 24h 16.45 16.42 6.22 1.46 1.30 0.77 0.53 11.95 

ip PTX2 1h 16.67 16.95 5.00 1.69 1.58 0.80 0.83 9.49 
po PTX2 1h 17.28 16.96 5.33 1.52 1.03 0.68 0.36 9.76 

Ip Control. 24h 17.78 17.22 4.99 1.46 1.02 0.78 0.47 NR 
Po Control. 24h 17.21 16.55 4.85 1.40 1.17 0.79 0.51 10.76 

* NR – not recorded 
It is not possible to perform a statistical analysis to determine any significant difference of 
organ weights between treated and control animals in table 5.25 as there is only one animal 
per dose group due to restricted quantities of toxin available for studies. 
 
Necropsy observations included a note of a pink ileum for mice i.p administered PTX2-SAs 
30 minutes post dose.  One hour following PTX2 i.p. dosing one lobe of the thyroid was also 
enlarged and the spleen was also found to be enlarged with a mottled appearance. 
 
 
 
5.4.2.5.3  Summaries of doses given and toxins recovered from tissues and excreta. 

 
From table 5.26 below, it can be seen that only 31% of the seco acid mix dose administered 
orally to mice was recovered in tissue and excreta samples.  Therefore 69% was either 
metabolized to other compounds, became bound to protein or other body components or was 
lost during the extraction process.  There was a much lower recovery at just 12% for i.p 
dosing (Table 5.27) and it is likely that the seco acids were affected by components in the 
blood and liver. 
 
 
Table 5.26 Comparison of dose given and PTXs recovered from tissues and excreta following 
gavage of PTX2-SA mix dose 

 PTX2-SA 7-Epi PTX2-SA PTX2 Total  
Dose given (ng) 3099 150 75 10560 
% dose 29.35 70.20 0.45 100 
Ave. recovered (ng) 421 2815 0 3236 
% recovered 13 87 0 100 
Total recovery of dose 
given 31% 
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Table 5.27 Comparison of dose given and PTXs recovered from tissues and excreta following 
i.p injection of PTX2-SA mix dose 

 PTX2-SA 7-epi PTX2-SA PTX2 Total  
Dose given (ng) 5673 13570 87 19330 
% dose 29.35 70.20 0.45 100 
Ave. recovered (ng) 562 1757 23 2343 
% recovered 24 75 1 100 
Total recovered of dose 
given 12% 
 
 
For PTX2 oral dosing just 19% of the dose administered was recovered from all samples 
(Table 5.28).  A small percentage (2%) of the PTX2 was converted to the PTX2-SA ‘early 
peak’ (refer to chapter 3 to view an example of this peak on a chromatograph).  With i.p 
dosing (Table 5.29) only 8% of the dose was recovered with 94% of this remaining un-
metabolized as PTX2, 3% being converted to the early peak SA, 2% being converted to 
PTX2-SA and 1% epimerising to 7-epi-PTX2-SA. 
 
 
Table 5.28 Comparison of dose given and PTXs recovered from tissues and excreta following 
gavage of a PTX2 only dose 

 early PTX2-SA 7-epi PTX2-SA PTX2 Total  
Dose given (ng) 0 0 0 5700 5700 
% dose 0 0 0 100 100 
Ave. recovered (ng) 21 0 0 1047 1068 
% recovered 2 0 0 98 100 
Total recovered of dose 
given 19% 
 
 
Table 5.29 Comparison of dose given and PTXs recovered from tissues and excreta following 
i.p injection of a PTX2 dose 

 Early peak PTX2-SA 7-epi PTX2-SA PTX2 Total  
Dose given (ng) 0 0 0 5700 5700 
% dose 0 0 0 100 100 
Ave. recovered (ng) 13 4 9 422 449 
% recovered 3 1 2 94 100 
Total recovered of dose 
given 8% 
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5.4.2.6 Malondialdehyde studies 
 
MDA investigations have been performed with PTX2-SA (oral and i.p dosing) and PTX2 

(oral dosing only).   Urinary creatinine was measured in µmol/L, which was converted to 

mg/L on the principle that 1µMol ≡ 0.113mg creatinine.  Results are shown in table 5.30 and 

5.31 and in fig. 5.37 with MDA being expressed as an hourly excretion rate within the timed 

collection period [µmol/mg creatinine] to normalize the circadian variation in creatinine 

excretion.  The control urine collections from 0-12hr and 12-34 hour were combined to leave 

just one pooled sample of 0-34 hours, as all samples were standardized over a collection 

period by expression to mg of creatinine this would not affect any statistical outcomes.  
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Fig. 5.37 Urinary MDA concentrations in C57 mice treated with either PTX2-SAs or PTX2.  An * above MDA

bars indicate a significant difference of urinary MDA when compared to control samples. 

 

 

It was noted at necropsy that the mice all presented with 

inflamed and red-looking urinary tracts indicative of 

infection.  It is not believed that this observation was 

associated with the toxin as all control mice were similarly 

affected.  Fig 5.38 shows a control with haemorrhagic 

urethral tracts (arrow). 

 

Fig. 5.38. C57 control in MDA studies presenting with
haemorrhagic urethral tracts (arrows)
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Table 5.30 Urinary MDA analysis  
 

* denotes a significant difference compared to controls with the Students T-test.       ND – value not determined due to insufficient volume of sample 

Table 5.31 MDA analysis expressed as amount excreted per hour of collection time 

Gp 
No. Toxin  

Dose  Colletion 
Hrs 

Ceatinine 
(mg/L/hr) 

MDA 
uMol /L/hr 

Ave MDA 
uMol /L/hr 

MDA 
(nMole/mg creatinine/hr) 

Ave MDA 
(nMole/mg 

creatinine/hr)

1 Control  po/ip 0-34 20.02 0.15 0.15 0.14 0.15 0.22 0.22 0.21 0.21 
2 PTX2-SA 25µg/kg po 0-12  38.90 0.38 0.37 0.38 0.37 0.82 0.78 0.80 0.80 
3 PTX2-SA 25µg/kg po 12-34 32.16 0.40 0.41 0.40 0.41 0.57 0.58 0.57 0.57 
4 PTX2-SA 25µg/kg i.p 0-12  58.10 0.55 0.39 0.51 0.48 0.79 0.56 0.73 0.69 
5 PTX2-SA 25µg/kg i.p 12-34 39.35 0.33 0.34 0.34 0.34 0.38 0.40 0.40 0.39 
6 PTX2-SA 750µg/kg po 0-12 59.21 0.43 0.43 ND 0.43 0.60 0.61 ND 0.60 
7 PTX2-SA 750µg/kg po 12-32 29.72 0.28 0.30 0.29 0.29 0.47 0.50 0.49 0.49 
8 PTX2 650µg/kg po 0-12 36.68 0.09 0.08 ND 0.08 0.20 0.19 ND 0.19 
9 PTX2 650µg/kg po 12-32 40.05 0.26 0.26  0.26 0.32 0.32  0.32 

Gp 
No. Toxin  

Dose  Colletion 
Hrs 

Creatinine
umol/L 

Ceatinine 
(mg/L) 

Protein
g/L 

UP/UC 
Ratio 

MDA 
uMol /L 

Ave MDA
uMol /L 

MDA 
(nMole/mg creatinine) 

Ave MDA 
(nMole/mg 
creatinine) 

1 Control  po/ip 0-34 6024 681 1.49 2.19 4.98 5.06 4.84 4.96 7.32 7.44 7.11 7.29 
2 PTX2-SA 25µg/kg po 0-12  4131 467 1.34 2.87 4.58 4.39 4.51 4.49 9.81 9.40 9.65 9.62* 
3 PTX2-SA 25µg/kg po 12-34 6261 707 2.17 3.06 8.83 9.09 8.91 8.94 12.48 12.85 12.59 12.64* 
4 PTX2-SA 25µg/kg i.p 0-12  6170 697 1.79 2.56 6.58 4.68 6.08 5.78 9.44 6.72 8.72 8.29 
5 PTX2-SA 25µg/kg i.p 12-34 7662 866 2.35 2.71 7.18 7.53 7.55 7.42 8.29 8.70 8.72 8.57* 
6 PTX2-SA 750µg/kg po 0-12 6288 711 1.78 2.50 5.10 5.20 ND 5.15 7.18 7.31 0.00 7.25 
7 PTX2-SA 750µg/kg po 12-32 5260 594 0.52 0.87 5.55 5.96 5.85 5.79 9.33 10.03 9.84 9.73* 
8 PTX2 650µg/kg po 0-12 3895 440 0.90 2.04 1.05 0.99 ND 1.02 2.39 2.25 0.00 2.32* 
9 PTX2 650µg/kg po 12-32 7089 801 1.17 1.46 5.16 5.11 ND 5.13 6.44 6.37 0.00 6.41 
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5.4.3 Discussion of follow-up studies 
 

5.4.3.1  Behaviour of the mice 

 

Although the behaviour of the mice was altered in the pilot study with the profuse eating and 

rubbing of cheeks on the side of the cages, no such abnormal behaviour was observed in any 

follow-up studies with other batches of toxins. 

 

5.4.3.2  Histopathology for PTX2-SAs 

 

Toxicity was only observed with ‘batch 1’ toxins used in the pilot study investigations.  Batch 

1 PTX2-SAs were extracted from pipis and an oyster and mussel extract from South 

Australia.  The extracts of the separate shellfish were combined to keep a consistency in stock 

PTX2-SAs for the pilot study.  All follow up studies with PTX2-SA extracts from shellfish 

and algal sources (batches 2-4) have induced no significant pathology whatsoever.  A large 

number of pipis from the same consignment as batch 1 were re-extracted and no other known 

shellfish toxins, including gymnodimine and yessotoxin, could be detected from the pipis, and 

thus it is believed the causative agent was most likely present in the extract of mussels and 

oysters  (consignment 1) from SA, of which the entire consignment was used in the first 

extraction.  At this point in time the causative agent of the lesions and changes in behaviour 

seen in the mice orally administered with batch 1 PTX2-SAs in the pilot study has not been 

identified.  All the studies were conducted to GLP and it is not believed this toxicity was 

caused by a laboratory-derived contaminant in the toxin vehicle or from glassware as no 

lesions were observed in control animals.  This finding demonstrates the requirement to 

maintain and support regulatory inclusion of the mouse bioassay in testing of shellfish toxins 

to identify ‘un-known‘ and ‘novel’ shellfish toxins.   

 

Preliminary studies on the PTX2-SAs have been performed by another research group in New 

Zealand (Towers, Munday and Miles – AgResearch report to the Biotoxin Technical 

Committee, 2002).  Towers et al. orally gavaged one mouse with 2500µg/kg of PTX2-SA 

extracted from algal extracts with no toxicity or changes in behaviour being observed within 

several days of dosage.  They followed this by dosing 3 mice with 5000 µg/kg either by i.p or 

p.o administration, again with no toxicity or changes in behaviour being found within 10 days 

following the dose.  The only note that was made was the body weight gain of mice dosed 

was slightly lower than the controls.  Towers et al. concluded that the PTX2-SAs do not cause 
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any acute toxicity following oral administration and stated more i.p investigations were 

required for the regulation of PTX2-SA for consumer safety. 

 

5.4.3.3  Histopathology electron microscopy studies with the PTX2-SAs 

 

EM has previously been employed for DSP research to observe changes in a bioassay of 

freshly prepared hepatocytes exposed to extracts of shellfish (Aune et al. 1991).  The terminal 

web (TW) below the striated border is described as an organelle exclusion zone (Bonfanti et 

al. 1992) where there is a thin layer of homogeneous cytoplasm, which contains a 

cytoskeleton made of a dense mesh-work of filaments.     In dosed mice this area generally 

increased in size (figs. 5.24 and 5.25) compared to controls. Also in this area there appeared 

to be a tubular reticular effect where cells were becoming ramose and morphing together in 

treated groups.  Re-aggregation and reorganization of membranes in the upper part of the cell 

was occurring in some areas figs 5.25 and 5.26.  The TW provides a support base for the 

microvilli and is known to contain three major types of filaments – actin and numerous 

myosin filaments (Keller et al. 1985; Heintzelman et al. 1994) and intermediate filaments 

(Hagen et al., 1987).  There are also other components including various binding proteins, 

myosin and microtubules which all provide a supportive role in this apical zone. The TW is 

thought to be an important area where microtubules aid the transport of smooth-surfaced 

vesicles containing newly synthesized proteins and glycoproteins to the microvillar surface 

membrane  (Ellinger and Pavelka 1984; Cowin and Burke 1996).  It may be possible that the 

intestinal cells are producing more of these vesicles as a protective response and they are 

being transported to the apical surface where they have accumulated in the terminal web 

caused by limited microtubule transportation availability.  During cell mitosis the TW has 

been described to become much thinner (Jinguji and Ishikawa 1992).   An increased and 

disorganized TW has been described following glycofurol 75 and mannitol exposure to 

cultured Caco-2 cells (Jorgensen et al. 1993) which was attributed to an osmotic response 

rather than a toxic response to the substances.  This theory could be applied to this study with 

the PTX2-SAs to suggest that changes in fluid transportation may be initiated at the cellular 

level of the brush boarder but that these changes were not significant enough to manifest in 

symptoms of diarrhoea as seen with other more potent DSPs.  Another study which 

investigated the changes in the TW and cell permeability was performed where it was found 

that rats with 20% burns presented with disruption of actin filaments in the cytoskeleton of 

the TW results in increased vesiculation of the microvilli (Ezzell et al. 1993).  

 

In test samples, abnormal mitochondria can be seen that appear to be wrapping around each 

other (fig. 5.26), and look as though they have engulfed an organelle or have spherical 
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vacuoles in them (donut shape) and some mitochondria have become round.   All these forms 

have been described during the process of mitochondrial fusion, fission and division with 

some papers discussing that this ‘donuting’ occurs when the mitochondria are dividing 

rapidly as a prerequisite for increased oxidative metabolism requirements of the cells (Sesaki 

and Jensen 1999; Van der Bliek 2000; Scheffler 2001).  This possible need for increased 

oxidative metabolism is discussed later with MDA analysis and also in chapter 6 with results 

of the cDNA microarray.  The hyperplastic RER observed in treated cells may indicate that 

induction of transcription and translation of proteins is occurring.  This mechanism was 

proposed in discussions to a response of intestinal cell infection by parasites that caused such 

hyperplastic RER  (Richer et al. 1991). 

 

Structures of the basal lamina appear altered compared to control cells but the muscularis 

(muscle cells) deeper down appear unaffected.  The changes in the basal laminar have not 

been defined in this study and further investigation would be required to determine 

pathological changes were occurring.   

 

Mice treated with an i.p dose of 1000 µg/kg of PTX showed severe congestion of their livers, 

and the surface of the livers appeared finely granulated within 60 minutes of the i.p. injection 

of PTX-1 (Terao et al. 1986).  No pathological changes in the large and small intestines or in 

any other visceral organs were observable.  Multiple large vacuoles appeared around the 

periportal regions of the lobules, but these vacuoles did not stain with neutral red, which 

indicates changes in neutral lipids, and several of the vacuoles located in the sub-capsular 

region contained erythrocytes.  Hyaline droplets were seen in the hepatocytes that developed 

vacuoles.  Electron microscopic observation showed flattening of the microvilli on the 

hepatocytes in the periportal region and also showed the plasma membrane to be invaginated 

into its cytoplasm.  These observations in the liver were similar to those observed by (Aune 

1989) who dosed freshly isolated hepatocytes with various DSPs.  No flattening of villi was 

seen in any micrographs following dosing of low doses of the PTX2-SAs, but further 

investigation with higher doses and different exposure periods would be required to determine 

if this occurs with the PTX2-SAs.  The liver sections were not fixed appropriately with the 

method employed in this thesis and therefore interpretation of samples could not be 

performed and perfusion fixation is recommend for future EM investigation with the PTX2-

SAs.  Due to limitations of toxin availability for this PhD, repeat studies for EM purposes 

were not possible. 
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5.4.3.4  Distribution studies 
 
The main target organs where the PTX2-SAs were detected included the liver and GIT tissue 

for both oral and i.p dosing.  It was found that the PTX2-SAs could be detected in the GIT 

contents within 30 minutes of administration via i.p – therefore a significant amount is 

excreted rapidly into the GIT unchanged.  It is possible that the toxin is being absorbed 

through the peritoneal cavity, then through the lymphatics to the blood and is then excreted by 

the liver. 

   

A recovery of approximately 30% for the oral administration of PTX2-SA was found with a 

lower percentage recovery of unchanged toxins at 12% for i.p. administrated toxins.  A 

similar pattern was seen with PTX2 dosing, where approximately 20% of the oral dose could 

be recovered but only 8% of the i.p. administered dose. This lower recovery with the i.p 

dosing could be caused by increased metabolism of the toxin by components in the blood or 

in the liver as the bioavailability of the toxins is increased by this method of dosing and more 

is passing through the liver. 

 

The composition of PTXs recovered is detailed in tables 5.26 - 5.29 and is representative for 

PTXs recovered from the organs, but even though only a very small quantity of PTXs were 

extracted from the faeces within the 1 hour of the experiment, there was a very different 

distribution of 28% PTX2-SA, 34% 7-epi-PTX2-SA and 38% PTX2 showing that quite a 

considerable amount of conversion had occurred once the toxin was excreted into the 

intestinal tract from the body.  This conversion could have occurred by metabolism though 

the liver before being excreted into the bile or may have been caused by the environment 

within the intestinal tract such as digestive secretions or bacterial metabolism of the toxins.   

It was also seen that following oral dosage the faeces extractions had a PTX2-SA distribution 

of 16% PTX2-SA and 84% 7-epi-PTX2-SA whereas the i.p dosing was found to have a 

higher concentration of PTX2-SA at 28% with a corresponding lower concentration of 7-epi-

PTX2-SA at 72%. 

 

It would have been preferential to have conducted a distribution study utilizing radiolabelled 

toxin, or have used an immunostaining method similar to that employed previously to 

investigate the distribution and excretion of orally administered OA in mice (Ito et al. 2002).  

Ito et al. found that within 5 minutes of administration that OA was systemically distributed 

and was detected in the lung, heart, liver, kidney and the small and large intestine. They found 

damage in the lung and intestinal villi, but did not find injury in the liver.  They could still 

detect OA in the liver and blood two weeks after the dose was given and found OA continued 
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to be excreted into the intestine at 4 weeks following the dose.  In our study all the PTX2-SAs 

were found to be cleared from the body within 24 hours and no further excretion could be 

detected with the method of extraction and detection of toxins with HPLC-MS.  An immuno-

staining or radiolabelled method is much more sensitive and more accurate than the method 

employed for this PhD.  Unfortunately, with the limited amount of purified toxin available for 

this project a radiolabelled toxin could not be produced and a successful monoclonal antibody 

to the PTX2-SAs is still under development (Lynn Briggs – personal communication, 

AgResearch, New Zealand).  Irrespective of this issue, the majority of the PTX2-SAs were 

still cleared from the body within 24 hours indicating limited persistence.  In the distribution 

study by Ito et al. (2002) it was found that OA in the liver was located mainly around nuclei, 

cytoplasm and cytoplasmic vacuoles.  Within the liver as a whole OA was mainly distributed 

to the central area as the most direct route from the small intestine and in the area under the 

capsule.  Even though OA was detected in the liver, Ito at al. did not report significant 

pathology.  Previously, following OA dosage the liver has been described macroscopically as 

enlarged with bloody areas and described microscopical observations including vacuolation 

and necrosis of hepatocytes with severe haemorrhage in areas (Aune et al. 1998). 

 

5.4.3.5  PTX2 administration  

 

The PTX2 dose administered in this study was greater than that published as the lethal dose in 

mice, and yet none of our mice died or showed signs of diarrhoea.  In recent studies by 

Towers et al. (personal communication) no lethality following doses of PTX2 was found up to 

doses of 5000µg/kg (22 times the i.p LD50) and no signs of toxicity or diarrhoea were 

observed!  They suggested that previous studies conducted with PTX2 by other research 

groups did not have sufficiently pure extracts of PTX2 available.  I support this theory as I 

found no toxicity or diarrhoea with purified extracts.  Variance of toxic dose concentrations 

have been reported for other algal toxins.  For example, numerous reports on the i.p lethal 

toxicity of yessotoxin exist ranging from 89 µg/kg (Towers et al, personal communication) to 

100µg/kg (Yasumoto and Murata 1990) to between 500 and 750 µg/kg (Aune-communication 

2000).   One may assume that such variance could be caused by varying degrees of purity of 

toxins and possible contaminants with, for example esters of OA which may go undetected. 

 

The study by Terao et al. found that PTX-1 caused damage to the hepatocytes in the periportal 

area of the lobule (Terao et al. 1986).  The periportal area approximates to zone 1 of the 

lobule, which is known to receive blood from the afferent venules, and so is rich in oxygen 

and nutrients (Turton and Hooson 1998; Timbrell 2000).  Because of this, the hepatocytes in 
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the periportal lobule are more equipped for β-oxidation of fats and there are also increased 

levels of glutathione and glutathione reductase in the hepatocytes of this zone.  Thus, toxicity 

seen in this area may indicate that the pectenotoxins are metabolized and removed from the 

body by a simple conjugation reaction with glutathione rather than through a P450 reaction, 

which is generally located in the zone 3 region (i.e. centrilobular damage is expected if P450 

metabolism was the primary metabolic reaction).  This finding has been elaborated in a study 

where mice were dosed with PTX-2 and a decrease in hepatic microsomal protein content was 

observed (Mi and Young 1997).  However, the total P450 content, cytochrome b5, NADPH-

cytochrome c reductase and aminopyrine N-demethylase activities were not affected (Mi and 

Young 1997).  Surprisingly, glutathione content was also unaltered, but elevated serum 

enzyme levels of alanine aminotransferase, aspartate aminotransferase, and sorbitol 

dehydrogenase were found (Mi and Young 1997).  Changes in these enzymes are known to 

indicate that hepatocyte damage has occurred (Turton and Hooson 1998). 

 

Ishige et al. (1988) conducted an oral toxicity study with PTX-2.  At doses ranging from 250 

µg/kg to 2000µg/kg, PTX-2 caused diarrhetic symptoms accompanied by severe mucosal 

injuries in the small intestine between 30 to 360 minutes post dosing by oral injection.  

Hepatic injuries seen as hyaline droplet degeneration in hepatocytes around peripheral zones 

of the hepatic lobules were also observed.  Spongiosis lesions of hydropic vacuolar 

degeneration could be seen in the intermediate zone.  Dilatations of the sinusoids and 

hydropic swelling of the endothelial cells could also be seen.  The study conducted by Ishige 

et al. (1988) was one of few oral studies conducted with the PTX's, but the levels used in their 

study were very high when compared to what we know of the human situation of shellfish 

poisoning involving PTX2.  This may indicate that humans could be more sensitive to PTX 

toxins than mice.  If this is the case, absorption and metabolism studies must be conducted to 

understand the mechanisms of toxicity for the PTXs.  A suitable animal model for this could 

be conducted with the F344 rat as this strain has sections of its intestine with many of the 

same structural and histochemical features as the human intestinal tract. 

 

5.4.3.6  Urinary MDA analysis 

 

Results for the analysis of urinary MDA concentrations following dosage with PTX2-SA and 

PTX2 are somewhat ambiguous.  It was observed that all mice had inflamed and red-looking 

urethral tracts, including controls, indicative of infection of the urinary tract.   Creatinine and 

protein levels were varied which is also indicative of the existence of infection and such 

variance of their parameters was most likely reflective of the severity of infection in 
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individual mice.  For regulatory purposes a finding of infection in a toxicity study would 

usually result in the study being abandoned, but because of the shortage of toxin availability 

this study could not be repeated and thus findings are discussed here based on the study’s 

merits.  Despite the finding of possible infection of the urinary tract, the MDA levels were 

much lower in the controls (also affected by possible infection) than any of the PTX treatment 

groups and should be considered a valid finding. Another DSP, OA, has been found to cause 

oxidative lipid peroxidation in vivo (Matias et al. 1999), in cultured human intestinal cells 

(caco-2) (Traore et al. 2000; Creppy et al. 2002), and in a renal cell line (vero) (Matias and 

Creppy 1996; Traore et al. 1999). 

 

In this study, there was a significant increase in MDA excretion following an oral dose of 

25µg/kg PTX2-SA in the samples collected between 0-12 hours, the levels of which reduced 

in the subsequent 22 hours but were still significantly higher compared to controls.   I.p. 

injection of PTX2-SAs also significantly increased urinary MDA levels in the first 12 hours 

after dosing with concentrations again decreasing in the subsequent 22 hours whilst remaining 

significantly higher than controls.   The low PTX2-SA and PTX2 oral gavage dose groups 

were administered toxins at the start of ‘light hours’ in the animal house and thus spent most 

of the first 12 hours asleep and had lower creatinine levels in their urines, whereas the mice in 

the high p.o dose group and low i.p dose group were given doses shortly before the start of 

‘dark hours’ in the animal house and were found to have much higher creatinine levels for the 

first 12 hours.  This dosing regime was conducted to ensure consistency of exposure times as 

all necropsies were performed by one person.   At the higher dose level of 750 µg/kg (p.o.) of 

PTX2-SAs, a significant increase in urinary MDA was again seen, but surprisingly the 

concentrations of MDA excreted were not as high as were found with low doses of 25µg/kg 

(p.o.).  This unexpected result may be explained in terms of the concentrations of creatinine 

that were found.  Creatinine is a by-product of muscle metabolism and thus there may be 

higher excretion of creatinine during active periods depending on energy status and physical 

activity, in addition to variations during times of acute infection and stress (Burtis et al. 

2001).  This variance in creatinine level may have affected MDA excretion calculations. For 

these numerous factors that influence the formation of lipid peroxides and creatinine levels, 

urinalysis to detect for aldehyde peroxidation has been considered an unreliable indicator of 

oxidative stress in vivo (Draper et al. 2000).  Thus, to further investigate PTX2-SAs causing 

lipid peroxidation, it would be beneficial to measure MDA levels in tissues rather than in the 

urine.   Regardless of the observation of varied creatinine levels in this study, it can be said 

that dosage of PTX2-SAs caused a significant perturbation of MDA excretion in the urine 

indicative of lipid peroxidation action in vivo.   
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The results of MDA analysis with PTX2-SAs were further investigated with a cDNA 

microarray where many genes involving lipid metabolism were altered compared to controls, 

as discussed in chapter 6.  Lipid peroxidation has been previously associated with numerous 

disease processes and tumourigenesis (Kehrer 1993; Chaudhary et al. 1994; Bachowski et al. 

1998).  PTX2-SA administration to mice was found to cause lipid peroxidation in this study, 

determined by the detection of elevated levels of urinary MDA, and further investigation 

employing chronic or repeat dose studies are recommended to determine if this lipid 

peroxidation caused by the PTX2-SAs leads to a state of pathogenesis in vivo. 

 

 

5.5 CONCLUDING REMARKS FOR IN VIVO STUDIES 

 

Despite severe pathology being identified in the pilot study, follow up studies could not 

replicate the pathology seen in the pilot study with a different consignment of shellfish 

extract.  No behavioral changes were of note and little consistent pathology could be seen at 

the LM level following PTX2-SA dosing.  At the EM level, changes were seen within the 

terminal web, RER and mitochondria following PTX2-SA dosing.  The significance of these 

changes cannot be fully evaluated without follow up studies with increasing doses and 

exposure periods to determine if such changes are repairable over time or permanent. 

 

The LOEL for this study is considered 25 µg/kg, determined by the observed changes noted 

following EM studies and MDA analysis in urine, but further metabolism, absorption and 

distribution investigations of these toxins will be required to determine the NOEL to aid in a 

health risk assessment for the consumption of shellfish contaminated with PTX2-SA and 7-

epi-PTX2-SA.   In the absence of a NOEL, the LOEL determined from these studies will be 

used to evaluate the possible health implications of consumption of PTX2-SAs in 

contaminated shellfish in chapter 7. 

 

Availability of purified toxin extracts has been the greatest limitation of toxicology studies.  

For this reason studies were only conducted with female mice and thus it is undetermined if 

pathology may be different in male mice.  Additionally, a multiple dosing study could not be 

conducted, and it was not possible to have duplicate or triplicate numbers of animals for most 

studies, thus for the greater part, statistical analysis of observations could not be performed.  

Use of other staining techniques would have been beneficial for pathology observations and it 

would have been interesting to be able to determine the structures of metabolic conjugates of 

the PTX2-SAs in the excreted faeces.   
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6.1 INTRODUCTION 
 

Currently, mice bioassays are the standard test employed to detect shellfish toxins for the regulatory 

testing of shellfish for commercial sale in most countries.    Interest is growing in the development 

of in vitro methods of detection and quantification of shellfish toxins due to their general lower cost, 

specificity and rapid protocols, but to date few of these have been fully accepted by the regulatory 

authorities to replace the existing mouse bioassay.  With considerations of reduction of animals for 

toxicology investigations in this thesis it was decided to perform in vitro toxicity tests with the 

PTX2-SAs.  PTXs have been found to be potently cytotoxic to various human cancer cell lines 

(Zhou et al. 1994; Jung et al. 1995; Hori et al. 1999), and in light of this evidence the effect of 

PTX2-SAs on cell cycle distribution and gene expression were investigated utilizing a permanent 

human cell line that had been exposed to PTX2-SAs with cDNA microarray technology and flow 

cytometry.    

   

Microarray techniques, performed with RNA from both in vivo and in vitro sources, have been 

shown to be a very useful and informative tool in toxicological investigations (Burczynski et al. 

2000; Hegde et al. 2000; Liu et al. 2001; Fang et al. 2002).  Use of these techniques may help 

elucidate toxic mechanisms involved in their potential cytotoxicity and predict any chronic toxicity 

that could be caused by the PTX2-SAs.    

 

For the cell cycle and microarray investigations, it was firstly required to determine what dose and 

duration of PTX2-SAs to give the cell line.  Thus, an in vitro cytotoxicity study was conducted to 

determine the lethal concentration that caused death in 50% and 30% of HepG2 cells (LC50 and 

LC30).  Following the cytotoxicity studies, investigations of changes in cell cycle distribution and 

microarray studies were conducted.  Isolated rat hepatocytes were used in the cytotoxicity studies to 

compare toxicity with the chosen permanent cell line and also to enable the comparison of the 

toxicity of PTX2-SAs with other DSPs that had previously been investigated with rat hepatocytes 

(Fladmark et al. 1998).  The results for the cytotoxicity and cell cycle investigations in HepG2 cells 

are discussed comparatively with the microarray data. 
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6.2 MATERIALS 
 

Tables detailing all materials, chemicals and solutions for this chapter can be found in chapter 2. 

 

6.2.1 Toxin extraction and preparation 
 

Cytotoxicity studies were conducted with 8 PTX2-SA extracts.  These included PTX2 extracted 

from algae, and individual PTX2-SA isomers extracted from shellfish and purified as detailed in 

chapter 3.  Toxin algae mix B (approx.  60% PTX2-SA and 40% 7-epi-PTX2-SA) was used for cell 

cycle and microarray investigations.  All doses were prepared in the relevant media immediately 

prior to dosing as stability studies have shown the conversion of PTX2-SA to 7-epi-PTX2-SA 

begins to occur after 10 minutes in aqueous solutions (chapter 4).  Control cells were dosed with 

0.1% methanol in DMEM for HepG2 studies or Williams E media for hepatocyte studies.  

 

Table 6.1 Concentrations and percentage composition of PTXs in stocks for in vitro assays 

Vial Fraction 
PTX-2 

SA 

7 epi- PTX-2 

SA 
PTX2 

PTX-2 SA

Early Peak

Total 

PTXs 

%  

PTX-2SA

%7Epi- 

PTX-2 SA 
%PTX2 

PTX-2 SA 

Early Peak 

  ng/mL Percentage composition 

1 p1 191 75 0 5627 5893 3 1 0 95 

2 p2 3287 389 0 24 3699 89 11 0 1 

3 p3 73 2615 0 0 2688 3 97 0 0 

4 1 0 56 0 4626 4681 0 1 0 99 

5 o1a 573 52 0 85 711 81 7 0 12 

6 o2 7931 286 0 34 8250 96 3 0 0 

7 o3 153 14361 0 0 14514 1 99 0 0 

8 o3a 9 371 0 0 380 2 98 0 0 

9 o4 0 6 722 0 727 0 1 99 0 

10 Mix A 15717 24856 205 0 40778 39 61 1 0 

11 Algae mix B 25192 17731 16 0 42940 58.67 41.29 0.04 0 

12 Algae mix C 1145 1001 87 0 2233 51 45 4 0 

13 Algae mix D 0 0 49889 0 49889 0 0 100 0 

 

6.2.2 Cell line and animals 
 

Human liver cells (HepG2) were selected as the cell line of choice for studies, as reported in vivo 

and in vitro investigations have shown various PTXs to be hepatotoxic by causing rapid necrosis of 

hepatocytes (Terao et al. 1986; Ishige et al. 1988; Aune 1989; Aune et al. 1991; Zhou et al. 1994; 

Mi and Young 1997; Fladmark et al. 1998).  In addition, distribution studies conducted during this 

PhD revealed that PTX2-SAs can be detected in the mouse liver within 30 minutes following oral 

gavage (chapter 5).   
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The HepG2 cell line used for these experiments were sub-cultured from established cultures held in 

the Applied Research Center for Genomic Technology within The Department of Chemistry and 

Biology of The City University of Hong Kong, SAR, P.R. China.   

 

Rat hepatocytes were isolated from a four month old, male Wistar rat that was provided by the 

Department of Zoology within The University of Hong Kong.  The rat was provided with water and 

food ad libitum and maintained under the same conditions as those of mice detailed in chapter 5. 

 

6.2.3 cDNA microarrays  
 

The microarray slides were produced in-house by Yang Zhong and Chi Hung Tzang at the Applied 

Research Centre for Genomic Technology, Department of Biology and Chemistry, City University 

of Hong Kong, Kowloon, Hong Kong SAR, P.R. China.  In brief, human genes (9,984) were 

amplified with the polymerase chain reaction (PCR) from Human UniGEMTM V2.0 cloned library 

(Incyte, Fremont, CA). The purified cDNA probes were resuspended in water, mixed with 30% 

glycerol in 2x TE buffer in 1:1 and spotted by SPBIO (MiraBio, Alameda, CA). The arrays were 

processed by UV cross linkage, chemical blocking and heat treatment to attach the DNA fragments 

to the glass surface. 
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6.3 METHODS 
 

6.3.1 Methodology employed for cytotoxicity studies 
 

6.3.1.1 Cytotoxicity test for cell viability 

The principle of this test relates to cells in an exponential growth stage being exposed to PTX2 or 

PTX2-SAs, the number of surviving cells is then determined indirectly by MTT dye reduction, that 

can only be performed by live cells, to a purple formazan product (Mosmann 1983).  The amount of 

MTT-formazan produced is determined spectrophotometrically once the MTT-formazan crystals 

have been dissolved in a suitable solvent (see below) and the relative cell survival compared to 

control cells is determined. 

 

6.3.1.2 The MTT Assay  

Assessment of cell viability was performed with a modified MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) method based on that of Mosmann (1983).  At the end of the 

incubation period with the PTXs, 20uL of a 5mg/mL solution of MTT was added to each well and 

the culture plates were incubated for 4 hours at 37oC.  After 4 hours incubation, 100µL of SDS-stop 

solution was added to each of the wells.  This stop solution caused the cells to lyse and solubolize 

any formazan crystals that may have formed within the cells.  The plates were incubated in the dark 

and over night in a humidified chamber at RT.  The following day the formation of formazan was 

measured with a microtitre plate reader at 570nm.  Cell viability was determined relative to the 

control samples that were set at 100%. 

 

6.3.1.3 Maintenance of HepG2 cells 

The cells were maintained in 80 cm2 flasks in DMEM supplemented with 10% heat-inactivated fetal 

bovine serum and 1% antibiotics at 37oC in a 5% CO2/95% air humidified atmosphere.  For sub-

culturing, cells were washed twice with 10mLs 0.01M PBS and detached from cell culture by 

exposure to a 5% trypsin/EDTA solution for 5 minutes at 37oC.   Following the incubation, the flask 

was gently tapped to dislodge cultures and cells were observed under a microscope to ensure 

detachment had occurred.  The trypsination was stopped by adding sufficient media (15mL) to 

dilute the trypsin.  Viable cells were counted with a heamocytometer using trypan blue exclusion 

staining (Kaltenbach et al. 1958).  Cells were then either sub-cultured into separate flasks, seeded 

into 96 well plates for cytotoxicity studies, 6 well plates for flow cytometry cell cycle studies or into 

culture dishes for microarray studies using appropriate cell densities. The flasks or culture plates 

were then sealed and incubated at 37oC for 24 hr prior to the addition of toxins for investigation. 
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6.3.1.4 Cytotoxicity with HepG2 cells 

Fifty microlitres of a HepG2 cell suspension was seeded into multititration plates at cell densities of 

2X105 cells/mL that would deliver approximately 10,000 cells per well.  The plates were incubated 

for 24 hours to allow cells to attach to the plates.   Working stock solutions of 20µg/mL of PTX-2 

and toxin extract B were made for dosing cells in DMEM media by taking a calculated volume of 

toxin stock (in methanol) equivalent to 6622ng and drying under nitrogen.  PTXs were then 

dissolved in 60µL methanol and diluted in 331ul of media with sonication to produce working 

stocks of 20µg/mL.  From these stocks, serial dilutions were made to produce doses of 20µg/mL, 

10µg/mL, 2µg/mL, 1µg/mL, 100ng/mL, 10ng/mL and 2ng/mL.  Fifty microlitres of these stock 

solutions were then added to the microtitre plates in triplicate containing the HepG2 cells (in 50uL 

media) to produce final PTX concentrations of 10µg/mL, 5µg/mL, 1µg/mL, 500ng/mL, 50ng/mL, 

5ng/mL, 1ng/mL and 0ng/mL (control) in the wells of the microtitre plates.  The first and last 

columns were left as blanks containing no cells and the last row was used as a solvent control.  A 

second plate containing cells and media only was also prepared and this would be used as the T=0 

plate to compare cell viability at the end of the experiment.  The plates were re-sealed and incubated 

for 24 or 96h at 37oC.  The plates were microscopically examined for changes in morphology at 3h, 

6h, 24h, 48h and 72h post dosing and digital photographs were taken of any observed changes in 

cell morphology.  Plates were then returned to the incubator for the remaining time of the assay.  

Cell viability was determined using the MTT assay.    Further cytotoxicity assays were conduced 

with differing PTX concentrations to narrow the dose range for toxicity determination. 

 

6.3.1.5 Isolation of rat hepatocytes 

The method of cell isolation employed was a modification of the two-step collagenase perfusion 

procedure (Seglen 1976).   All solutions and medias were made up as shown in table 2.7.  Solutions 

were sterilized by passage through 0.22 µm filters or by autoclaving at 90°C for 120 minutes.  

Perfusion tubing was sterilized by flushing with 70% ethanol followed by filter-sterilized MQ water 

before use. Perfusion medias and all delivery tubing were pre-equilibrated in a 37oC water bath. The 

perfusion procedure was carried out in the open laboratory.  However, the area used for the surgical 

procedure was thoroughly sprayed with 70% ethanol with all surgical instruments such as scissors, 

forceps, etc. being sterilized by autoclaving.  After removal of the perfused liver, all subsequent 

steps were carried out in a laminar flow cabinet. 

 

A four month old, male Wistar rat was given ether anesthesia.  Upon anesthesia, the abdomen and 

thorax were doused with 2% iodine to sterilize the body.  The abdomen was opened and perfusion 

was performed retrograde, via the abdominal portion of the inferior vena cava (Martin, et al., 1990).  

The abdominal inferior vena cava was freed from the underlying connective tissue, cannulated and 

then ligated distally. The thoracic vena cava was occluded and the portal vein severed immediately 

prior to starting the calcium-free perfusion buffer A.  The occlusion of this vein leads to the animal 
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bleeding to death under anesthesia.  The perfusion buffer was delivered at 20 mL/min via a 

peristaltic pump and continued for 5-10 minutes until the liver lost its red colour, after which the 

collagenase ‘digestion’ buffer was commenced at the same flow rate. This was continued for 7 to 10 

minutes, until the liver became yellow and “buttery” in consistency. 

 

When the collagenase perfusion was complete, the gall bladder was removed, and the liver excised 

into a sterile petri dish.  The liver was washed in several milliliters of ice-cold wash buffer and then 

transferred to 20 mL of clean ice-cold wash buffer. The hepatic capsule was opened with scissors, 

and the cells were gently scraped into the medium with a spatula. The cell suspension was filtered 

through a double 250 µm fluorocarbon filter-mesh into a sterile 50 mL centrifuge tube to remove 

cell debris and the resulting suspension was centrifuged at 50xg for 5 min at 4oC (Kreamer, et al., 

1986). The supernatant was aspirated and the pellet re-suspended in 3mL ice-cold wash buffer and 

diluted in a further 45 mL ice-cold wash buffer.  The cell suspension was then re-centrifuged at 

50xg for 5 min at 4oC. The wash step was repeated a further 2 times with a sample being taken for 

the determination of cell viability with trypan blue exclusion prior to the final centrifugation. After 

the final wash, the pellet was re-suspended in 10mLs of Williams E culture medium and the number 

of viable cells was assessed by the method of trypan blue exclusion.   

 

6.3.1.6 Cytotoxicity with isolated rat hepatocytes 

A 10mL suspension of isolated hepatocytes was diluted with Williams E media (supplemented with 

5% FBS) and cells were seeded at 8000 cells/well in 100µL aliquots to collagen-coated 96 well 

microtitre plates which were then incubated at 37oC in a 5% CO2/95% air humidified atmosphere.  

After 3 hours unattached cells were removed from the wells by drawing off the media and replacing 

with 50µL serum-free media.   

 

Stock mixtures of 8 toxin extracts named P1, P2, P3, O1, O2, O3, Toxin algae B mix, and PTX2 

(section 6.2.1) were prepared as described above to deliver doses in 50µL media of 250ng/mL, 

125ng/mL, 30ng/mL, 15ng/mL, 8ng/mL, 4ng/mL, 2ng/mL and 0ng/mL (control).  A second plate 

containing cells and media only was also prepared and this would be used as the T=0 plate to 

compare cell viability at the end of the experiment.  The plates were incubated at 37oC in a 5% 

CO2/95% air humidified atmosphere for 24h, 48h, 72h and 96 hrs.   
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6.3.2 Methods employed to investigate cell cycle distribution 
 

6.3.2.1 Toxin dose preparation 

 

 Toxin mix B PTX2-SAs (table 6.1) were used for cell cycle studies and only one dose of the toxin 

was chosen for cell cycle studies due to the limitation of toxin availability.  This dose was 

determined from the results of the cytotoxicity study for HepG2 cells and was the concentration 

producing 30% cell death (LC30) at 96 hours in HepG2 cells (800ng/mL).  The investigations were 

conducted at the earlier, minimally cytotoxic time point of 24 hours.  A calculated volume of toxin 

stock was dried under nitrogen and re-suspended in 0.1% methanol in DMEM to produce a final 

concentration of 800ng/mL of PTX2-SAs with sonication for 3 minutes.  Control cells were dosed 

with 0.1% methanol in DMEM.  

 

6.3.2.2 Cell Culture 

Viable cells were counted with a haemocytometer using trypan blue exclusion staining and seeded 

into 6 well plates using cell densities of 4 X105 cells/mL (12 hour incubations), 3 X105 cells/mL (24 

hour incubations), 2 X105 cells/mL (72 hour incubations).  Cells were left to attach to the plates 

overnight at 37oC.  The following day, 2mL of media/ toxin preparation of 800ng/mL (freshly 

prepared) was added to each of the treatment wells, with control cells being dosed with 0.1% 

methanol in media (2 mL). Cells were incubated for 12, 24 or 72 hours. 

 

6.3.2.3 Cell Cycle analysis by flow cytometry 

Following the timed treatment period with PTX2-SAs, cells were removed from the incubator and 

observed under the light microscope for changes in cell morphology.   Media was transferred from 

the wells to labelled FCS tubes and cells were detached from the plates with 500uL of 

trypsin/EDTA.  Once the cells were detached from the plate the trypsin/EDTA was diluted with 

media and a pipette was used to ensure cells were well separated.  The media was transferred by 

pipette to the respective FCS tubes and cells were collected by centrifugation (100xg for 5 min).  

The supernatant was decanted into storage tubes for further analysis and the pellet was re-suspended 

gently in 1mL of hypotonic propidium iodide (30µg/mL) solution (prepared in 0.1%sodium citrate 

treated with 0.1% Triton X-100 and 20µg/mL DNase-free RNase) for DNA staining.  The samples 

were mixed by pipette to ensure good dispersion of the pellet and placed on ice. Triplicate samples 

of stained cells were analyzed for cell cycle changes within the populations of G0/G1, S, and G2/M 

immediately with a FCS Calibur flow cytometer.  P1 stains cells that are in apoptosis but with 

decreased binding and therefore a decreased DNA fluorescence would be seen.  Additionally cells 

in apoptosis would have a smaller size and thus would be seen as a distinct population in flow 

cytometry.  Data was analyzed by ModfitTM LT (version 2.0) cycle distribution software and 

statistical analysis was performed with a paired, two-tailed Student’s t-test. 
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6.3.3 Methodology for the investigation of changes in gene expression in 

HepG2 cells exposed to PTX2-SAs employing a high density cDNA 

microarray 
 

6.3.3.1 General methodology for microarray technique 

A schematic representation of the microarray techniques can be seen in fig. 6.1 below 
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Fig. 6.1 The  microarray technique
.3.2 Cell culture and toxin preparation 

hen cell cultures had reached confluency, cells were detached from culture flasks with 

psin/EDTA and plated into 8 culture dishes (10cm diameter).  Cells were left to attach to the 

tes and to ensure confluency for 24 hours at 37°C.   A dose of 800ng/mL PTX2-SAs was chosen 

 the microarray to maintain consistency with the cell cycle studies and was prepared by 

aporating a calculated volume of stock under nitrogen, re-suspending in 30µL methanol and 

uting in 30mL media with sonication for 3 minutes.  Media was removed from the culture dishes 

d 7.5 mL of dosed media was then added to each plate delivering 800ng/mL of PTX2-SAs to the 

ls.  The control dishes were dosed with 7.5mL of 0.1% methanol in media.  All dishes were 

urned to the 37°C incubator for 24 hours.  At 24 hours morphology was observed under the light 

croscope prior to RNA extraction.  Photographs of changes in morphology were not taken of the 

ls in the microarray study as this would involve having the cells out of the incubator for a 

tained period and may cause the microarray to be altered with the inducement of early stress 
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genes.  Cells at confluency in 10cm dishes were known in the laboratory to yield at least 150µg 

RNA and confluency was reached at 24 hours post dosing with the cell density that was plated. 

 

6.3.3.3 RNA extraction 

RNA was extracted as per the manufactures guidelines for Trizol with minor modifications.  The 

media for the 4 control and 4 treatments dishes was poured away and dishes were blotted on tissue 

to remove residual media.  The cells were washed with serum-free media to remove all traces of 

FBS, which reacts with the Trizol reagent.  The waste media was decanted, dishes were blotted on 

tissue and 1mL of Trizol was added to each dish with swirling.  The Trizol/cell mixtures were 

transferred to two polyprolene tubes - one for the treatment RNA and one for the control RNA.  A 

further 1 mL of Trizol was added to the culture dishes to wash any traces of remaining cells and this 

was added to the respective polypropylene tubes.  The RNA samples were then centrifuged 

(9460xg) for 12 minutes at 4°C.  The supernatant was carefully removed with a pipette to produce 

several 1 mL aliquots in labelled microcentrifuge tubes.  To the 1 mL of supernatant, 220µL of 

chloroform was added and mixed by vigorous inversion to cause phase separation of the RNA and 

DNA layers.  The tubes were centrifuged (15,000xg) for 15 minutes at 4°C.   

 

The aqueous layer (approx. 500µL) was removed with a pipette and mixed with 500µL of ice-cold 

isopropanol.  The samples were mixed by vigorous inversion and placed in a freezer (-20°C) for 20 

minutes to precipitate the RNA.  The samples were then centrifuged at approx. 10,000xg at 4°C for 

10 minutes.  The isopropanol was poured off and the pellet was washed with 1mL of ice cold 

ethanol (75%), tapping the tube gently to dislodge (but not dissolve) the pellet.  The samples were 

once again centrifuged (approx. 10,000xg) at 4°C for 10 minutes.  The ethanol was poured off and 

remaining ethanol was evaporated from the samples at RT.  Any remaining water was removed with 

a pipette.  The samples were taken up in 20µL of prewarmed (55°C) RNA storage solution. The 

samples were vortexed for a few seconds, tap spun in a centrifuge to ensure all the sample was at 

the bottom of the tubes  and incubated at 55°C for 5 minutes.  Samples were vortexed and tap spun 

again.  Aliquots of the treated and the control samples in storage solution were combined (total 

yield approx. 90µL) and samples were again vortexed and tap centrifuged prior to RNA 

quantification with the RNA biophotometer, which used milli Q water as the blank.  The control 

and treated RNA samples were diluted 1 in 100 with milli Q water for quantification. 

 

6.3.3.4 Gel electrophoresis 

Gel electrophoresis was performed to ensure the RNA was of sufficient quality and purity for 

hybridization in the microarray.  A 0.1% agarose gel was made up and left to set whilst the samples 

for electrophoresis were prepared.  The 1:100 dilution quantified with a biophotomer was used for 

electrophoresis.  A minimum of 200ng of RNA is required for electrophoresis and thus volumes of 

loading dye and RNA samples were mixed on parafilm according to Table 6.2. 
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 Table 6. 2 volumes of loading dye and RNA samples for electrophoresis 

 Control Test 

Loading Dye µL 2 2 

Sample µL 5 3 

Milli.Q water µL 3 5 

Total vol. for loading on to gel (µl) 8 8 

 

The electrophoresis tank was filled with 0.5X TE buffer and the samples were loaded on the gel 

with a pipette immediately after being mixed.  The gel was run with 80-100 volts for approximately 

30 minutes.  Visualization was by fluorescence photography with a Gel Doc 1000 coupled to 

Molecular Analyst (version 1.5) with an integration time of 0.70 seconds. 

 

 

 

 

 

 

 

 

 

 

 

A

CT M T CM

Fig.  6.2 Fluorescence photography of gel with a

reversed polarity (B) enables further observatio

observed in samples. M=marker, T = test sample i

 

 

 

 

The RNA samples were then diluted to produce

incubated at 55°C for 10 minutes, tap spun and r

aliquots were approximately 50µg/mL. Aliquot

which is equivalent to 150µg/mL RNA (sufficie

 

 

28 Subunit

18 Subunit
B

 Gel Doc 1000 to check for RNA contamination  (A) and

n of contamination, but no significant contamination was

n duplicate, C = control sample in duplicate 

 50 ±3 µg/mL aliquots.  The diluted samples were 

e-quantified to ensure the RNA concentration in the 

s were then combined to produce samples of 30µL, 

nt for 1 array). 
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6.3.3.5 Direct incorporation labeling for total RNA 

This methodology used total RNA as the input to the labelling reaction instead of the standard 

mRNA.  Fig. 6.3 provides a schematic representation of the labelling process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following labelling reaction was performed separately for both the control samples and for the 

test samples.  All work was done in an RNase free environment inside a tissue culture hood and all 

prepared reagents and tubes were autoclaved at 121°C for 90 minutes. 

 

1.  RT labelling reaction 

 

Thirty microliters of extracted RNA was mixed with 8µL of oligo dT primer and incubated at 70°C 

in a thermal PCR controller for 10 minutes.  The samples were then chilled on ice for 10 minutes.  

During this time the RT reaction mix was made up for cDNA synthesis.  Each component of the 

reaction mix was added in order according to Table 6.3, with the SSII RT being added immediately 

before use of the reaction mix. 

 

Table 6.3 Components of the reaction mix 

Component Volume µL (sufficient for two reactions) 

RNAse inhibitor 2 

5X Buffer 33.6 

10X low T dNTPs 16.8 

DTT (0.1M) 16.8 

SSII RT 8.4 

For cDNA microarrayFor cDNA microarray
Treated Sample

(target)

Total 
RNA/
mRNA

cDNA (Cy3) cDNA (Cy5)

1:1

Hybridized DNA chip

Normal Sample
(control)

Total 
RNA/
mRNA

Printed DNA chip

hybridization

RT RT

Treated Sample
(target)

Total 
RNA/
mRNA

cDNA (Cy3)cDNA (Cy3) cDNA (Cy5)cDNA (Cy5)

1:1

Hybridized DNA chipHybridized DNA chipHybridized DNA chip

Normal Sample
(control)

Total 
RNA/
mRNA

Printed DNA chipPrinted DNA chip

hybridizationhybridization

RT RT

Fig. 6.3 Schematic representation of the labelling process for the hybridization step. 
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After 10 minutes on ice the RNA samples were mixed with 38.4µL of RT reaction mix.  Then 4µL 

of Cy3 and Cy5 dUTP was added to the control and to the treatment samples respectively.  The Cy3 

dUTP dye that is added to control RNA is red in colour and Cy5 dUTP dye is blue in colour and 

binds to the treated RNA. The dyes were added, mixed with a pipette and tap centrifuged to ensure 

all the reaction mix was collected in the bottom of the reaction tube.  The samples and controls were 

then incubated at 42°C for 2.5 hours. Every hour of the incubation the samples were briefly mixed 

with gentle tapping of the tubes then replaced in the incubator. 

 

2. Hydrolysis 

 Twenty microlitres of a 0.5M NaOH and 100mM EDTA mixture was added to each reaction vial to 

stop the cDNA synthesis.  Samples were mixed by vortex and incubated at 65°C for 10 minutes.  

Samples were neutralized by adding 20µL of 0.5M HCL in 1M tris buffer (pH 7.4) and stored at 

–20°C until the clean up stage. 

 

3. Clean up stage 

This stage was performed to purify the cDNA and decrease the background DNA present.  Keeping 

the samples in low light conditions, the three Cy3 and three Cy5 reactions were paired in triplicate 

Microcon YM-30 tubes.  These tubes contain filters that filter the reaction mix containing small 

‘background’ fragments of cDNA and retained the test cDNA on their filter.   The three tubes were 

centrifuged at 13,000 rpm for 3 minutes.  The Microcon 30 concentrators were then filled with 

500uL of 1 X TE buffer (pH8.0) and re-centrifuged at 13,000rpm for 10 minutes to wash the 

retained cDNA.  This wash step was repeated a further 2 times, each time discarding the waste 

buffer.  The probe solution was eluted from the filter by inverting the filter in the tube (carefully) 

and re-centrifuging at 2000 rpm for 1 min. 

 

4. Hybridization 

The blocking reaction mix (Table 6.4) was made and added to 40uL of the prepared cDNA. 

 

Table 6.4  The blocking reaction mix 

Component Volume µL 

Poly dA (8mg/mL) 2 

Yeast tRNA (4mg/mL) 2 

CoT-1 DNA (10mg/mL 2 

20X SSC 6 

10% SDS 0.4 
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The volume of hybridized sample required for a microarray glass slide (9984 genes, 6cm x 2cm 

hybridization area) was approximately 60µL.  The tubes containing the cleaned hydrolysis products 

were wrapped in parafilm and aluminium foil and the probes were denatured at 100°C for 2 

minutes, then left to cool at RT.  Samples were then spun briefly and applied to the microarray 

slide.  The microarray was placed in a humid box on an oscillating mixer for 1 hour before being 

placed in an incubator for 16 hours at 65°C.  Following incubation, the slides were processed 

though the following washing steps in 50 mL conical tubes at 37°C: 

 

• The chip was soaked in 40mL of 2X SSC, 0.1% SDS solution for several minutes in a shaking 

water bath until the cover slip fell off from the chip.  The chips were then transferred to new 

2X SSC/ 0.1% SDS and incubated for 15 minutes in the shaking water bath. This step was 

repeated once. 

• The chips were removed from the X2 wash and transferred to 0.02X SSC and incubated in the 

shaking water bath for 15 minutes, this step was repeated a further 2 times. 

 

Finally the slides were transferred to a new 50 mL Corning centrifuge tube with a Kimwipe in the 

bottom and were spun (1000xg) for 3 minutes to remove all washing solutions. 

 

6. Scanning and data analysis 

After spinning the slides were immediately scanned with GenePix 4000 and analysis was performed 

with GenePix Pro 3.0 analysis software.  The following pages detail the process of analysis.  Firstly, 

When the slides are scanned their Cy3 to Cy5 labelling is assessed (fig.6.4). All data sets were 

normalized by a normalization factor from the average of every 300 spots total fluorescence ratio. 

The normalized ratio of background subtracted Cy5 intensity over background subtracted Cy3 

greater than 2 or less than 0.5 was considered as up-regulated and down–regulated gene expression, 

respectively. When no fluorescent intensities or signal to noise ratio less than 1.5 were detected in 

one or both channels, the corresponding genes were removed from the statistical analysis. The 

standard deviation was determined for significantly altered (up-regulated or down-regulated) gene 

expression. 
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Fig. 6.4 Once the slides were scanned the data was normalized based on their dye incorporating efficiency (PMT)

(A). The computer assessed the range of intensity and allocated each spot an intensity value based on its Cy3 or Cy5

binding (B).  The Cy3 & Cy5 image was then overlapped (C) and the computer compared the ratio of intensity (D)

and allocated a ratio to each spot (E).  The computer was informed how many spots there are per block e.g. 15

columns X 14 rows = 210 spots/block to ‘flag’ the spots and autoalignment was then selected allowing the computer

to identify where the spots were located on the slide (F). Fine adjustment was then performed manually for each spot

over a number of days!  
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Fig. 6.4 continued.  Once fine adjustment was completed the image analysis data was transposed to an
excel worksheet (G) for data analysis and assessment of spot credibility (H).  The data analysis was then
processed to categorize each spot as up or down regulated (I).  The data was then normalized to a linear
model (J) and the final stage was for comparative analysis of results of all three microarrays and a list of
altered gene expression was generated. 
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6.4 RESULTS 
 

6.4.1 Cytotoxicity studies with a permanent human cell line and isolated 

rat hepatocytes 
 

In the cytotoxicity test yellow wells indicate non-viable cells that were not able to convert the MTT 

into blue formazan crystals.  A typical MTT assay microtitre plate for LC50 studies is shown in fig. 

6.5.  The intensity of the blue colour is an indication of the number of viable cells in each well and 

was measured photometrically.  An example of cells that have taken up the MTT against non-viable 

cells that have remained yellow is provided in fig. 6.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
g

 

Fi . 6.5  A microtitre plate from LC50 studies with rat hepatocytes following 96 hours incubation with PTX2-

SA and PTX2.  The two columns at each end of the plate are blank wells with no cells. 

 

Fig. 6.6  Isolated rat hepatocytes in a cytotoxicity assay. Cells that have taken up the MTT appear blue

whilst non-viable cells have remained yellow. 
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6.4.1.1 Toxicity of PTX2-SAs on HepG2 cells 

The mean optical density (O.D.) of control HepG2 cells was compared to the O.D. of HepG2 cells 

that had been exposed to serial dilutions of toxin vehicle (methanol) in media over a 24 or 96 hour 

period.  It was found that concentrations of methanol less than 0.2% in media did not cause any 

significant change in cell viability when assessed with the students t-test (table 6.5). 

 

Table 6.5  Viability assessment of HepG2 cells treated with methanol dilutions over a 24hrs 

% MeOH OD 1 OD 2 OD 3 Ave OD t test % viability
0.2 0.363 0.341 0.382 0.362 0.020 73
0.1 0.454 0.348 0.396 0.399 0.074 81
0.05 0.42 0.356 0.357 0.378 0.024 76
0.025 0.451 0.394 0.402 0.416 0.068 84
0.0125 0.436 0.374 0.408 0.406 0.050 82
0.00625 0.46 0.374 0.412 0.415 0.086 84
0.003125 0.478 0.343 0.448 0.423 0.218 85
0 (Cont.) 0.543 0.456 0.489 0.496 1.000 100

%MeOH OD 1 OD 2 OD 3 Ave t test % viability
0.2 0.517 0.391 0.382 0.430 0.213 79
0.1 0.565 0.4 0.601 0.522 0.804 96
0.05 0.302 0.301 0.482 0.362 0.102 66
0.025 0.522 0.384 0.508 0.471 0.393 86
0.0125 0.488 0.38 0.509 0.459 0.319 84
0.00625 0.581 0.43 0.562 0.524 0.803 96
0.003125 0.54 0.446 0.627 0.538 0.930 99
0 (Cont.) 0.423 0.585 0.628 0.545 1.000 100

Solvent Control (96h) Compared to Cont.

Solvent Control (24h) Compared to Cont.

Table 6.6  Viability assessment of HepG2 cells treated with methanol dilutions over a 96hrs

 

The percentage of HepG2 cell viability compared to controls following exposure to PTX2 and to 

PTX2-SA for 24 h is shown in tables 6.7 and 6.8 and in fig. 6.7 and following 96 hour exposure is 

shown in tables 6.9 and 6.10 and fig. 6.8. 
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Table 6.7  Viability of HepG2 cells treated with PTX2 over a 24hrs  

Table 6.8 Viability of HepG2 cells treated with PTX2-SAs over a 24hrs

PTX2/mL OD 1 OD 2 OD 3 Ave OD t test % viability
2 ug 0.425 0.382 0.408 0.405 0.067 112
1ug 0.438 0.396 0.445 0.426 0.489 107

500ng 0.389 0.39 0.393 0.391 0.602 103
250ng 0.375 0.433 0.397 0.402 0.599 97
125ng 0.387 0.407 0.393 0.396 0.630 97
62.5ng 0.428 0.391 0.424 0.414 0.973 100
31.25ng 0.418 0.328 0.449 0.398 0.676 94

0 0.452 0.514 0.473 0.480 0.631 97

PTX2-SA/mL OD 1 OD 2 OD 3 Ave OD t test % viability
2 ug 0.289 0.257 0.265 0.270 0.004 75
1ug 0.392 0.393 0.376 0.387 0.728 97

500ng 0.414 0.433 0.406 0.418 0.191 111
250ng 0.427 0.426 0.408 0.420 0.824 101
125ng 0.402 0.461 0.431 0.431 0.364 106
62.5ng 0.476 0.486 0.478 0.480 0.120 116
31.25ng 0.506 0.434 0.492 0.477 0.325 113

0 0.497 0.542 0.514 0.518 0.503 104

PTX2 (24h) Compared to solv. Cont.

PTX2-SA (50%mix) (24h) Compared to solv. Cont.
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   Fig.6.7   
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Table 6.9  Viability of HepG2 cells treated with PTX2 over a 96hrs  

Table 6.10  Viability of HepG2cells treated with PTX2-SAs over a 96hrs

PTX2/mL OD 1 OD 2 OD 3 Ave t test % viability
2 ug 0.339 0.398 0.345 0.361 0.249 84
1ug 0.256 0.31 0.262 0.276 0.049 53

500ng 0.268 0.269 0.274 0.270 0.268 75
250ng 0.249 0.273 0.246 0.256 0.035 54
125ng 0.24 0.246 0.21 0.232 0.023 51
62.5ng 0.255 0.269 0.258 0.261 0.030 50
31.25ng 0.298 0.313 0.303 0.305 0.046 57

0 0.456 0.441 0.54 0.479 0.413 88

PTX2-SA/mL OD 1 OD 2 OD 3 Ave t test % viability
2 ug 0 0 0 0.000 0.010 0
1ug 0.347 0.314 0.345 0.335 0.090 64

500ng 0.365 0.468 0.278 0.370 0.920 102
250ng 0.417 0.395 0.429 0.414 0.318 88
125ng 0.385 0.384 0.313 0.361 0.118 79
62.5ng 0.485 0.554 0.537 0.525 0.986 100
31.25ng 0.477 0.588 0.599 0.555 0.808 103

0 0.582 0.604 0.563 0.583 0.610 107

PTX2 (96h) Compared to solv. Cont.

PTX2-SA (50%mix) (96h) Compared to solv. Cont.

Percentage viability of HepG2 cells following exposure to 
PTX2 or PTX2-SA for 96 hours
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Fig.6.8 

 

In all experiments it was not possible to see any consistent change in cell viability following 

exposure to PTX2 (fig. 11 and fig. 12).  This was most likely caused by a problem with either the 
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solubility of the toxin in the media or that the PTX2 is binding to a protein in the media and hence 

the toxin is not freely available to the HepG2 cells.   

 

A Prism data analysis tool was used to determine LC30 and LC50 values for 24 and 96 hr PTX2-SA 

exposures, these values are shown in table 6.11 

 

Table 6.11 LC30 and LC50 values estimated with Prism. 

 PTX2-SA ng/mL 

Exposure LC30 LC50 

24 hours 2200 Not possible to determine within 

dose range 

96 hours 922 1225 

 

In gene studies, it is generally known that any quantity of a toxicant or chemical stimulant will 

cause a perturbation of gene expression.  For the purpose of the microarray investigation it was 

desirable to harvest as much RNA from living cells as possible.  To ensure this was possible, a dose 

was determined that would cause the least amount of cell death within the chosen exposure time and 

for this reason approximately one third to a half of the estimated LC30 as determined from the 24 

hour cytotoxicity studies was chosen.  This concentration was estimated to be 800ng/mL using a 

‘Prism’ analysis tool.   

 

 

 

 

 

 

 

BA 

Fig. 6.9  A comparison of control cells dosed with toxin vehicle in media (0.2%)  only for 24 hours (A) and
HepG2 cells treated with 2µg/mL of PTX2-SAs for 24 hours (B).  Treated cells appear speckled with tiny
invaginated grooves and appeared unhealthy.  Photographs taken under X400 magnification. 
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6.4.1.2 Cytotoxicity on isolated rat hepatocytes 

 

The viability of control cells from each incubation period was compared with the T=0 plate for cell 

viability (Table 6.12).  It can be seen from fig. 6.10 that cell viability was greatly reduced to 60% of 

that of T=0 cell viability within 24h of isolation, and by 96 hours the viability was approximately 

40%. 

 

Table 6.12 Cell viability over time in untreated cells. 

Control Average O.D. % viability compared to T=0 

0 0.29 100 

24 0.17 59 

48 0.11 39 

72 0.11 37 

96 0.13 43 
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Fig. 6.10 Cell viability for control hepatocytes in media over 96 hours  

 
 

Cytotoxicity results are ambiguous.  Tables 6.13-6.16 show the viability of cells exposed to the 

various PTX extracts over the different time periods.  These results are presented graphically in 

figures 6.12 and 6.13, but there is no clear pattern of cytotoxicity and this may be related to the high 

death rate of cells during the incubation period for reasons other than the action of the toxins. 
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Tables 6.13 – 6.16 Summary tables of percentage viability of hepatocytes exposed to serial 

concentrations of PTXs, full data analysis including T-test data can be found in the appendix. 

 
 ng/mL
Toxin p1 p2 p3 o1 o2 o3 SA mix PTX
250.0 42 38 103 102 81 88 79 99
125.0 73 79 80 80 80 87 65 84
62.5 103 94 94 83 61 72 84 111
31.2 91 100 98 81 81 87 80 80
15.6 101 89 91 107 90 71 60 75
7.8 129 130 100 140 65 86 79 71
3.9 138 133 109 140 56 123 81 77
1.9 162 134 107 136 81 102 111 104

 ng/mL
Toxin p1 p2 p3 o1 o2 o3 SA mix PTX
250.0 5 1 29 69 69 62 27 54
125.0 46 53 74 80 57 64 49 89
62.5 85 109 132 85 66 59 84 146
31.2 111 129 151 85 81 75 145 144
15.6 105 111 105 66 71 63 116 154
7.8 122 126 133 80 71 66 100 138
3.9 99 87 110 80 85 42 118 138
1.9 93 88 79 88 118 82 93 57

 ng/mL
Toxin p1 p2 p3 o1 o2 o3 SA mix PTX
250.0 9 12 66 88 98 147 34 38
125.0 57 67 78 95 111 80 59 61
62.5 98 94 96 109 118 92 105 61
31.2 112 117 82 135 102 97 135 66
15.6 122 106 64 106 113 82 93 55
7.8 100 133 78 119 147 137 81 53
3.9 106 111 79 119 147 120 110 49
1.9 147 139 97 168 135 143 96 45

 ng/mL
Toxin p1 p2 p3 o1 o2 o3 SA mix PTX
250.0 5 10 49 85 98 116 80 49
125.0 54 49 65 77 110 121 116 60
62.5 79 81 79 108 98 120 150 76
31.2 90 76 78 115 88 131 189 87
15.6 80 77 76 113 117 97 171 69
7.8 82 80 77 90 89 110 137 52
3.9 88 87 75 90 98 87 162 72
1.9 104 99 94 137 98 127 146 85

Percentage viability of hepatocytes following 24 hour exposure to toxins compared to controls

Percentage viability of hepatocytes following 96 hour exposure to toxins compared to controls

Percentage viability of hepatocytes following 48 hour exposure to toxins compared to controls

Percentage viability of hepatocytes following 72 hour exposure to toxins compared to controls

2

2

2

2
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Fig 6.11 Hepatocyte cell viability compared to controls after 24hrs incubation with PTX toxins 
 

 

 

 

 

 Fig. 6.12  Hepatocyte cell viability compared to controls after 96hrs incubation with PTX toxins 
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6.4.1.3 Morphology observations during cytotoxicity investigations with isolated rat 

hepatocytes 

 

Changes in hepatocyte morphology could be seen following treatment with PTX2-SAs at 

concentrations greater than 250ng/mL (fig. 6.13).  Cells were seen to be unattached to the plate 

appearing spherical under the microscope.  The same concentration of 7-epi-PTX2-SA for 24hrs 

exposure did not seem to cause as much cell detachment from the plate.  Cytotoxicity studies with 

PTX2 found cells becoming detached from the incubation plates following a dose of 250ng/mL 

with blebs appearing on some cells within 1 hour of dosing.  At higher doses of 10µg/mL of PTX2 

more extensive detachment of cells occurred and by 96 hours all cells appeared detached and in 

clumps with PTX2-SAs at this dose causing the same morphology (fig. 6.14). 
 

 

 
 

 

 

 

C D

A B

 

Fig. 6.13 Control hepatocytes (A) 24 hr post dosing with toxin vehicle in media only - some attached and some
detached cells can be seen.  Following treatment with 2ng/mL of PTX2-SA (mix B) for 24hrs no obvious changes in
cell morphology could be seen (B). At a higher dose of 250ng/mL PTX2-SAs (P2) for the same time period, most
cells are seen to be unattached to the plate appearing spherical under the microscope (C).  7-epi-PTX2-SA (P3) at
the same dose of 250ng/mL for 24hr did not seem to cause as much cell detachment from the plate.  All photographs
taken under X100 magnification. 
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Fig. 6.14  Cytotoxicity studies with PTX2 found

cells becoming detached from the incubation plates

following a dose of 250ng/mL with blebs

appearing on some cells within 1 hour of dosing

(B) compared to controls (A).  At higher doses of

10µg/mL more extensive detachment of cells

occurred and by 96 hours all cells appeared

detached and in clumps (C).  

Mag X200 (A), X 400 (B) and X200 (C) 
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6.4.2 Investigations on the effects of cell cycle distribution with HepG2 

cells           
 

Cell cycle analysis was performed to determine the effect on HepG2 cell cycle distribution and 

apoptosis following 12, 24 and 72 hour exposure to 800ng/mL PTX2-SAs.   

 

Figure 6.15 gives an example of flow cytometric DNA distribution histograms for control and 

treated cells following 12, 24 and 72 hours exposure to 800ng/mL PTX2-SAs.  Percentage of cell 

cycle distribution (average of triplicate experiments) is shown in fig. 6.16.    There is a dramatic 

increase in cells arrested in G2/M phase in the treated cells at 12, 24 and 72 hour exposure times.  

The increase in the ratio of cells in G2/M was accompanied by a decrease of cell numbers in the S 

phase compared to the control cells at 12 and 24 hours exposure to PTX2-SAs, whereas the G0/G1 

phase was unaffected at these time points.  After 72 hours of exposure to the PTX2-SAs there was 

still a significant G2/M arrest but in contrast to the 12 and 24 hour exposures, there was now a 

significant decrease in the percentage of cells in the G0/G1 phase compared to the controls.  By 72 

hours, control cell numbers in G0/G1 phase had risen with a corresponding decrease in the 

percentage of cells in S phase to a similar percentage to that of treated cells which was mostly likely 

caused by nutrient depletion.  No significant apoptosis was observed in controls or test samples 

after any of the exposure times investigated.   

 

Observations of cell morphology for each of the incubation times can be seen in fig 6.17.  The 

changes in cell cycle distribution mentioned above may explain why it appeared that treated cells 

were not increasing in numbers like control cells but appeared to be more sparse over the incubation 

plate. 
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Control HepG2 Cells      PTX2-SA Treated HepG2 Cells 
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Fig. 6.15 Examples of flow cytometric histograms for control and treated cells at 12 hrs (A &
B), 24 hrs (C & D) and 72 hrs (E & F) following a dose of 800ng/mL PTX2-SAs.  The X axis is
DNA content detected and quantified as PI DNA fluorescence. 
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Fig. 8. Percentage of cell cycle distribution
in control cells (    ) cells treated and with
800ng/mL of PTX2-SAs (     )  for 12hrs (A),
24 hrs (B) and 72 hrs (C). Results are
presented as the mean values of triplicate
experiments ± S.D. ∗=p<0.01 (compared to
control cells). 
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6.4.2.1 Morphology observations during the cell cycle studies 

 
Control HepG2 Cells      PTX2-SA Treated HepG2 Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E 

A B

C D

F

Fig. 6.17 Examples of cell morphology for control and treated cells at 12 hrs (A & B), 24 hrs (C & D) and 72

hrs (E & F) following a dose of 800ng/mL PTX2-SAs.  It is possible to see that at each of the exposure periods

control cells were reaching confluency whereas treated cell numbers are reduced compared to controls.

Despite their lesser numbers the cell morphology does not appear to be altered compared to controls.  
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6.4.3 Investigation of changes in gene expression in HepG2 cells exposed 

to PTX2-SAs with the use of a high density microarray 
 

6.4.3.1 RNA extraction and isolation 

The control sample was found have an RNA concentration of 107.52µg/mL and 101.95ug/mL 

(average 104.735 µg/mL) and the test sample was found to have 68.86µg/mL of RNA.  Sufficient 

RNA was extracted for the treated and control cells to conduct the experiment in triplicate, with 

20µL remaining in storage for future experiments such as Northern blotting or RT-PCR if required. 

 

6.4.3.2 Microarray gene expression 

Following a 24hr incubation with PTX2-SAs, cells were observed under a microscope immediately 

prior to RNA extractions.  The treated cells appeared less attached to the culture plate and less 

spread out on the culture plate as control cells were.    The treated cells appeared smaller and 

rounder (pin head morphology).  An example of one of the scanned slides is shown in fig. 6.18.  

Data analysis of the microarray showed there were 19 up-regulated genes and 41 down regulated 

genes (Tables 6.17 and 6.18) . 
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Table 6.17  Down-regulated genes consistent for all three microarray slides. 
No. Accession Unigene 

No. 

Symbol Description 

1 AA334424 Hs.155421 AFP Alpha-fetoprotein 

2 NM_004034 Hs.78637 ANXA7 Annexin A7 

3 NM_001673 Hs.75692 ASNS Asparagine synthetase 

4 NM_001689 Hs.429 ATP5G3 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit c (subunit 9) isoform 3 

5 NM_014670 Hs.155291 BZAP45 Basic leucine-zipper protein BZAP45 

6 BC007340 Hs.106880 BYSL Bystin-like 

7 BG389453 Hs.182278 CALM2 Calmodulin 2 (phosphorylase kinase, delta) 

8 NM_001746 Hs.155560 CANX Calnexin 

9 BE884067 Hs.296634 CP Ceruloplasmin (ferroxidase) 

10 AA314436 Hs.108809 CCT7 Chaperonin containing TCP1, subunit 7 (eta) 

11 BG824258 Hs.15591 MOV34-34KD COP9 subunit 6 (MOV34 homolog, 34 kd) 

12 BG683393 Hs.254105 ENO1 Enolase 1, (alpha) 

13 BG503248 Hs.151777 EIF2S1 Eukaryotic translation initiation factor 2, subunit 1 (alpha, 35kd ) 

14 BG678179 Hs.173912 EIF4A2 Eukaryotic translation initiation factor 4A, isoform 2 

15 NM_004958 Hs.338207 FRAP1 FK506 binding protein 12-rapamycin associated protein 1 

16 W02972 Hs.296261 GNAQ Guanine nucleotide binding protein (G protein), q polypeptide 

17 BG035543 Hs.3352 HDAC2 Histone deacetylase 2 

18 BG743005 Hs.168694         - Homo sapiens clone 23763 unknown mRNA, partial cds 

19 AI911657 Hs.76095 IER3 Immediate early response 3 

20 AL550285 Hs.177559 IFNGR2 Interferon gamma receptor 2 (interferon gamma transducer 1) 

21 BG560803 Hs.81892 KIAA0101 KIAA0101 gene product 

22 BE886912 Hs.75574 MRPL19 Mitochondrial ribosomal protein L19 

23 AA345289 Hs.233936 MLCB Myosin, light polypeptide, regulatory, non-sarcomeric (20kd) 

24 BG753137 Hs.80595 NDUFS5 NADH dehydrogenase (ubiquinone) Fe-S protein 5 (15kd) (NADH-coenzyme Q reductase)

25 BG619874 Hs.137476 PEG10 Paternally expressed 10 

26 AW949594 Hs.171834 PCTK1 PCTAIRE protein kinase 1 

27 AL547497 Hs.173125 PPIF Peptidylprolyl isomerase F (cyclophilin F) 

28 NM_014754 Hs.77329 PTDSS1 Phosphatidylserine synthase 1 

29 NM_000928 Hs.992 PLA2G1B Phospholipase A2, group IB (pancreas) 

30 Y11950 Hs.196177 PHKG2 Phosphorylase kinase, gamma 2 (testis) 

31 BG829879 Hs.4745 PSMC1 Proteasome (prosome, macropain) 26S subunit, ATPase, 1 

32 BG397566 Hs.155975 PTPRCAP Protein tyrosine phosphatase, receptor type, C-associated protein 

33 AW327267 Hs.183698        - Ribosomal protein L29 

34 BF669160 Hs.350108 RPLP0 Ribosomal protein, large, P0 

35 J04982 Hs.2043 SLC25A4 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4 

36 N41981 Hs.78869 TCEA1 Transcription elongation factor A (SII), 1 

37 AJ006412 Hs.158688 IF2 Translation initiation factor IF2 

38 BC004354 Hs.211607 TNRC11 Trinucleotide repeat containing 11 (THR-associated protein, 230 kd subunit) 

39 AL556551 Hs.75103 YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 

polypeptide 

40 AU118783 Hs.77578 USP9X Ubiquitin specific protease 9, X chromosome (fat facets-like Drosophila) 

41 BG200978 Hs.183596 UGT2B17 UDP glycosyltransferase 2 family, polypeptide B17 
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Table 6.18  Up-regulated genes consistent for all three microarray slides. 

 
No. Accession ID Unigene No. Symbol Description 

1 Z95114 Hs.241535 APOL3 Apolipoprotein L, 3 

2 BG704851 Hs.85539 ATP5I ATP synthase, H+ transporting, mitochondrial F0 complex, subunit e 

3 AV722422 Hs.146409 CDC42 Cell division cycle 42 (GTP binding protein, 25kd) 

4 AV652811 Hs.99886 C4BPB Complement component 4 binding protein, beta 

5 NM_001261 Hs.150423 CDK9 Cyclin-dependent kinase 9 (CDC2-related kinase) 

6 AF029403 Hs.144877 CYP7B1 Cytochrome P450, subfamily VIIB (oxysterol 7 alpha-hydroxylase), polypeptide 1 

7 AW183567 Hs.96513        - Homo sapiens, clone MGC:4459 IMAGE:2960564, mrna, complete cds 

8 AI249658 Hs.13075 MGC3207 Hypothetical protein MGC3207 

9 BE799139 Hs.178728 MBD3 Methyl-cpg binding domain protein 3 

10 AI888832 Hs.24719 MAP-1 Modulator of apoptosis 1 

11 AI280973 Hs.100724 PPARG Peroxisome proliferative activated receptor, gamma 

12 AI640735 Hs.285306 SCLY Putative selenocysteine lyase 

13 N92548 Hs.263671 RDX Radixin 

14 BE091961 Hs.102336 ARHGAP8 Rho GTPase activating protein 8 

15 AW973154 Hs.184014 RPL31 Ribosomal protein L31 

16 AV709655 Hs.180450 RPS24 Ribosomal protein S24 

17 BG479933 Hs.3297 RPS27A Ribosomal protein s27a 

18 AA927505 Hs.108957 RPS27L Ribosomal protein S27-like 

19 AV763087 Hs.76136 TXN Thioredoxin 

 

 

There were also 268 genes classified as ‘switch-off’ (data presented in appendix) and these genes 

will require to have their involvement re-assessed as analysis could not be performed due to a 

failure of acceptance criteria as detailed in fig. 6.4I. 
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6.5 DISCUSSION 
 

6.5.1 Cytotoxicity on HepG2 cells and isolated rat hepatocytes 
Morphological observations in HepG2 cells following doses of PTX2SAs included cells developing 

a speckled appearance of tiny invaginated grooves on the cell surface (fig. 6.9), and expressed pin-

head morphology - a term used where the cells become more spherical and detached from the 

culture plate (figs. 6.13 and 6.14).  This term has previously been used to describe HepG2 cells 

treated with DSP toxins (Flanagan et al. 2001).  In addition to the above morphology described for 

PTX2-SAs, HepG2 cells dosed with 10µg/mL PTX2 developed blebs on their cell surface  (fig 

6.14).  The toxic effects of other DSPs (OA, DTX-1, PTX-1 and YTX) have been investigated with 

the use of isolated hepatocytes (Aune 1989; Aune et al. 1998; Fladmark et al. 1998).  The study by 

Aune (1988) described morphological changes in hepatocytes similar to those found in this study.  

Morphological changes described by Aune were found to be induced by all the DSPs listed above 

with OA being the most toxic causing blebs to appear on the surface of cells, as was found for 

PTX2 in this study.   The cell rounding and blebbing caused by OA has also been described as an 

effect on mammalian fibroblast cell lines (Fessard et al. 1994; Fessard et al. 1996).  Here a two-

stage process was observed where cells first became square-shaped then proceeded to become round 

with ‘micro-blebs’ on their cell surface when dosed.   

 

For the purposes of microarray investigations it was desirable to harvest as much RNA from living 

cells as possible.  To ensure this is possible, cytotoxicity studies with HepG2 cells were conducted 

to determine a dose of PTX2-SAs that would cause the least amount of cell death within 24 hours.  

For these reasons of maintaining cell viability, it was decided to dose approximately a third to a half 

of the estimated LC30 from the 24 hour cytotoxicity studies.  This concentration was determined to 

be 800ng/mL with toxin extract mix B (PTX2-SAs isolated from algae, table 6.1) that was to be 

employed for the microarray investigations.   There appeared to be inconsistency in the PTX2 

cytotoxicity studies, which may have been caused by issues of solubility or stability of PTX2 in the 

growth media.  Thus, the cytotoxicity of our PTX2 extracts could not be determined.  Previously, 

PTX2 has been found to be potently cytotoxic to the human lung (A-549), colon (HT-29) and breast 

(MCF-7) cancer cell lines, and also cytotoxic to several other cell lines including ovarian, renal, 

lung, CNS, melanoma, and breast cancer cell lines (Jung et al. 1995), as reviewed in chapter 1.   

 

From the results with isolated rat hepatocytes it is difficult to see any trend in toxicity with the 

PTX2-SAs or PTX2.  The problems with the assay could be caused by the instability of the 

hepatocytes once isolated as there was a significant mortality rate of cells with each 24 hour period 

post isolation (fig. 6.10).  Additionally, this could be caused by issues with toxin solubility in the 

Williams E media.   
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The studies with HepG2 cells enabled the determination of a minimally toxic dose for use in 

microarray studies and have been able to demonstrate that PTX2-SAs and PTX2 induce 

morphological alterations in cells that have previously been described for other DSPs.  If hepatocyte 

studies could be repeated or HepG2 cytotoxicity studies further continued, enabled by the isolation 

of greater quantities of PTX2-SAs, it would be preferential to have a range of doses and exposure 

times to develop more information of dose response indices, but this was not possible with the 

limited quantity of purified toxin available. 

 

 

6.5.2 Investigations into the effects of PTX2-SAs on cell cycle distribution 
 

The results presented in figs. 6.15 and 6.16 show a shift of PTX2-SA treated cells arrested in G2/M 

phase compared to controls and also show there was no significant apoptosis induced up to 72 hours 

following a dose of 800ng/mL PTX2-SAs.  In cytotoxicity assays, cell cycle arrest at the G1 or 

G2/M checkpoint is considered a response to DNA damage and allows for repair of DNA prior to 

entering S phase (DNA synthesis) or mitosis respectively (Freshney 1994).  Although no apoptosis 

was detected in this PhD study, such arrest is thought to precede the onset of apoptosis if the cell is 

unable to repair extensive DNA damage (Meikrantz et al. 1998).  Additionally, cellular arrest in the 

G2/M check point can be caused by disruption of the formation of microtubules as inhibition of 

microtubule polymerization is known to affect the ability of cells to enter mitosis (Barrientos and 

Moraes 1999).  It was not determined whether the G2/M arrest was reversible or irreversible in this 

study with the PTX2-SAs.  Further investigation, including longer incubation periods and higher 

doses, will be required to determine if PTX2-SAs induce apoptosis in human cell lines.  Other DSPs 

have been shown to cause cytotoxicity to cells.  For example, OA has previously been shown to 

cause an S phase arrest in caco-2 cells (Traore et al. 2001).  In vivo investigations have been carried 

out with the related toxins PTX1 and PTX2 that have shown them to be hepatotoxic by causing 

rapid necrosis of hepatocytes (Terao et al. 1986; Ishige et al. 1988; Aune 1989; Zhou et al. 1994; 

Mi and Young 1997).  In vitro studies with PTX1 showed induction of apoptosis in rat and salmon 

hepatocytes (Fladmark et al. 1998); cell death was found to be caused by apoptosis rather than by 

necrosis, this being determined by the lack of trypan blue uptake and the chromatin condensation 

typical of apoptosis.  In vitro studies with the parent molecule of the PTX2-SAs, PTX2, found this 

toxin to be potently cytotoxic to various human cancer cell lines (Jung et al. 1995).  This study with 

the DNA-cleavage and the rat plasma membrane assay showed that PTX2 neither exerts its 

cytotoxic activity by blocking DNA synthesis nor by blocking reduction-oxidation processes within 

the cell membrane.  PTX2-SAs have been reported as not being cytotoxic (Daiguji et al. 1998; 

Yasumoto 2001), but neither of these publications described the methods employed for cytotoxic 

investigation nor presented results, but merely stated the information without evidence.   
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The mechanisms and cause of G2/M arrest observed in this study following exposure to PTX2-SAs 

were investigated with the aid of a high density cDNA microarray of gene expression in HepG2 cells 

exposed to 800ng/mL PTX2-SAs for 24 hours.   Several genes that have been associated with cell 

cycle regulation were altered.  Examples of up-regulated genes that have been associated with cell 

cycle regulation included CDC42 (Lamarche et al. 1996; Roux et al. 1996; Philips et al. 2000; 

Royal et al. 2000; Assoian and Schwartz 2001), CDK9 (Grana et al. 1994), MAP-1 (Tan et al. 

2001), Apol-3 (Horrevoets et al. 1999) and RDX (Wilgenbus et al. 1993).  Examples of down 

regulated genes in this category included ASNS, coding for asparagine which is critical for cellular 

processes and known to be induced with nutrient depletion (Kilberg and Barbosa 2002; Leung and 

Kilberg 2002) and BZAP45 which is a  regulator of transcription at the G1/S phase (Mitra et al. 

2001).   The cell cycle is regulated by the interaction of many molecules. Key among these are the 

cyclins that drive the stages of the cell cycle through their interactions with other cellular molecules. 

Cyclins combine with cyclin dependent kinases (cdks) to form activated kinases that phosphorylate 

target receptors and mediators leading to cell cycle regulation.  Cdk inhibitors act to keep the cell 

cycle from progressing until all repairs to damaged DNA have been completed. A breakdown in the 

regulation of this cycle can lead to out of control growth and contribute to tumor formation.  The 

CDC42 protein is involved in the P38 MAPK and RAS signaling pathway (fig. 6.19), which is one 

of the controlling mechanisms in cell cycle regulation. 

Fig. 6.19 The involvement of
CDC42 with the p38 MAPK
signaling pathway and the ras
oncogene, with legend shown on
the right.   
Diagram sourced from: 
http://www.biocarta.com/pathfiles/ 

CDK9 has been shown to be involved with phosphorylation during HIV type-1 transcription (Zhou 

et al. 2000).  Some of the up-regulated genes mentioned above, for example, RDX and MAP-1 are 

also known to be involved in apoptosis.  Radixin is a cytoskeletal protein and has other functions 

such as a role in morphogenesis and cell growth (Wilgenbus et al. 1993) and MAP-1 has been 

shown to be involved with apoptosis by its interaction with BAX protein leading to mediation of 

caspase-dependent apoptosis (Tan et al. 2001).  IER3 is an early response anti-apoptosis gene and 

was down regulated in microarray studies with the PTX2-SAs.  IER3 inhibits apoptosis though its 
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interaction with Fas, p53 or tumour necrosis factor alpha and is known to be involved in cell growth 

and maintenance (Im et al. 2002a; Im et al. 2002b).  As mentioned above, ASNS is involved in 

several metabolic pathways including alaninine and aspartate metabolism (fig 6.20), in addition to 

other processes such as nitrogen metabolism and porphyrin and chlorophyll metabolism. ASNS is 

known to block progression of the cell cycle though G1 phase when nutrients become depleted.  So 

even though we can see there was no G1 phase arrest evident at 24 hours from the cell cycle studies, 

the microarray results show genes were already altered by 24 hours that lead to changes at the G1 

phase in the cell cycle studies.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 6.20 The role of ASNS in alanine and aspartate metabolism is seen here as [6.3.5.4].  Figure sourced

from http://cgap.nci.nih.gov/Pathways/Kegg/   

 

Other genes that maybe implicated in processes related to cell cycle regulation include genes for 

transcription factors and protein synthesis.  The finding of genes involved in transcription ties in 

with the observation of hyperplastic RER in EM studies as discussed in chapter 5.  Genes in this 

category that were up-regulated included genes coding for ribosomal protein synthesis RPL31, 

RPS24, RPS27A, RPS27L and genes down regulated included EIF2S1 (Ernst et al. 1987), EIF4A2, 

which is an RNA-dependent ATPase with helicase activity (Kyono et al. 2002) and FRAP1 that is 

involved in the coding of DNA repair proteins and cause the inhibition of G1 progression (Brown et 

al. 1994; Lench et al. 1997).  Other down regulated genes in this category included HDAC2 

involved in the activation of the oestrogen receptor (Laherty et al. 1998), MRPL19, a mitochondrial 

ribosomal protein (Kenmochi et al. 2001; O'Brien 2002), RPLP0 (aka 364B) whose association with 
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oestradiol is thought to be required for regulation of the oestrogen receptor (Saceda et al. 1998), 

TCEA1, has been shown to display pleiotrophic functions in eukaryotic transcription (Ito et al. 

2000), the IFNGR2 gene and USP9X which is a specific cysteine protease for removing ubiquitin 

from conjugated protein substrates (D'Andrea and Pellman 1998).  The IFN gamma receptor is a 

transducer for interferons that play a role in several cellular processes, phosphorylation of which 

signals transcriptional events.  Mutations in the IFNGR2 gene have been associated with disease 

(Nabeshima 1998; Doffinger et al. 2002). The involvement of EIF2S1 in signaling responses 

following DNA damage can be seen schematically in fig. 6.21 and EIF4A2 and FRAP1 

involvement in transcription can be seen in fig. 6.22.  FRAP1 specifically is known to be involved 

in the inhibition of cell cycle through the G1 phase (Lench et al. 1997).  As this gene along with 

several others known to inhibit the G1 phase were down regulated at the 24 hour point, it is a 

possible indication of a response by the cell to signal for continuation the cell cycle following DNA 

repair that may have already taken place.   

 

 

 

 

 

 

 

 

Thus, it would be interesting to repeat the study with

several shorter incubation exposure periods 

to observe early gene responses to the PTX2-

SAs should availability of additional 

supplies of toxins become available. 

 

Fig. 6. 21 Apoptotic signaling in
response to DNA damage involving
EIF2S1 

 

 
Fig. 6. 22.  Eif4a2 and FRAP1 involvement in
regulating transcription through eIF4e and p70 S6
kinase. 
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Fig. 6. 23 Electron transfer reaction in mitochondria
involving SLC25A4 
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Another gene that has been indicated to be involved in the cell cycle process was the down 

regulated gene coding for the cytoskeleton protein and chaperonin CCT7 (Won et al. 1998).  Genes 

involved in cellular communication were also down regulated and include CALM2 that codes for 

the calcium binding protein calmodulin (Toutenhoofd et al. 1998), CANX also known for its 

calcium binding and chaperone functions (Tjoelker et al. 1994), GNAQ - a G protein (Magovcevic 

et al. 1995) involved in protein kinase C activation (fig. 6.25), PCTK1 which is a protein kinase 

related to cdc28 (Okuda et al. 1992; Okuda et al. 1994), PHKG2 another phosphorylase kinase (van 

Beurden et al. 1997), SLC25A4 which is involved in electron transfer in mitochondrion by carrying 

ADP/ATP (De Marcos Lousa et al. 2002) (fig. 6.23), YWHAZ that may participate in activating the 

Ras oncogene (Tommerup and Leffers 1996) and the previously mentioned FRAP1, which is 

involved in cellular communication by its interaction with mTor, which is essential for signaling 

hepatocyte proliferation (Coutant et al. 2002) (fig 6.24).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 24 FRAP1 in the mTOR signaling pathway Fig. 6. 25 Activation of PKC through G-protein
coupled receptors involving GNAQ 

 

With reference to the lack of observation of cells going into apoptosis, it would have been beneficial 

to have had a 96 hour incubation with toxins, or have applied a higher dose of PTX2-SAs to be able 

to determine if the cells go into apoptosis.  In this scenario nutrient replenishment with renewal of 

the media would be required to ensure false positives were not caused by nutrient-associated cell 

death by a lack of precursors and energy sources needed for proteins and DNA synthesis.  Figures 

6.26 and 6.27 schematically represent a summary of the regulation of cell cycle arrest in G2/M and 

G1/ S phase and some of the various genes that have been implicated in the process. 
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Diagrams and text below sourced at http://www.biocarta.com/pathfiles/  
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Fig. 6.27 The G2
entering mitosis (
regulating this tra
kinases Wee1 an
perhaps by the 
amplification loo
DNA-PK/ATM/A
The first cascade 
inactivate Cdc25
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Acetylation by p
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binds to the phosp
which apparently 
of a subset of the
http://www.biocar

Fig.6.26 The G1/S checkpoint. The G1/S cell cycle checkpoint controls the passage of eukaryotic cells
from the first 'gap' phase (G1) into the DNA synthesis phase (S). Two cell cycle kinases, CDK4/6-
cyclin D and CDK2-cyclin E, and the transcription complex that includes Rb and E2F are pivotal in
controlling this checkpoint. During G1 phase, the Rb-HDAC repressor complex binds to the E2F-DP1 
transcription factors, inhibiting the downstream transcription. Phosphorylation of Rb by CDK4/6 and
CDK2 dissociates the Rb-repressor complex, permitting transcription of S-phase genes encoding for 
proteins that amplify the G1 to S phase switch and that are required for DNA replication. Many 
different stimuli exert checkpoint control including TGFb, DNA damage, contact inhibition, replicative
senescence, and growth factor withdrawal. The first four act by inducing members of the INK4 or
Kip/Cip families of cell cycle kinase inhibitors. TGFb additionally inhibits the transcription of 
Cdc25A, a phosphatase that activates the cell cycle kinases. Growth factor withdrawal activates
GSK3b, which phosphorylates cyclin D, leading to its rapid ubiquitination and proteosomal
degradation. Ubiquitination, nuclear export, and degradation are mechanisms commonly used to
rapidly reduce the concentration of cell-cycle control proteins. By Liisa Eisenlohr at 
http://www.biocarta.com/pathfiles/ 2001 
 
/M Checkpoint. The G2/M DNA damage checkpoint prevents the cell from
M phase) if the genome is damaged. The Cdc2-cyclin B kinase is pivotal in
nsition. During G2 phase, Cdc2 is maintained in an inactive state by the
d Mt1. As cells approach M phase, the phosphatase Cdc25 is activated,
polo-kinase Pik1. Cdc25 then activates Cdc2, establishing a feedback
p that efficiently drives the cell into mitosis. DNA damage activates the
TR kinases, initiating two parallel cascades that inactivate Cdc2-cyclin B.
rapidly inhibits progression into mitosis: the CHK kinases phosphorylate and
, which can no longer activate Cdc2. The second cascade is slower.
of p53 dissociates it from MDM2, activating its DNA binding activity.
300/PCAF further activates its transcriptional activity. The genes that are
 constitute effectors of this second cascade. They include 14-3-3s, which
horylated Cdc2-cyclin B kinase and exports it from the nucleus; GADD45,

binds to and dissociates the Cdc2-cyclin B kinase; and p21Cip1, an inhibitor
 cyclin-dependent kinases including Cdc2 (CDK1). By Liisa Eisenlohr at
ta.com/pathfiles/ 2001 

http://www.biocarta.com/pathfiles/
http://www.biocarta.com/pathfiles/
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6.5.3 Investigation of changes in gene expression in HepG2 cells 

exposed to PTX2-SAs with the use of a high density microarray 
 

Results of the microarray showed there were 19 up-regulated genes and 41 down-regulated 

genes consistent to each of triplicate microarrays.  The expression of several genes involved 

in cell cycle regulation were altered compared to controls in the cDNA microarray as 

discussed in section 6.5.2.   The second major group of genes affected were those involved in 

lipid genesis, metabolism and transport.  Genes involved in this process that were found to be 

up-regulated included APOL3 involved in lipoprotein homeostasis (Horrevoets et al. 1999), 

CYP7B1 involved in bile acid synthesis (Setchell et al. 1998), and PPARg which is involved 

in fatty acid storage and adipogenesis (Tontonoz et al. 1994; Tontonoz et al. 1998), and is 

thought to be activated by oxidized low density lipoproteins (Nagy et al. 1998).  Activators of 

PPARg have been shown to enhance colon polyp formation and may contribute to cancer 

formation (Saez et al. 1998).  The general mechanism of gene regulation by peroxisome 

proliferators via PPAR can be seen in fig. 6.28 and the activation of PPARg and its effects on 

gene expression can be seen in fig. 6.29.   

Fig. 6.28 Mechanism of gene regulation by 
peroxisome proliferators via PPAR 
The most recognized mechanism by which 
peroxisome proliferators regulated gene expression 
is through a PPAR/RXR heterodimeric complex 
binding to a peroxisome proliferator-response 
element (PPRE).  Also shown in this scheme are two 
means to modify the peroxisome proliferator 
response. Most importantly, growth factor signaling 
has a pronounced affect on PPAR via post-
translational modification. PPAR is a phosphoprotein 
and its activity is affected by insulin. Several kinase 
pathways affects PPARa's activity, although the 
specific kinases and phosphorylation sites have not 
been conclusively determined. Excerpt by Jack 
Vanden Heuvel, 2002. Sourced at 
http://www.biocarta.com/pathfiles/h_pparaPathway.a
sp 
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Fig. 6.29 Basic mechanism of action of 
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PPARa, PPARb(d) and PPARg and effects
on gene expression. 
  
PPAR acts as a ligand activated transcription
factor. Upon binding fatty acids or
hypolipidemic drugs, PPARa interacts with
RXR and regulates the expression of target
genes. These genes are involved in the
catabolism of fatty acids. Conversely,
PPARg is activated by prostaglandins,
leukotrienes and anti-diabetic
thiazolidinediones and affects the expression
of genes involved in the storage of the fatty
acids. Excerpt by Jack Vanden Heuvel,
2000. 

hose genes linked to lipid metabolism that were down regulated included AFP, which is 

nvolved in foetal hepatogenesis and expressed in cancerous liver cells or during liver 

egeneration (Jin et al. 1998; Spear 1999), ENO1 - involved in glycolysis and 

luconeogenesis (fig. 6.30 and fig. 6.31) and is known as a transcriptional repressor that 

nteracts with c-myc (Feo et al. 2000) and is also involved in phenylalanine, tyrosine and 

ryptophan biosynthesis.  Also down regulated was PLA2G1B, which catalyses the hydrolysis 

f glycerolphospholipids to produce free fatty acids and is also involved in calcium 

omeostasis (Yagami et al. 2002; Yagami et al. 2003), and finally PTDSS1, the functions of 

hich has been reviewed for mammalian cells (Kuge and Nishijima 1997) stating it is 

nvolved in glycerolipid metabolism (fig. 6.32), aminophosphonate metabolism, 

phingophospholipid biosynthesis and porphyrin and chlorophyll metabolism.   
Fig.  6.30 Glycolysis pathway  
involving ENO1 

 203



Chapter 6 In vitro toxicology studies  Vanessa Burgess 

 

  204

Fig. 6.31 Glycolysis / gluconeogenesis. ENO1 is identified as [4.2.1.11] on this diagram and is also known as

phosphopyruvate hydratase.  
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 Fig. 6.32 Glycerolipid metabolism.  PLAG21B is identified as [3.1.1.4] and PTDSS1 is [2.7.8]  
 

The list of genes involved in lipid metabolism and transportation are especially interesting 

when correlated to the finding in chapter 5 of the changes in MDA levels in mouse urine as a 

marker of oxidative lipid peroxidation.   It is also interesting to note that certain marine algal 

extracts, for example caulerpenyne (Bitou et al. 1999), are well known to modulate lipid 

metabolism when added to the diet, and as a result have become very popular in alternative 

methods of weight management with dietary supplementation of marine algal extracts in 

many herbal remedies available commercially (Brudnak 2002). Many substances that cause 

lipid peroxidation are also known as peroxisome proliferators (Tontonoz et al. 1994; Nagy et 

al. 1998; Nilakantan et al. 1998; Saez et al. 1998; Tontonoz et al. 1998; Lee et al. 2000), and 

it would be interesting to investigate if peroxisome numbers increase in hepatocytes following 

repeat-doses of PTX2-SAs.  It is important to identify substances in food that are potential 

peroxisome proliferators as many substances that cause peroxisome proliferation have been 

shown to cause hepatocellular tumours (ECETOC 1992).   

 

Several genes involved in cell respiration and energy transport were altered such as the 

ATPase ATP5I (Arakaki et al. 2001; Giraud et al. 2002), which was up regulated and the 
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mitochondrial ATP synthase ATP5G3 (Yan et al. 1994) and NDUFS5 that were down 

regulated.  The structure of ATP synthases can be seen in fig. 6.33 and the involvement of 

these genes along with NDUFS5 in electron transport and oxidative phosphorylation can be 

seen in fig. 6.34.  NDUFS5 is a ubiquitin specific protease and also involved in ubiquinone 

biosynthesis (Kerscher 2000) (fig.6.35).  Ubiquinones are important molecules in the electron 

transport chains carrying reducing factors to many enzyme systems such as cytochrome 

oxidases.  It is interesting to find several genes altered that can be involved in oxidative 

phosphorlylation, as the mitochondrial proliferation observed by mitochondrial ‘donuting’ in 

EM studies (chapter 5) was a visual indication that oxidative phosphorylation requirements 

may have increased (Sesaki and Jensen 1999; Van der Bliek 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 33  ATP synthase structure sourced from:
http://cgap.nci.nih.gov/Pathways/ 

 20
Fig. 6. 34 (below) Electron transport and oxidative 
phosphorylation.  Both of the ATP synthases ATP5i 
and ATP5G3 are indicated on this diagram as 
[3.6.1.34] and NDUFS5 is seen here as [1.6.5.3] 
Picture sourced from: 
http://cgap.nci.nih.gov/Pathways/ 
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 Fig.6.35 Ubiquinone biosynthesis involving Ndufs5 that is seen in this diagram as [1.6.5.3] 

Genes coding for chaperones and transport proteins were affected, an example was the down 

regulated PSMC1 which is a 26S proteasome involved in the ATP-dependent proteolytic 

degradation of ubiquinated proteins (Coux et al. 1996).  The 26S subunit is also known to be 

involved in peroxisome formation and secretion (Dubiel et al. 1992). The protein ANXA7 

which is associated with synexin in membrane fusion (Burns et al. 1989) was down regulated.  

Genes involved in metabolism and transport of trace metals were affected and include SCLY, 

which was up regulated and codes for an enzyme that catalyzes the metabolism of 

selenocysteine to L-alanine and elemental selenium in selenoprotein synthesis (Mihara et al. 

2000).  CP was down regulated and is known to be involved in iron transportation 

(Mukhopadhyay et al. 1998).  Some genes involved in the metabolism and elimination of 

xenobiotic substances were altered and included TXN a reductase, which was up regulated 

and is involved in oxidative metabolism of xenobiotics (Kiniene et al., 1998) and UGT2B17 

was down regulated and acts as a uridine diphosphoglucuronosyltransferase enzyme which 

have specificity for a number of endogenous substrates (Beaulieu et al. 1998) and hence is 

involved in many biological processes including pentose and glucuronate interconversions, 

androgen and estrogen metabolism, starch and sucrose metabolism and porphyrin and 

chlorophyll metabolism.   
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An in vitro study has been conducted with PTX2 administration where no changes in 

microsomal enzymes were found following repeated doses (Mi and Young 1997), but it was 

observed that the toxicity was increased in those mice that were pre-treated with a metabolic 

modulator and the authors suggested that the toxicity of PTX2 could be associated with 

hepatic enzyme activity.  The microarray technique is a very sensitive method and was able to 

show that genes coding for microsomal enzymes such as CYP7B1 and those mentioned above 

were altered in response to PTX2-SAs. 

 

6.6 CONCLUSION 
 

PTX2-SAs extracted from algae have been shown to cause G2/M phase arrest in HepG2 cells 

with no apoptosis detected up to 72 hours exposure.  The results of the high density 

microarray has helped to elucidate some of the underlying mechanisms involved in the 

toxicology of the PTX2-SAs.  With the interaction of various genes involved in cell cycle 

regulation and other cellular processes it would appear that DNA damage may have been 

caused by the effects of PTX2-SA and this should be further investigated with the use of 

various tests such as the detection of 8-hydroxy-2’-deoxyguanosine in urine or tissues for 

oxidative damage to DNA (Renner et al. 2000; Halliwell 2002), or staining techniques for 

various indicators of DNA damage, for example, micronuclei formation to investigate 

genotoxicity as has been demonstrated with OA (Carvalho Pinto-Silva et al. 2003).  The 

second most significant observation was the number of genes associated with lipid 

metabolism or genesis that were altered.  This is especially interesting when correlated with 

the finding in chapter 5 of increased levels of MDA in the urine of mice treated with PTX2-

SAs indicating that lipid peroxidation damage had occurred.  The significance of these 

alterations should be further investigated to evaluate if the changes are pathological over a 

period of time. 

 

Many genes involved in DNA repair were moderated at the 24 hour point, but as no apoptosis 

was observed up to 72 hours it is a promising indication that any DNA damage that may have 

been caused by the administration of PTX2-SAs was able to be repaired and thus cells were 

not going into apoptosis. The results of these cell cycle and cDNA array studies, in terms of 

human health risk assessment, imply there could be a potential for human effects with 

consumption of PTX2-SA in shellfish, but further in vitro and in vivo studies are required to 

predict the likelihood of any potential chronic and carcinogenic activity of the PTX2-SAs 

following the consumption of contaminated seafoods over a sustained period of time. 
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7.1 INTRODUCTION 
 

This chapter will summarize and evaluate findings of the toxicology studies in this thesis with 

relevance to public health issues from consumption of shellfish contaminated with PTX2-SAs.  This 

evaluation will include a health risk assessment and a discussion of epidemiological evidence 

(anecdotal) of human exposure to PTX2-SAs by consumption of shellfish in Australia and New 

Zealand.  

 

The safety evaluation of identified contaminants in food is a necessary and important process.  

Traditional foods are not considered to require the stringent testing that novel foods and newly 

identified food contaminants require based on their knowledge of long term use, but many 

traditional foods in these modern times are being prepared and processed in novel and different 

ways as our cultures converge and evolve, which has propagated the need to review the safety of 

even some traditional foods (Essers et al. 1998).  The health related issues of algal toxin 

contamination of seafoods and the problems associated with risk assessment have been addressed, 

emphasizing issues of lack on knowledge on biomarkers and other indicators of exposure to toxins 

and insufficient toxicology data (Van Dolah 2000; Van Dolah et al. 2001). 

 

The risk assessment process usually consists of 4 main stages that include health hazard 

identification, toxicological data review and dose-response assessment, exposure assessment, and 

risk characterization and management (IPCS 1999.). 

 

7.2 HAZARD IDENTIFICATION 
 

According to the IPCS manual on principles for the assessment of risks to human health from 

chemicals (1999), hazard identification allows for the evaluation of evidence and the potential for 

an identified substance to cause harm to human health by addressing the main questions of A) 

whether a substance may pose a health hazard to humans from its inherent properties and B) under 

what circumstances is the hazard likely to cause adverse effects. 

 

The PTX2-SAs are newly-recognized toxins being first identified in New Zealand shellfish in 1997 

(Daiguji et al. 1998) and in marine phytoplankton samples in Ireland (James et al. 1999), and were 

subsequently categorized as potential new toxins present in shellfish foods.  The structure of these 

toxins and associated background information can be found in chapter 1.  The biggest influence of 

characterizing these new toxins as a potential threat to human health was their association with DSP 

incidents involving other DSTs such as OA and DTXs, and also for being known as hydrolysis 

products of PTX2, which was already identified as a potential hazard to human health, as reviewed 

in chapter 1.  Some known incidents involving PTX2-SAs in Australia have been discussed in the 
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introduction to this thesis and additional incidents in New Zealand are mentioned in the Cawthron 

report No.750, New Zealand.  The main incident of note in Australia occurred during December of 

1997, when over 100 people living in the Eastern states of Australia were poisoned following 

consumption of pipis harvested off the NSW coastline. At the time of the incident, shellfish 

responsible for the poisoning were found to contain PTX2-SAs and only low levels of PTX-2 

(Eaglesham et al. 2000) in the absence of any other known DSPs.  Hence, the PTX2-SAs were 

considered the causative agent.  Subsequently and during the course of this PhD, analytical 

techniques and knowledge on the algal toxins has developed and it is now realized that OA and 

other DSP toxins can exist as hydroxylated esters in shellfish that were previously going undetected 

by HPLC analysis when mouse bioassays were showing positive results, as discussed in chapters 1 

and 3.  From the results in chapter 3 on analysis of pipis involved in the 1997 NSW poisoning 

incident, it is not believed that the PTX2-SAs were the causative agent but more likely esters of OA 

that caused the observed clinical symptoms in consumers. 

 

In vivo toxicology studies in this PhD included single oral and i.p. doses of PTX2-SAs (chapter 5).  

No toxicology was observed at the LM level up to the maximum dosing level of 1.6mg/kg PTX2-

SA.  Changes were observed at the ultra-structural level with the use of EM and these changes 

could be seen at 25µg/kg in mice.  Lipid peroxidation was found to occur at doses of 25µg/g and 

above – this figure should not be assumed to be the LOAEL as lower doses were not given to mice. 

No functional manifestations like significant changes in weight were observed and no neoplastic or 

carcinogenic observations could be made in these acute short-term in vivo studies.  The significance 

of the observed changes in terms of disease cannot be evaluated without sub-chronic or repeat-dose 

studies as renewal of the intestinal lining usually occurs within a 24 hour period.   

 

In vitro studies showed HepG2 cells to have cell cycle and gene expression changes with a dose of 

800ng/mL (chapter 6).   Many genes involved in DNA repair were moderated at the 24 hour point, 

but as no apoptosis was observed up to 72 hours, it is a promising indication that any DNA damage 

that may have been caused by the administration of PTX2-SAs was not lethal and was able to be 

repaired. The results of these cell cycle and cDNA array studies, in terms of human health risk 

assessment, imply there could be a potential for human effects with consumption of PTX2-SA in 

shellfish, but further in vitro and in vivo studies are required to predict the likelihood of any 

potential chronic and carcinogenic activity of the PTX2-SAs following the consumption of 

contaminated seafoods over a sustained period of time. 

 

In light of the information provided by toxicology investigations in this PhD, with reference to 

evidence of in vivo lipid peroxidation by raised levels of MDA in mouse urine, and changes in cell 

cycle distribution and gene expression in a cultured human cell line, it is concluded that there is 

potential for PTX2-SAs to cause health effects in humans.  Further to this statement, it should be 

noted that these studies were acute studies only, and it has not been established if these observed 
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changes could result in disease or whether they could be repaired or returned within normal limits 

without the manifestation of illness or disease occurring.  For this reason, different scenarios will be 

investigated in the health risk assessment for discussion purposes. 

 

7.3 ASSESSMENT OF TOXICITY 
 

According to leading advisory bodies, a dose-response assessment is the process of determining the 

relationship between the dose of toxicant and the incidence and extent of an adverse health effect 

(IPCS 1999.).  It is especially important at this stage to determine if the toxicant in question has a 

threshold level, below which toxic effects are not found, or whether any level of exposure results in 

a harmful event leading to the classification of the substance as a mutagenic or carcinogenic 

compound. 

 

In vitro studies showed HepG2 cells to have gene expression changes with a dose of 800ng/mL 

PTX2-SAs.  These gene expression changes included alterations in genes involved in cell cycle 

control and DNA repair processes, and many genes involved in lipid metabolism, genesis and 

transport were also altered. 

 

In this thesis, The LOAEL for in vivo studies was considered to be 25µg/kg as changes were 

observed within cells of the intestinal tract and levels of MDA in urine were significantly raised in 

mouse urine at that concentration.  A NOAEL could not be determined in these studies as 25µg/kg 

was the lowest dose administered to mice.  Both of these endpoints were findings from acute 

studies, observed within 24 hours or less of dosing.  It is worthwhile to note that mice permitted to 

live to 14 days post a dose of 25µg/kg did not present with any pathology at the LM level.  Further 

to this, no histopathology abnormalities were observed at the LM level up to the maximum dosing 

level of 1.6mg/kg PTX2-SA.  It is known that concentrations of up to 5mg/kg were administered to 

mice, by i.p. and p.o., with no pathological findings being found (Towers et al, personal 

communication).  It is possible that the observed changes at 25µg/kg could return to normal without 

the manifestation of disease or illness occurring and therefore it could be considered that a NOAEL 

of 1.6mg/kg or 5mg/kg (p.o.) (Towers et al. personal communication) could be incorporated in the 

calculations for a guideline value.   
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7.4 EXPOSURE ASSESSMENT 
 

The possible routes of exposure to the PTX2-SAs in difference scenarios include oral, dermal and 

inhalation.  To elaborate, exposure could occur orally by consumption of contaminated shellfish or 

by swallowing algal bloom-contaminated seawater during recreational activities such as swimming 

and diving.  Dermal exposure could occur when shelling or eating shellfish or by contact with algal 

blooms by recreational seawater users. Additionally, there is potential for recreational users of 

seawater to inhale toxins when, for example, water-skiing through algal blooms that may produce 

PTX2-SAs.  Through all the potential routes of human exposure to PTX2-SAs, poisoning is only 

known to have occurred through the consumption of contaminated shellfish and the following 

assessment will only consider this mode of exposure.   

 

Identification of an appropriate biomarker of exposure can aid in risk assessment, but despite a 

clearer understanding of the processes and mechanisms of toxicity for the PTX2-SAs being 

investigated in this PhD, a specific and useful biomarker of exposure to PTX2-SAs was not 

identified.  Although, it would be interesting to compare the pattern of gene induction changes with 

the other DST’s in a future project to determine if a unique gene or group of genes were altered that 

could be utilized in an in vitro assay as a biomarker. 

 

Without the benefit of a biomarker to measure human exposure to PTX2-SAs, anecdotal evidence 

of shellfish consumption and known levels of PTX2-SAs in shellfish can be evaluated.  By analysis 

of the pipis from the 1997 poisoning incident in NSW, the amount of toxin consumed by the patient 

was estimated.  It was found that the pipis contained approximately 300µg PTX2-SAs/kg of pipis 

flesh.  The average meal consists of approximately 0.5 kg of pipis.  Therefore, each person  may 

have consumed approximately 150 µg of PTX-2SA during the meal.  For an average 60kg person 

this equates to a dose of 2.5µg PTX-2SA/kg/bw.  The amount of DTX-1 sufficient to induce 

gastroenteritis in a human is 32µg when eaten (Yasumoto et al. 1985).  This figure is considerably 

lower than the doses employed for most in vivo toxicity studies discussed in chapter one for various 

DSP toxins.  In light of this information the question should be posed as to why the oral toxicity 

studies are conducted with such high doses in mice?  Additionally, it has been found that the oral 

toxicity of OA is 25-50 times lower than that seen from i.p. dosing (Aune et al. 1998).   Thus, the 

question is raised "Are humans more sensitive to DSP toxins than mice?" These issues may relate to 

differences in metabolism for the DSPs or other physiological processes such as absorption 

mechanisms and simply to differences between intestinal surface area to body weight ratios. A good 

example of such a difference is that of intoxication with CTX’S where humans are known to present 

with diarrhoea following intoxication whereas this has never been observed in laboratory animals 

when dosed with CTXs (Richard Lewis, personal communication). These factors of inter-species 

and inter-individual differences for safety evaluation are usually accounted for by the application of 
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uncertainty factors.  Uncertainty factors are usually based on criteria set out by the IPCS upon a 

review of all the available data, but contemporary thinking is that these standard safety factors can 

be modified and reduced on the basis of the completeness and relevance of the data set on toxicity 

information for a substance (Renwick 1993; Renwick and Lazarus 1998; Renwick 1999; Renwick 

1999; IPCS 2001).  With review of several papers on the criteria for such judgment of uncertainty 

factors it is realized that the studies in this thesis do not conform to the criteria recommended in 

Renwick, (1993) and thus the standard factors of 100 must be applied.   If the PTX2-SAs had been 

shown to be carcinogenic and a NOAEL not determined, then mechanistic and toxicokinetic 

information could be generated and used to assess the type of safety factors employed for genotoxic 

or non-genotoxic carcinogens (ECETOC 1996; Greim 2003).  Such factoring was also not 

applicable to this study with the PTX2-SAs as no apoptosis was observed in cell cycle studies, and 

it is assumed that any DNA damage that may have occurred was able to be repaired, an assumption 

made with observation of the G2/M cell cycle arrest and alteration of expression for genes involved 

in DNA repair.  Of course, this can only be an assumption at this stage of risk assessment, as repeat-

dose exposure to PTX2-SAs has not been investigated. 

 

It has been proposed that the traditional safety factors applied to contaminants and inherent 

chemicals in food can be reduced in light of known mechanistic, toxicokinetic and epidemiological 

data of the substance being assessed (Renwick 1993; Preston 1996; Essers et al. 1998; Dybing et al. 

2002) and this strategy was adopted by the WHO in 1994 and thus has also been incorporated as 

recommended criteria for adjustment factors by many regulatory and advisory bodies for the 

assessment of contaminants in food (ECETOC 1995; Joint FAO/WHO Expert Committee on Food 

Additives. Meeting (57th : 2001 : Rome Italy) et al. 2002).  Distribution studies were conducted to 

see where PTX2-SA could be detected in the mouse, but it was not within the realms of this PhD to 

be able to identify metabolites or conduct autoradiographical or immunohistochemical distribution 

studies, and thus toxicokinetic observations could not be made.  Thus, the data set from studies in 

this PhD is considered incomplete and therefore such uncertainty factors cannot be reduced, most 

notably by the absence of toxicokinetic parameters.  Toxicodynamic and toxicokinetic data is not 

necessary to define a NOAEL, but is essential if a factor other than 100 is to be applied to a 

NOAEL for risk assessment (Renwick 1993; Meek et al. 2002; Meek et al. 2003). The applicability 

to human risk assessment with use of human cells for in vitro studies could enable some reduction 

in uncertainty factors if dose ranges and exposure times could produce a dose response observation.  
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GV = TDI x bw x P/C 
 TDI =   LOAEL  

      Uncertainty factor
 

 

 

 

 

 

GV = guideline value 
TDI = tolerable daily intake 
bw = body weight (assuming an average weight of 60kg) 
P = proportion of daily intake assigned to food, which would be 1 for this assessment
C = amount consumed (in a normal meal is approximately 0.5kg)
 

Scenario 1: if the LOAEL of 25µg/kg applies to a health risk assessment then single oral dosing safety factors 

according to IPCS, 1999 are calculated thus: 

X 10 for interspecies variation 

X 10 for inter-individual variation 

X 10 for less than a lifetime study 

X 5 for a single dose study 

X 5 for use of LOAEL instead of NOAEL 

= a safety factor of 25000 
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The figures calculated are all below the current recommended guideline value of 160µg/kg of 

shellfish meat.  In considering this calculated value it should be noted that the above determined 

NOAEL concentrations were the highest doses given to mice in these studies, and not simply the 

highest doses where no effects were seen.  Therefore, it should be considered that the NOAEL 

could in fact be much higher. Regretfully, higher doses could not be performed due to lack of 

purified toxin availability, but such determination with repeat-dose chronic studies is the ultimate 

resource for an appropriate health risk assessment.  Further to this, the LOAEL in scenario 1 was 

the lowest dose given for in vivo studies and it should also be considered that the LOAEL figure 

stated could be lower. 

 

In communications by Towers et al. (personal communication, 2000) on YTX the authors were 

comparing the oral and i.p. toxicity and theorizing on the quantities of shellfish that would need to 

be consumed for a mouse or a human to suffer toxicity to aid putting in to context the extremity of 

some regulated guidelines on shellfish toxins.  Currently shellfish containing 16µg OA 

eqivalents/100g tissue is legislated as ‘unsafe’, they then demonstrated that YTX is two fold more 

toxic than OA upon i.p. injection and thus shellfish containing 8µg YTX/100g would fail the mouse 

bioassay and would be considered unsafe.  They went on to theorize that a 20g mouse would need 

to eat 13.5 kg of unsafe shellfish to obtain a sufficient YTX dose to cause lethality and that a 100kg 

man would need to eat 6.8 tonnes of said shellfish in one sitting to receive the equivalent dose of 

YTX. 

 

Anecdotal evidence of consumption of shellfish contaminated with PTX2-SAs between the years 

1999-2002 was collected by Ken Lee of the South Australian Shellfish Quality Assurance Program.  

This evidence was collected in retrospect by asking shellfish farmers to fill in tables of estimated 

numbers of shellfish eaten and known concentrations of PTX2-SAs.  They were also asked to 

provide any other additional information such as any symptoms arising following consumption of 

contaminated pipis.  The reporting forms were sent to farmers to report on shellfish harvested from 

5 bays in Port Lincoln but responses for shellfish harvested from only 3 bays were received.  These 

bays were Streaky Bay, Boston and Proper Bays.  The collated information can be viewed in 

appendix 1.  In summary, of all the batches consumed in the 1999-2002 period no illness was 

reported.  Collated data on the occurrence and levels of PTX2-SAs in Australian shellfish analyzed 

at QHSS during this period is shown graphically in the appendix.  In Australia the highest levels of 

PTX2-SAs in shellfish that have been analyzed by QHSS have not exceeded 2mg/Kg of shellfish 

meat (personal communication, Geoff Eaglesham, QHSS).  The Cawthron report (no. 750, 

Mackenzie, 2002) provides a guide to the levels of PTXs found in NZ shellfish. 
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7.5 HEALTH RISK CHARACTERIZATION AND MANAGEMENT 
 

Risk characterization is an evaluation of scientifically collected information to estimate the extent of 

risk to health taking into consideration the level of uncertainty that may exist and the estimates of 

human risk under relevant exposure scenarios (IPCS 1999.). 

 

In light of the risk assessment producing a guideline value that was calculated to be lower than the 

current recommended guideline value, a risk:benefit analysis for the consumption of contaminated 

shellfish should be performed considering the fact that there is no hard evidence that a human 

poisoning event has taken place involving only PTX2-SAs.    

 

 

7.5.1  Putting the hazard into context 
 

To date, there has been no solid evidence that PTX2-SAs cause illness in humans – all documented 

incidents involving the PTX2-SAs have also included other DSP contaminants.  Pathology has not 

unequivocally been observed in animal studies. Therefore, the in vivo dosing concentrations could 

be put into the context of human consumption of shellfish.  Thus, in the absence of safety factors, if 

extrapolation of doses were to be calculated for a 60kg person and correlated to the maximum 

recorded levels of PTX2-SAs in Australian shellfish, known to be 2mg/kg shellfish meat (QHSS) 

and in New Zealand shellfish at 4.1mg/kg shellfish meat (Cawthron report), then the following 

could be calculated: 

 

Scenario 1: 25µg/kg LOAEL 

25µg/kg X 60kg = 1500µg of toxin would be required to be consumed in one meal to cause the 

observed changes seen in mice. Therefore, in Australia a person would have to consume 

approximately 750g of contaminated shellfish to be exposed to the same dose, and in NZ would 

need only consume 365g of shellfish meat. 

 

Scenario 2: 1.6mg/kg NOAEL 

1.6mg/kg X 60kg = 96mg of toxin would be required to be consumed in one meal to cause the 

observed changes seen in mice. Therefore, in Australia a person would have to consume 

approximately 48kg of contaminated shellfish to be exposed to the same dose, and in NZ would 

need consume approximately 23 kg of shellfish meat. 
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Scenario 3: 5mg/kg (NZ study) NOAEL 

5mg/kg X 60kg = 300mg of toxin would be required to be consumed in one meal to cause the 

observed changes seen in mice. Therefore, in Australia a person would have to consume 

approximately 150kg of contaminated shellfish to be exposed to the same dose, and in NZ a person 

would need to consume approximately 73kg of shellfish meat in one sitting! 

 

Additionally, it should also be considered that although a TDI was calculated and incorporated into 

the guideline value calculations in the previous section, the average person would not eat a meal of 

shellfish a day, and in reality may only eat shellfish on a rare occasion.    

 

The PTX2-SAs are currently categorized and regulated with other DST’s due to their association 

with others DSP’s in shellfish and with application of the Precautionary Principle (Hart et al. 2003; 

Resnik 2003; Rogers 2003).  The recommended guideline value of 160µg OA equivalents/kg of 

shellfish meat has resulted in a crippling of the South Australian shellfish industry by the mandatory 

closure of many bays to shellfish harvesting for 15 of the past 24 months.  This tight regulation has 

caused a great economic burden to shellfish farmers with many smaller companies going out of 

business (Ken Lee, personal communication). 

 

 

7.6 THE CONCLUDING STATEMENT  
 

The toxicology studies in this thesis have shown there is potential for these toxins to induce 

biological changes in mammalian cells in vivo and in vitro.  Despite severe pathology being 

identified in the pilot study, follow up studies could not replicate the pathology seen in the pilot 

study with different consignments of shellfish extract.  No behavioral changes were of note and 

little pathology could be seen at the LM level following PTX2-SA dosing.  At the EM level, 

changes were seen within the terminal web, RER and mitochondria following PTX2-SA dosing.  

The significance of these changes cannot be fully evaluated without follow up studies with 

increasing doses and exposure periods to determine if such changes are repairable over time or 

induce permanent changes. 

 

The LOEL for this study is considered 25 µg/kg, determined by the observed changes noted 

following EM studies and MDA analysis in urine, but further metabolism, absorption and 

distribution investigations of these toxins will be required to determine the NOEL to aid in a health 

risk assessment for the consumption of shellfish contaminated with PTX2-SA and 7-epi-PTX2-SA.    

 

PTX2-SAs extracted from algae have been shown to cause G2/M phase arrest in HepG2 cells with 

no apoptosis detected up to 72 hours exposure.  The results of the high density microarray have 
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helped to elucidate some of the underlying mechanisms involved in the toxicology of the PTX2-

SAs.  With all the interactions of various genes involved in cell cycle regulation and other cellular 

processes it would appear that DNA damage may have been caused by the effects of PTX2-SA and 

this should be further investigated with the use of various tests such as the detection of 8-hydroxy-

2’-deoxyguanosine in urine or tissues for oxidative damage to DNA (Renner et al. 2000; Halliwell 

2002), or staining techniques for various indicators of DNA damage, for example, micronuclei 

formation to investigate genotoxicity as has been demonstrated with OA (Carvalho Pinto-Silva et al. 

2003).  The second most significant observation was the number of genes associated with lipid 

metabolism or genesis that were altered.  This is especially interesting when correlated with the 

finding of increased levels of MDA in the urine of mice treated with PTX2-SAs indicating that lipid 

peroxidation damage had occurred.  The significance of these alterations should be further 

investigated to evaluate if the changes are pathological over a period of time. 

 

Many genes involved in DNA repair were moderated at the 24 hour point, but as no apoptosis was 

observed up to 72 hours it is a promising indication that any DNA damage that may have been 

caused by the administration of PTX2-SAs was able to be repaired and thus cells were not going 

into apoptosis. The results of these cell cycle and cDNA array studies, in terms of human health risk 

assessment, imply there could be a potential for human effects with consumption of PTX2-SA in 

shellfish, but further in vitro and in vivo studies are required to predict the likelihood of any 

potential chronic and carcinogenic activity of the PTX2-SAs following the consumption of 

contaminated seafoods over a sustained period of time. 

 

Studies were restricted in number for this thesis caused by the limited quantity of purified PTX2-

SAs available for toxicology investigations.  Nothing is known of the chronic toxicology of PTX2-

SAs or other PTXs and their potential implications to public health in the long term and has not 

been determined.  This information is needed to perform an appropriate health risk assessment for 

consumption of contaminated shellfish and hence for guidance in the regulation of toxin levels in 

shellfish that are sold for human consumption.   

 

The health risk assessment produced guideline values that are lower than the current recommend 

values, but when consideration of epidemiological evidence is assessed, PTX2-SAs cannot be 

considered as high a risk to public health as previously thought with no real evidence to support the 

assumption that PTX2-SAs caused human illness.  For these reasons and the reality of the economic 

burden the current guideline values are causing to shellfish industries around the globe, it is 

recommended that levels of PTX2-SAs be monitored in recognition of the precautionary principle, 

but no longer regulated as tightly with other DSPs until such a time that toxicological or 

epidemiological evidence can prove that the PTX2-SAs are a DSP and are a more considerable 

threat to human health than has been indicated by toxicology studies in this thesis. 
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7.7 FUTURE WORK 
 

Despite ongoing international research into the production of algal toxins and their accumulation in 

shellfish, the reason for production of toxins and much of their toxicological action is not 

understood at this time.  It is clear that toxic algal blooms and associated algal toxin identification is 

on the increase around the world.  Thus, it is important that shellfish poisons and their related 

syndromes must continue to be monitored, researched and regulated to ensure the safety and health 

of shellfish consumers. 

 

While toxicological investigations in this thesis have highlighted acute studies in mice dosed with 

PTX2-SAs, it is hoped that the findings provide guidance for remaining toxicology work that is 

required and that is pertinent to the risk evaluation of PTX2-SAs in shellfish for human 

consumption. 

 

Firstly, it is necessary to conduct repeat-dose investigations over a period of time to ascertain any 

chronic toxicity or pathological finding that may arise from long term exposure to PTX2-SAs. The 

causation of lipid peroxidation in vivo detected by raised levels of MDA in the urine of dosed mice 

is one of the key findings for concern for consumption of PTX2-SAs.  This issue should be further 

investigated with DNA damage studies both in vitro and in vivo.   Low dose studies employing EM 

for observation of changes in the intestinal and liver tissues is important to elucidate if the observed 

changes continue to progress after 24 hours exposure, and to see if PTX2-SAs are peroxisome 

proliferators.  It would be advantageous to conduct distribution studies with the production of radio-

labelled toxins or with immunohistological techniques to identify any additional target organs and 

to enable identification and tracking of any metabolites of the PTX2-SAs as they are ingested and 

excreted.  

 

Finally, it is fundamental to DSP regulation that research be undertaken to assess the effects of 

consuming PTX2-SAs with several of the DSP toxins in one meal, as often occurs in the real-life 

situation where shellfish can be contaminated with a combination of DSP toxins. 
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Anecdotal evidence of consumption of shellfish contaminated with PTX2-
SAs 

 
Anecdotal evidence of consumption of shellfish contaminated with PTX2-SAs between the years 
1999-2002 was collected and is shown below.  This evidence was collected in retrospect by asking 
shellfish farmers to fill in tables of estimated numbers of shellfish eaten and known levels of PTX2-
SAs.  They were also asked to provide any other additional information such as any symptoms 
arising.  The reporting forms were sent to farmers to report on shellfish harvested from 5 bays in 
Port Lincoln but responses for shellfish harvested from 3 bays were received.  These bays were 
Streaky Bay, Boston and Proper Bays. 
 
 
Survey response 1 
Dates Growing 

Area 
PTX2-SA Level 
ug/Kg 

Estimated No. Shellfish 
Sold/Consumed 

Comments 

01/01/01 –  
13/03/02 

Streaky 
bay 

One level of 450, 
rest 250 or lower 

  

12/11/01 – 
18/01/02 

Streaky 
bay 

5/11  700 
13/11  870 
20/11  700 
 

6/11/01 225 doz delivered 
11/11/01 45 doz delivered
13/11/01 720 doz 
delivered 

I did eat a small quantity of 
oysters as usual with no effect. 

23/03/00 –  
10/08/00 

boston & 
proper bays 

   

 
Survey response 2 
Dates Growing 

Area 
PTX2-SA Level 
ug/Kg 

Estimated No. Shellfish 
Sold/Consumed 

Comments 

01/01/01 –  
13/03/02 

Streaky 
bay 

One level of 450, 
rest 250 or lower 

  

12/11/01 – 
18/01/02 

Streaky 
bay 

5/11  700 
13/11  870 
20/11  700 
 

8/11/01 delivered 
13/11/01 675 doz 
delivered 
11/11/01 450 doz 
delivered 
11/11-12/11 40 doz 
private 

I ate at least 6 oysters every 
other day during this period 
and usually do eat most of my 
? oysters.  Also this apperant 
toxins produce an orange tinge 
when it occurs usually once in 
a ten year period approximatly 
speaking. 

23/03/00 –  
10/08/00 

boston & 
proper 
bays 
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survey response 3 
Dates Growing 

Area 
PTX2-SA Level 
ug/Kg 

Estimated No. Shellfish 
Sold/Consumed 

Comments 

01/01/01 –  
13/03/02 

Streaky 
bay 

One level of 450, 
rest 250 or lower 

None  

12/11/01 – 
18/01/02 

Streaky 
bay 

Approx 700 5/11 – 12/11 bay closure 
20 doz sydney fish 
market 
Mab: 
270 doz 
30 doz 
45 doz 
150 doz 

All these shellfish were 
consumed before closure was 
implementedat the sydney 
fish market: 
 
No reported illness 

23/03/00 –  
10/08/00 

Boston & 
proper 
bays 

   

 
survey response 4 
Dates Growing 

Area 
PTX2-SA Level 
ug/Kg 

Estimated No. Shellfish 
Sold/Consumed 

Comments 

01/01/01 –  
13/03/02 

Streaky 
bay 

One level of 450, 
rest 250 or lower 

 Miyagi oysters – streaky bay 

12/11/01 – 
18/01/02 

Streaky 
bay 

5/11  700 
13/11  870 
 
 

6/11/01 315 doz  
6/11/01 310 doz  
9/11/01 315 doz  

Between sample being taken 
5/11/01 and when the bay 
was closed 12/11/01 the 
shellfish we sold on the dates 
provided were not recalled. 

23/03/00 –  
10/08/00 

Boston & 
proper 
bays 

   

 
survey response 5 
Dates Growing 

Area 
PTX2-SA Level 
ug/Kg 

Estimated No. Shellfish 
Sold/Consumed 

Comments 

01/01/01 –  
13/03/02 

Streaky 
bay 

One level of 450, 
rest 250 or lower 

  

12/11/01 – 
18/01/02 

Streaky 
bay 

5/11  700 
13/11  870 
 

3,200 doz Most consumed between 5/11 
–12/11 
No reported illnesses. Some 
consumed by elderly. Some 
consumed by people ‘not 
used’ to eating shellfish. 
Some people ate > 1 doz 
each. 

23/03/00 –  
10/08/00 

Boston & 
proper 
bays 

Levels started at 
140-250 ug 
early, then 
450ug for long 
time then back to 
400ug then open 

9 doz Most eaten by 1-2 individuals 
when levels <600ug/kg. 
Ken and family ate 1 doz 
each when level (same day) 
was 430ug/kg. 
No ill effects were reported 
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Concentrations of DSP Toxins found in Shellfish harvested in 
Ballina (NSW) between November 1999 and January 2001
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Comparison of DSP toxins levels in shellfish with algae counts in Ballina (NSW) 
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Concentrations of DSP toxins in shellfish collected in South Australia
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Appendix for Microarray studies 

 
List of 19 genes ‘up-regulated’ by 2-fold or more in all three slides 

 
Number Accession ID Unigene No. Symbol Description 

1 Z95114 Hs.241535 APOL3 Apolipoprotein L, 3 
2 BG704851 Hs.85539 ATP5I ATP synthase, H+ transporting, mitochondrial F0 complex, subunit e 
3 AV722422 Hs.146409 CDC42 Cell division cycle 42 (GTP binding protein, 25kd) 
4 AV652811 Hs.99886 C4BPB Complement component 4 binding protein, beta 
5 NM_001261 Hs.150423 CDK9 Cyclin-dependent kinase 9 (CDC2-related kinase) 
6 AF029403 Hs.144877 CYP7B1 Cytochrome P450, subfamily VIIB (oxysterol 7 alpha-hydroxylase), polypeptide 1 
7 AW183567 Hs.96513  Homo sapiens, clone MGC:4459 IMAGE:2960564, mrna, complete cds 
8 AI249658 Hs.13075 MGC3207 Hypothetical protein MGC3207 
9 BE799139 Hs.178728 MBD3 Methyl-cpg binding domain protein 3 

10 AI888832 Hs.24719 MAP-1 Modulator of apoptosis 1 
11 AI280973 Hs.100724 PPARG Peroxisome proliferative activated receptor, gamma 
12 AI640735 Hs.285306 SCLY Putative selenocysteine lyase 
13 N92548 Hs.263671 RDX Radixin 
14 BE091961 Hs.102336 ARHGAP8 Rho gtpase activating protein 8 
15 AW973154 Hs.184014 RPL31 Ribosomal protein L31 
16 AV709655 Hs.180450 RPS24 Ribosomal protein S24 
17 BG479933 Hs.3297 RPS27A Ribosomal protein s27a 
18 AA927505 Hs.108957 RPS27L Ribosomal protein S27-like 
19 AV763087 Hs.76136 TXN Thioredoxin 

 
List of 41 genes ‘down-regulated’ by 2-fold or more in all three slides 

 
Number Accession Unigene No. Symbol Description 

1 AA334424 Hs.155421 AFP Alpha-fetoprotein 
2 NM_004034 Hs.78637 ANXA7 Annexin A7 
3 NM_001673 Hs.75692 ASNS Asparagine synthetase 
4 NM_001689 Hs.429 ATP5G3 ATP synthase, H+ transporting, mitochondrial F0 complex, subunit c (subunit 9) isoform 3 
5 NM_014670 Hs.155291 BZAP45 Basic leucine-zipper protein BZAP45 
6 BC007340 Hs.106880 BYSL Bystin-like 
7 BG389453 Hs.182278 CALM2 Calmodulin 2 (phosphorylase kinase, delta) 
8 NM_001746 Hs.155560 CANX Calnexin 
9 BE884067 Hs.296634 CP Ceruloplasmin (ferroxidase) 
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10 AA314436 Hs.108809 CCT7 Chaperonin containing TCP1, subunit 7 (eta) 
11 BG824258 Hs.15591 MOV34-34KD COP9 subunit 6 (MOV34 homolog, 34 kd) 
12 BG683393 Hs.254105 ENO1 Enolase 1, (alpha) 
13 BG503248 Hs.151777 EIF2S1 Eukaryotic translation initiation factor 2, subunit 1 (alpha, 35kd ) 
14 BG678179 Hs.173912 EIF4A2 Eukaryotic translation initiation factor 4A, isoform 2 
15 NM_004958 Hs.338207 FRAP1 FK506 binding protein 12-rapamycin associated protein 1 
16 W02972 Hs.296261 GNAQ Guanine nucleotide binding protein (G protein), q polypeptide 
17 BG035543 Hs.3352 HDAC2 Histone deacetylase 2 
18 BG743005 Hs.168694  Homo sapiens clone 23763 unknown mrna, partial cds 
19 AI911657 Hs.76095 IER3 Immediate early response 3 
20 AL550285 Hs.177559 IFNGR2 Interferon gamma receptor 2 (interferon gamma transducer 1) 
21 BG560803 Hs.81892 KIAA0101 KIAA0101 gene product 
22 BE886912 Hs.75574 MRPL19 Mitochondrial ribosomal protein L19 
23 AA345289 Hs.233936 MLCB Myosin, light polypeptide, regulatory, non-sarcomeric (20kd) 
24 BG753137 Hs.80595 NDUFS5 NADH dehydrogenase (ubiquinone) Fe-S protein 5 (15kd) (NADH-coenzyme Q reductase) 
25 BG619874 Hs.137476 PEG10 Paternally expressed 10 
26 AW949594 Hs.171834 PCTK1 PCTAIRE protein kinase 1 
27 AL547497 Hs.173125 PPIF Peptidylprolyl isomerase F (cyclophilin F) 
28 NM_014754 Hs.77329 PTDSS1 Phosphatidylserine synthase 1 
29 NM_000928 Hs.992 PLA2G1B Phospholipase A2, group IB (pancreas) 
30 Y11950 Hs.196177 PHKG2 Phosphorylase kinase, gamma 2 (testis) 
31 BG829879 Hs.4745 PSMC1 Proteasome (prosome, macropain) 26S subunit, atpase, 1 
32 BG397566 Hs.155975 PTPRCAP Protein tyrosine phosphatase, receptor type, C-associated protein 
33 AW327267 Hs.183698  Ribosomal protein L29 
34 BF669160 Hs.350108 RPLP0 Ribosomal protein, large, P0 
35 J04982 Hs.2043 SLC25A4 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4 
36 N41981 Hs.78869 TCEA1 Transcription elongation factor A (SII), 1 
37 AJ006412 Hs.158688 IF2 Translation initiation factor IF2 
38 BC004354 Hs.211607 TNRC11 Trinucleotide repeat containing 11 (THR-associated protein, 230 kd subunit) 
39 AL556551 Hs.75103 YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide 
40 AU118783 Hs.77578 USP9X Ubiquitin specific protease 9, X chromosome (fat facets-like Drosophila) 
41 BG200978 Hs.183596 UGT2B17 UDP glycosyltransferase 2 family, polypeptide B17 
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List of 267 genes that were classified as ‘switch-off’ 

 
No. Accession Symbol Unigene Description 
1 BF515855 ADAM12 Hs.8850 A disintegrin and metalloproteinase domain 12 (meltrin alpha) 
2 NM_003816 ADAM9 Hs.2442 A disintegrin and metalloproteinase domain 9 (meltrin gamma) 
3 NM_005759 AIP-1 Hs.343575 Abl-interactor 12 (SH3-containing protein) 
4 NM_000019 ACAT1 Hs.37 Acetyl-Coenzyme A acetyltransferase 1 (acetoacetyl Coenzyme A thiolase) 
5 AK027723 OA48-18 Hs.278670 Acid-inducible phosphoprotein 
6 AL560125 ARPC5 Hs.82425 Actin related protein 2/3 complex, subunit 5 (16 kd) 
7 BG481840 ACTB Hs.288061 Actin, beta 
8 BG422944 ACTG1 Hs.14376 Actin, gamma 1 
9 NM_001615 ACTG2 Hs.78045 Actin, gamma 2, smooth muscle, enteric 

10 AU138067 ADPRT Hs.177766 ADP-ribosyltransferase (NAD+; poly (ADP-ribose) polymerase) 
11 AL558086 ALB Hs.184411 Albumin 
12 BG481883 ALDOA Hs.273415 Aldolase A, fructose-bisphosphate 
13 NM_003905 APPBP1 Hs.61828 Amyloid beta precursor protein binding protein 1, 59kd 
14 NM_020987 ANK3 Hs.75893 Ankyrin 3, node of Ranvier (ankyrin G) 
15 AA974308 ARMET Hs.75412 Arginine-rich, mutated in early stage tumors 
16 BF316073 ASL Hs.61258 Argininosuccinate lyase 
17 AL040940 ACTR3 Hs.5321 ARP3 actin-related protein 3 homolog (yeast) 
18 AW409774 ASTN2 Hs.30898 Astrotactin 2 
19 AV763549 ATP5C1 Hs.155433 ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1 
20 NM_000052 ATP7A Hs.606 Atpase, Cu++ transporting, alpha polypeptide (Menkes syndrome) 
21 BE780536 BCL2L1 Hs.305890 BCL2-like 1 
22 NM_004328 BCS1L Hs.150922 BCS1-like (yeast) 
23 BF237719 BCRP1 Hs.268763 Breakpoint cluster region protein, uterine leiomyoma, 1; barrier to autointegration factor 
24 BG197310 CDH2 Hs.161 Cadherin 2, type 1, N-cadherin (neuronal) 
25 BE302598 CAPN3 Hs.40300 Calpain 3, (p94) 
26 BG681089 CAST Hs.279607 Calpastatin 
27 AI869526 CALU Hs.7753 Calumenin 
28 AU117908 CFLAR Hs.195175 CASP8 and FADD-like apoptosis regulator 
29 AL546380 CTSB Hs.297939 Cathepsin B 
30 AK025306 CLK1 Hs.2083 CDC-like kinase 1 
31 NM_004749 CPR2 Hs.347349 Cell cycle progression 2 protein 
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32 NM_016343 CENPF Hs.77204 Centromere protein F (350/400kd, mitosin) 
33 NM_001762 CCT6A Hs.82916 Chaperonin containing TCP1, subunit 6A (zeta 1) 
34 NM_003965 CCRL2 Hs.302043 Chemokine (C-C motif) receptor-like 2 
35 NM_004067 CHN2 Hs.286055 Chimerin (chimaerin) 2 
36 NM_001270 CHD1 Hs.22670 Chromodomain helicase DNA binding protein 1 
37 BG619551 C14orf2 Hs.109052 Chromosome 14 open reading frame 2 
38 NM_001326 CSTF3 Hs.180034 Cleavage stimulation factor, 3' pre-RNA, subunit 3, 77kd 
39 NM_000082 CKN1 Hs.32967 Cockayne syndrome 1 (classical) 
40 M65134 C5 Hs.1281 Complement component 5 
41 AI557255 CXADR Hs.79187 Coxsackie virus and adenovirus receptor 
42 BG531987 CCNH Hs.514 Cyclin H 
43 BG165160 CCNI Hs.79933 Cyclin I 
44 NM_006094 DLC1 Hs.8700 Deleted in liver cancer 1 
45 AL552970 DKK1 Hs.40499 Dickkopf homolog 1 (Xenopus laevis) 
46 Y00978 DLAT Hs.115285 Dihydrolipoamide S-acetyltransferase (E2 component of pyruvate dehydrogenase complex) 

47 BG680858 
DKFZP434J1
813 Hs.1098 Dkfzp434j1813 protein 

48 BF309422 DFFA Hs.105658 DNA fragmentation factor, 45 kd, alpha polypeptide 
49 NM_006260 DNAJC3 Hs.9683 Dnaj (Hsp40) homolog, subfamily C, member 3 
50 NM_014890 DOC1 Hs.15432 Downregulated in ovarian cancer 1 
51 NM_001952 E2F6 Hs.42287 E2F transcription factor 6 
52 AL559590 ELF1 Hs.154365 E74-like factor 1 (ets domain transcription factor) 
53 AL523212 EHD1 Hs.155119 EH-domain containing 1 
54 NM_012081 ELL2 Hs.173334 Ell-related rna polymerase ii, elongation factor 
55 NM_014693 ECE2 Hs.129801 Endothelin converting enzyme 2 
56 NM_001980 EPIM Hs.99865 Epimorphin 
57 NM_000120 EPHX1 Hs.89649 Epoxide hydrolase 1, microsomal (xenobiotic) 
58 BG167914  Hs.31388 Ests 
59 AA824285  Hs.144622 Ests 
60 BG110974  Hs.351110 Ests 

61 BG032173  Hs.351990 
Ests, Highly similar to CH60_HUMAN 60 KDA HEAT SHOCK PROTEIN, MITOCHONDRIAL PRECURSOR 
[H.sapiens] 

62 AW950447  Hs.9521 Ests, Moderately similar to G02075 transcription repressor zinc finger protein 85 [H.sapiens] 
63 BE243545  Hs.57637 Ests, Weakly similar to A49364 59 protein, brain [H.sapiens] 
64 AA417878  Hs.48401 Ests, Weakly similar to ALU8 HUMAN ALU SUBFAMILY SX SEQUENCE CONTAMINATION WARNING 
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ENTRY [H.sapiens] 

65 BF243409 EEF1E1 Hs.298581 Eukaryotic translation elongation factor 1 epsilon 1 
66 BG484643 EIF3S2 Hs.192023 Eukaryotic translation initiation factor 3, subunit 2 (beta, 36kd) 
67 AL520387 EIF4EBP1 Hs.71819 Eukaryotic translation initiation factor 4E binding protein 1 
68 BG697239 XPO1 Hs.79090 Exportin 1 (CRM1 homolog, yeast) 
69 NM_001441 FAAH Hs.326190 Fatty acid amide hydrolase 
70 BG698967 FADS1 Hs.132898 Fatty acid desaturase 1 
71 AL552895 FACVL1 Hs.11729 Fatty-acid-Coenzyme A ligase, very long-chain 1 
72 NM_004459 FALZ Hs.99872 Fetal Alzheimer antigen 
73 BG566030 FGA Hs.351593 Fibrinogen, A alpha polypeptide 
74 BG618299 FGL1 Hs.107 Fibrinogen-like 1 
75 BC001257 FAP48 Hs.49105 FKBP-associated protein 
76 X69962 FMR1 Hs.89764 Fragile X mental retardation 1 
77 BG747743 SIAHBP1 Hs.74562 Fuse-binding protein-interacting repressor 
78 AL522814 KIAA0110 Hs.124 Gene predicted from cdna with a complete coding sequence 
79 BG500905 GLE1L Hs.169363 GLE1 RNA export mediator-like (yeast) 
80 NM_000848 GSTM2 Hs.279837 Glutathione S-transferase M2 (muscle) 
81 D45286 GPM6A Hs.75819 Glycoprotein M6A 
82 NM_005113 GOLGA5 Hs.241572 Golgi autoantigen, golgin subfamily a, 5 
83 BG545676 GCA Hs.79381 Grancalcin, EF-hand calcium binding protein 
84 BG928406 HMGE Hs.151903 Grpe-like protein cochaperone 
85 BG395645 GNB3 Hs.71642 Guanine nucleotide binding protein (G protein), beta polypeptide 3 
86 BG424817 HSPA9B Hs.3069 Heat shock 70kd protein 9B (mortalin-2) 
87 AI741735 HSF4 Hs.75486 Heat shock transcription factor 4 
88 BE870129 HS6ST Hs.6363 Heparan sulfate 6-O-sulfotransferase 
89 AL132772 HNF4A Hs.54424 Hepatocyte nuclear factor 4, alpha 
90 AU126203 HNRPA1 Hs.249495 Heterogeneous nuclear ribonucleoprotein A1 
91 AL134884 HNRPH2 Hs.278857 Heterogeneous nuclear ribonucleoprotein H2 (H') 
92 BE618313 HMG1 Hs.337757 High-mobility group (nonhistone chromosomal) protein 1 
93 BG250825 HMGIC Hs.2726 High-mobility group (nonhistone chromosomal) protein isoform I-C 
94 BF792457 H2AV Hs.301005 Histone H2A.F/Z variant 
95 AI004324 BAT4 Hs.247478 HLA-B associated transcript 4 
96 AK022433  Hs.324179 Homo sapiens cdna FLJ12371 fis, clone MAMMA1002434 

97 AW296083  Hs.173108 
Homo sapiens cdna: FLJ21897 fis, clone HEP03447, highly similar to AF052178 Homo sapiens clone 24523 mrna 
sequence 
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98 AK026295  Hs.288232 Homo sapiens cdna: FLJ22642 fis, clone HSI06970 
99 AF070590  Hs.90869 Homo sapiens clones 24622 and 24623 mrna sequence 

100 AF064606  Hs.306242 Homo sapiens KB07 protein mrna, partial cds 
101 AA169411  Hs.9414 Homo sapiens mrna for KIAA1488 protein, partial cds 
102 AF092132  Hs.284275 Homo sapiens PAK2 mrna, complete cds 
103 AI492167  Hs.292057 Homo sapiens PNAS-13 mrna, complete cds 
104 BC009518  Hs.135265 Homo sapiens, clone MGC:10965 IMAGE:3633884, mrna, complete cds 
105 L19183 MAC30 Hs.199695 Hypothetical protein 
106 AL122095 FLJ00002 Hs.55879 Hypothetical protein FLJ00002 
107 BG260450 FLJ14393 Hs.23294 Hypothetical protein FLJ14393 
108 AL519357 FLJ20343 Hs.252692 Hypothetical protein FLJ20343 
109 BG036183 MGC11061 Hs.66309 Hypothetical protein MGC11061 
110 AU134078 HIF1A Hs.197540 Hypoxia-inducible factor 1, alpha subunit (basic helix-loop-helix transcription factor) 
111 M87790 IGL@ Hs.181125 Immunoglobulin lambda locus 
112 NM_001555 IGSF1 Hs.22111 Immunoglobulin superfamily, member 1 
113    Incyte EST 
114 AV660068 ID2 Hs.180919 Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein 
115 BI054765 IGF1R Hs.239176 Insulin-like growth factor 1 receptor 
116 NM_002219 ITM1 Hs.287850 Integral membrane protein 1 
117 NM_002216 ITIH2 Hs.75285 Inter-alpha (globulin) inhibitor, H2 polypeptide 
118 J03143 IFNGR1 Hs.180866 Interferon gamma receptor 1 
119 BG506643 IFITM1 Hs.146360 Interferon induced transmembrane protein 1 (9-27) 
120 BC001770 ILF3 Hs.256583 Interleukin enhancer binding factor 3, 90kd 
121 U90304 IRX5 Hs.25351 Iroquois homeobox protein 5 
122 AI279534 JM4 Hs.29595 JM4 protein 
123 NM_002267 KPNA3 Hs.3886 Karyopherin alpha 3 (importin alpha 4) 
124 NM_005886 KATNB1 Hs.275675 Katanin p80 (WD40-containing) subunit B 1 
125 BE544428 KDELR2 Hs.118778 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 2 
126 NM_016657 KDELR3 Hs.250696 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 3 
127 BI087140 KIAA0008 Hs.77695 KIAA0008 gene product 
128 BE784260 KIAA0077 Hs.112396 KIAA0077 protein 
129 BG495280 KIAA0102 Hs.77665 KIAA0102 gene product 
130 BF107279 KIAA0164 Hs.80338 KIAA0164 gene product 
131 NM_014666 KIAA0171 Hs.132853 KIAA0171 gene product 
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132 D83776 KIAA0191 Hs.12413 KIAA0191 protein 
133 BC006474 KIAA0332 Hs.7976 KIAA0332 protein 
134 AB011125 KIAA0553 Hs.105749 KIAA0553 protein 
135 AL031428 KIAA0601 Hs.174174 KIAA0601 protein 
136 AB014514 KIAA0614 Hs.7314 KIAA0614 protein 
137 AW302200 KIAA0672 Hs.6336 KIAA0672 gene product 
138 AK023032 KIAA0863 Hs.131915 KIAA0863 protein 
139 AU142698 LDHA Hs.2795 Lactate dehydrogenase A 
140 BG261015 LRRFIP1 Hs.326159 Leucine rich repeat (in FLII) interacting protein 1 
141 NM_005901 MADH2 Hs.82483 MAD, mothers against decapentaplegic homolog 2 (Drosophila) 
142 BG527529 MAD2L1 Hs.79078 MAD2 mitotic arrest deficient-like 1 (yeast) 
143 NM_013446 MKRN1 Hs.7838 Makorin, ring finger protein, 1 
144 AU119410 MAN1A1 Hs.25253 Mannosidase, alpha, class 1A, member 1 
145 AK026606 MESDC2 Hs.78871 Mesoderm development candidate 2 
146 BG178390 MCCC2 Hs.167531 Methylcrotonoyl-Coenzyme A carboxylase 2 (beta) 
147 BE737147 MICA Hs.90598 MHC class I polypeptide-related sequence A 
148 BF222194 MFN1 Hs.197877 Mitofusin 1 
149 BF508841 MRS2L Hs.30057 MRS2-like, magnesium homeostasis factor (S. Cerevisiae) 
150 NM_003970 MYOM2 Hs.79227 Myomesin (M-protein) 2 (165kd) 
151 NM_002477 MYL5 Hs.170482 Myosin, light polypeptide 5, regulatory 
152 AV716792 MYL6 Hs.77385 Myosin, light polypeptide 6, alkali, smooth muscle and non-muscle 
153 AF013160 NDUFS2 Hs.173611 NADH dehydrogenase (ubiquinone) Fe-S protein 2 (49kd) (NADH-coenzyme Q reductase) 
154 U88573 NBR2 Hs.321170 Nbr2 
155 AW960243 NEDD8 Hs.75512 Neural precursor cell expressed, developmentally down-regulated 8 
156 AW161393 NNAT Hs.117546 Neuronatin 
157 BF968938 NIPSNAP1 Hs.173878 Nipsnap homolog 1 (C. Elegans) 
158 BE408656 NSAP1 Hs.155489 NS1-associated protein 1 
159 NM_002486 NCBP1 Hs.89563 Nuclear cap binding protein subunit 1, 80kd 
160 NM_006163 NFE2 Hs.75643 Nuclear factor (erythroid-derived 2), 45kd 
161 X64318 NFIL3 Hs.79334 Nuclear factor, interleukin 3 regulated 
162 AV713026 P84 Hs.1540 Nuclear matrix protein p84 
163 M64497 NR2F2 Hs.347991 Nuclear receptor subfamily 2, group F, member 2 
164 NM_004741 NOLC1 Hs.75337 Nucleolar and coiled-body phosphprotein 1 
165 AV724878 NCL Hs.79110 Nucleolin 
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166 BG776422 NPM1 Hs.9614 Nucleophosmin (nucleolar phosphoprotein B23, numatrin) 
167 AW673911 NUP155 Hs.23255 Nucleoporin 155kd 
168 BG577287 OAT Hs.75485 Ornithine aminotransferase (gyrate atrophy) 
169 NM_015878 OAZIN Hs.223014 Ornithine decarboxylase antizyme inhibitor 
170 NM_002570 PACE4 Hs.170414 Paired basic amino acid cleaving system 4 
171 AL522004 PKNOX1 Hs.158225 PBX/knotted 1 homeobox 1 
172 BG831846 PAM Hs.83920 Peptidylglycine alpha-amidating monooxygenase 
173 BG481674 PPIB Hs.699 Peptidylprolyl isomerase B (cyclophilin B) 
174 NM_014303 PES1 Hs.13501 Pescadillo homolog 1, containing BRCT domain (zebrafish) 
175 NM_000277 PAH Hs.1870 Phenylalanine hydroxylase 
176 NM_000314 PTEN Hs.10712 Phosphatase and tensin homolog (mutated in multiple advanced cancers 1) 
177 NM_002647 PIK3C3 Hs.32971 Phosphoinositide-3-kinase, class 3 
178 BF337301 PCBP1 Hs.2853 Poly(rc) binding protein 1 
179 AL558755 RPC62 Hs.250745 Polymerase (RNA) III (DNA directed) (62kd) 
180 AL121893 POLR3F Hs.128207 Polymerase (RNA) III (DNA directed) polypeptide F (39 kd) 
181 NM_002702 POU6F1 Hs.2815 POU domain, class 6, transcription factor 1 
182 NM_000935 PLOD2 Hs.41270 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase (lysine hydroxylase) 2 
183 AL540876 PRCP Hs.75693 Prolylcarboxypeptidase (angiotensinase C) 
184 AW236221 PFC Hs.53155 Properdin P factor, complement 
185 AL577683 PRSS25 Hs.115721 Protease, serine, 25 
186 D31889 PSMD5 Hs.193725 Proteasome (prosome, macropain) 26S subunit, non-atpase, 5 
187 BG386309 PSMB3 Hs.82793 Proteasome (prosome, macropain) subunit, beta type, 3 
188 BG480549 PRKAR1B Hs.1519 Protein kinase, camp-dependent, regulatory, type I, beta 
189 U34994 PRKDC Hs.155637 Protein kinase, DNA-activated, catalytic polypeptide 
190 AI992326 PPM1G Hs.17883 Protein phosphatase 1G (formerly 2C), magnesium-dependent, gamma isoform 
191 BF063245 PPP2CB Hs.80350 Protein phosphatase 2 (formerly 2A), catalytic subunit, beta isoform 
192 BC001970 PPP5C Hs.75180 Protein phosphatase 5, catalytic subunit 
193 BI088031 PME-1 Hs.63304 Protein phosphatase methylesterase-1 
194 NM_002822 PTK9 Hs.82643 Protein tyrosine kinase 9 
195 AL121905 PTPRA Hs.26045 Protein tyrosine phosphatase, receptor type, A 
196 BG178374 HSA9761 Hs.125819 Putative dimethyladenosine transferase 
197 AF119836 RAB6A Hs.5636 RAB6A, member RAS oncogene family 
198 BE890059 RAB6A Hs.5636 RAB6A, member RAS oncogene family 
199 AL543484 RASSF1 Hs.26931 Ras association (ralgds/AF-6) domain family 1 
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200 BF309129 ARHC Hs.179735 Ras homolog gene family, member C 
201 AL532485 RFC5 Hs.171075 Replication factor C (activator 1) 5 (36.5kd) 
202 BG333934 RPA2 Hs.79411 Replication protein A2 (32kd) 
203 NM_002901 RCN1 Hs.167791 Reticulocalbin 1, EF-hand calcium binding domain 
204 BG437683 RPL3 Hs.119598 Ribosomal protein L3 
205 NM_004586 RPS6KA3 Hs.173965 Ribosomal protein S6 kinase, 90kd, polypeptide 3 
206 BI092279 RNF10 Hs.5094 Ring finger protein 10 
207 BG167309 RBMX Hs.146381 RNA binding motif protein, X chromosome 
208 NM_006867 RBPMS Hs.80248 RNA-binding protein gene with multiple splicing 
209 NM_003012 SFRP1 Hs.7306 Secreted frizzled-related protein 1 
210 AA962810 SERPINA1 Hs.297681 Serine (or cysteine) proteinase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1 
211 BF339409 SERPINA3 Hs.234726 Serine (or cysteine) proteinase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3 
212 NM_005412 SHMT2 Hs.75069 Serine hydroxymethyltransferase 2 (mitochondrial) 
213 BC001149 SDCCAG16 Hs.271926 Serologically defined colon cancer antigen 16 
214 NM_003135 SRP19 Hs.2943 Signal recognition particle 19kd 
215 BG613238 SRP9 Hs.75975 Signal recognition particle 9kd 
216 BF793092 SSR4 Hs.102135 Signal sequence receptor, delta (translocon-associated protein delta) 
217 NM_003086 SNAPC4 Hs.113265 Small nuclear RNA activating complex, polypeptide 4, 190kd 
218 AL527028 SLC25A6 Hs.164280 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 6 
219 BG491863 SLC25A3 Hs.78713 Solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3 
220 AL549188 SLC31A1 Hs.73614 Solute carrier family 31 (copper transporters), member 1 
221 NM_000342 SLC4A1 Hs.185923 Solute carrier family 4, anion exchanger, member 1 (erythrocyte membrane protein band 3, Diego blood group) 
222 BG291471 SLC7A11 Hs.6682 Solute carrier family 7, (cationic amino acid transporter, y+ system) member 11 
223 NM_003563 SPOP Hs.129951 Speckle-type POZ protein 
224 BG419824 SPF30 Hs.79968 Splicing factor 30, survival of motor neuron-related 
225 BG251495 SFPQ Hs.180610 Splicing factor proline/glutamine rich (polypyrimidine tract binding protein associated) 
226 NM_004719 SFRS2IP Hs.51957 Splicing factor, arginine/serine-rich 2, interacting protein 
227 BG287081 SFRS3 Hs.167460 Splicing factor, arginine/serine-rich 3 
228 NM_014720 SLK Hs.105751 Ste20-related serine/threonine kinase 
229 BG431313 SDF2 Hs.118684 Stromal cell-derived factor 2 
230 L25275 SULT1A3 Hs.274614 Sulfotransferase family, cytosolic, 1A, phenol-preferring, member 3 
231 AA029190 SMN1 Hs.288986 Survival of motor neuron 1, telomeric 
232 NM_005816 TACTILE Hs.142023 T cell activation, increased late expression 
233 NM_015686 TED Hs.87619 TED protein 
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234 X98248 PEAS Hs.281706 Testis intracellular mediator protein 
235 AU139227 TXNIP Hs.179526 Thioredoxin interacting protein 
236 BG678099 TARS Hs.84131 Threonyl-trna synthetase 
237 N94350 THY1 Hs.125359 Thy-1 cell surface antigen 
238 AI174883 TYMS Hs.82962 Thymidylate synthetase 
239 U09088 TMPO Hs.11355 Thymopoietin 
240 BE740238 TRIP4 Hs.116784 Thyroid hormone receptor interactor 4 
241 BF795918 TOP2A Hs.156346 Topoisomerase (DNA) II alpha (170kd) 
242 NM_003205 TCF12 Hs.21704 Transcription factor 12 (HTF4, helix-loop-helix transcription factors 4) 
243 AL365456 TIF1 Hs.183858 Transcriptional intermediary factor 1 
244 NM_014755 TRIP-Br2 Hs.77293 Transcriptional regulator interacting with the PHS-bromodomain 2 
245 NM_005077 TLE1 Hs.28935 Transducin-like enhancer of split 1 (E(sp1) homolog, Drosophila) 
246 NM_001063 TF Hs.284176 Transferrin 
247 AL533554 TSN Hs.75066 Translin 
248 AU131018 KIAA0016 Hs.75187 Translocase of outer mitochondrial membrane 20 (yeast) homolog 
249 AL523342 TRAM Hs.4147 Translocating chain-associating membrane protein 
250 NM_003275 TMOD Hs.170453 Tropomodulin 
251 NM_002546 TNFRSF11B Hs.81791 Tumor necrosis factor receptor superfamily, member 11b (osteoprotegerin) 
252 AU142852 YWHAH Hs.349530 Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, eta polypeptide 
253 NM_003680 YARS Hs.239307 Tyrosyl-trna synthetase 
254 BG740524 USP15 Hs.23168 Ubiquitin specific protease 15 
255 BE019497 USP5 Hs.3759 Ubiquitin specific protease 5 (isopeptidase T) 
256 NM_005154 USP8 Hs.152818 Ubiquitin specific protease 8 
257 AF135416 UGT2B4 Hs.89691 UDP glycosyltransferase 2 family, polypeptide B4 
258 AV715367 P115 Hs.325948 Vesicle docking protein p115 
259 W78201 KIAA0105 Hs.119 Wilms' tumour 1-associating protein 
260 NM_003436 ZNF135 Hs.159582 Zinc finger protein 135 (clone phz-17) 
261 AA195154 ZNF161 Hs.6557 Zinc finger protein 161 
262 BG254958 ZNF184 Hs.158174 Zinc finger protein 184 (Kruppel-like) 
263 AU128446 ZNF267 Hs.145498 Zinc finger protein 267 
264 AL535717 ZNF354A Hs.100932 Zinc finger protein 354A 
265 X07290 ZNF38 Hs.155470 Zinc finger protein 38 (KOX 25) 
266 NM_003425 ZNF45 Hs.41728 Zinc finger protein 45 (a Kruppel-associated box (KRAB) domain polypeptide) 
267 NM_003416 ZNF7 Hs.2076 Zinc finger protein 7 (KOX 4, clone HF.16) 
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The following functionalities were compiled from information held in data bases that can be accessed via: 
Lotus like at ncib: http://www.ncbi.nlm.nih.gov/LocusLink// 
Weizmann Institute of science: http://bioinfo.weizmann.ac.il/cards/index.html 
Biocarter: http://www.biocarta.com/genes/index.asp 
 
 
 Up-regulated genes 
 

Name  Functions 
1. Apolipoprotein l, 3 

 
This gene is a member of the apolipoprotein L gene family. The encoded protein is found in the cytoplasm, where it may affect the 
movement of lipids or allow the binding of lipids to organelles. In addition, expression of this gene is upregulated by tumor necrosis 
factor-alpha in endothelial cells lining the normal and atherosclerotic iliac artery and aorta. Six transcript variants encoding three 
different isoforms have been found for this gene. Proteome Summary: Protein that is induced by tumor necrosis factor alpha; has 
similarity to apolipoprotein-L.  Involved with gene synthesis of triglycerides and cholesterol.  It has been associated with 
schitzophrenia and atherosclerosis. 
 

2. Atp synthase, h+ transporting, 
mitochondrial f0 complex, 
subunit e 

Strongly similar to murine Atp5l; may act in catalyzing ATP synthesis during oxidative phosphorylation 
 

3. Cell division cycle 42 (gtp 
binding protein, 25kd) 

  CID42 is a Rho GTPase and it is proposed that it can alter regulation of normal cell growth and initiate tumourigenic signals.  It is 
a gene with a protein product, function unknown but causes the formation of thin, actin-rich surface projections called filopodiacell 
division cycle 42 (GTP binding protein).  
 

4. Complement component 4 
binding protein, beta 

C4bp controls the classical pathway of complement activation. It binds as a cofactor to c3b/c4b inactivator (c3bina), which then 
hydrolyzes the complement fragment c4b. It also accelerates the degradation of the c4bc2a complex (c3 convertase) by dissociating 
the complement fragment c2a. It also interacts with anticoagulant protein s and with serum amyloid p component. The beta chain 
binds protein s. 
 

5. Cyclin-dependent kinase 9 
(cdc2-related kinase) 

Member of the cyclin-dependent kinase pair (cdk9/cyclin t) complex, also called positive transcription elongation factor b (p-tefb), 
which is proposed to facilitate the transition from abortive to production elongation by phosphorylating the ctd (carboxy-terminal 
domain) of the large subunit of rna polymerase ii (rnap ii). The cdk9/cyclin k complex has also a kinase activity toward ctd of rnap 
ii and can substitute for p-tefb in vitro. In vitro, phosphorylates retinoblastoma and myelin basic protein. 
Subunit: associates with cyclin t to form p-tefb. Also associates with cyclin k.  It is targeted by the HIV virus to activate elongation 
of the integrated pro-viral genome. 

6. Cytochrome p450, subfamily 
viib (oxysterol 7 alpha-

Pathway: first and rate-limiting step in the conversion of cholesterol to bile acids. 
Pathway: synthesis of primary bile acids from cholesterol via the acidic pathway. 
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hydroxylase), polypeptide 1  

Subcellular location: membrane-bound. Endoplasmic reticulum. 
 tissue specificity: brain, testis, ovary, prostate, liver, colon, kidney, and small intestine. 
Similarity: belongs to the cytochrome p450 family. 
 

7. Homo sapiens, clone mgc:4459 
image:2960564, mr
complete cds 

na, 
Hypothetical protein FLJ10785 

8. Hypothetical protein mgc3207 Gene with protein product, function unknown hypothetical protein 
 

9. Methyl-cpg binding domain 
protein 3 

DNA methylation is the major modification of eukaryotic genomes and plays an essential role in mammalian development. Human 
proteins MECP2, MBD1, MBD2, MBD3, and MBD4 comprise a family of nuclear proteins related by the presence in each of a 
methyl-cpg binding domain (MBD). However, unlike the other family members, MBD3 is not capable of binding to methylated 
DNA. The predicted MBD3 protein shares 71% and 94% identity with MBD2 (isoform 1) and mouse Mbd3. MBD3 is a subunit of 
the nurd, a multisubunit complex containing nucleosome remodeling and histone deacetylase activities. MBD3 mediates the 
association of metastasis-associated protein 2 (MTA2) with the core histone. Proteome Summary: Similar to methyl-cpg binding 
proteins; does not bind methylated DNA 
 

10. Modulator of apoptosis 1 The protein encoded by this gene was identified by its interaction with apoptosis regulator BAX protein. This protein contains a 
Bcl-2 homology 3 (BH3)-like motif, which is required for the association with BAX. When overexpressed, this gene has been 
shown to mediate caspase-dependent apoptosis. 
 

11. Peroxisome proliferative 
activated receptor, gamma 

Function: receptor that bind peroxisome proliferators such as hypolipidemic drugs and fatty acids. Once activated by a ligand, the 
receptor binds to a promoter element in the gene for acyl-coa oxidase and activates its transcription. It therefore controls the 
peroxisomal beta-oxidation pathway of fatty acids. Key regulator of adipocyte differentiation and glucose homeostasis. 
 

12. Putative selenocysteine lyase Putative selenocysteine lyase; may decompose L-selenocysteine to L-alanine and elemental selenium, may function with 
selenophosphate synthetase in selenoprotein synthesis.  This gene is known to be induced in selenium toxicity. 
  

13. Radixin Probably plays a crucial role in the binding of the barbed end of actin filaments to the plasma membrane.  It is thought to be 
involved in cell growth, transformatin, morphogenesis and apoptosis. 
Subcellular location: highly concentrated in the undercoat of the cell-to-cell adherens junction and the cleavage furrow in the 
interphase and mitotic phase, respectively. 
Radixin is a cytoskeletal protein that may be important in linking actin to the plasma membrane. It is highly similar in sequence to 
both ezrin and moesin. The rdx gene has been localized by fluorescence in situ hybridization to 11q23. A truncated version 
representing a pseudogene (rdxp2) was assigned to xp21.3. Another pseudogene that seemed to lack introns (rdxp1) was mapped to 
11p by southern and pcr analyses. Proteome summary: radixin; may regulate cell adhesion and cortical morphogenesis; member of a 
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protein family that links cytoskeleton to plasma membrane. 
 

14. Rho gtpase activating protein 8 
 

Protein of unknown function 

15. Ribosomal protein l31 Ribosomes, the organelles that catalyze protein synthesis, consist of a small 40S subunit and a large 60S subunit. Together these 
subunits are composed of 4 RNA species and approximately 80 structurally distinct proteins. This gene encodes a ribosomal protein 
that is a component of the 60S subunit. The protein belongs to the L31E family of ribosomal proteins. It is located in the cytoplasm. 
Higher levels of expression of this gene in familial adenomatous polyps compared to matched normal tissues have been observed. 
As is typical for genes encoding ribosomal proteins, there are multiple processed pseudogenes of this gene dispersed through the 
genome. 
 

16. Ribosomal protein s24 Ribosomes, the organelles that catalyze protein synthesis, consist of a small 40S subunit and a large 60S subunit. Together these 
subunits are composed of 4 RNA species and approximately 80 structurally distinct proteins. This gene encodes a ribosomal protein 
that is a component of the 40S subunit. The protein belongs to the S24E family of ribosomal proteins. It is located in the cytoplasm. 
Alternative splice variants that encode different protein isoforms exist. As is typical for genes encoding ribosomal proteins, there 
are multiple processed pseudogenes of this gene dispersed through the genome. 
 

17. Ribosomal protein s27a Ubiquitin, a highly conserved protein that has a major role in targeting cellular proteins for degradation by the 26S proteosome, is 
synthesized as a precursor protein consisting of either polyubiquitin chains or a single ubiquitin fused to an unrelated protein. This 
gene encodes a fusion protein consisting of ubiquitin at the N terminus and ribosomal protein S27a at the C terminus. When 
expressed in yeast, the protein is post-translationally processed, generating free ubiquitin monomer and ribosomal protein s27a. 
Ribosomal protein S27a is a component of the 40S subunit of the ribosome and belongs to the S27AE family of ribosomal proteins. 
It contains C4-type zinc finger domains and is located in the cytoplasm. Pseudogenes derived from this gene are present in the 
genome. As with ribosomal protein s27a, ribosomal protein L40 is also synthesized as a fusion protein with ubiquitin; similarly, 
ribosomal protein S30 is synthesized as a fusion protein with the ubiquitin-like protein fubi. 
 

18. Ribosomal protein s27-like 
 

This gene encodes a protein sharing sequence similarity with ribosomal protein S27. It is not currently known whether the encoded 
protein is a functional ribosomal protein or whether it has evolved a function that is independent of the ribosome. 
 

19. Thioredoxin Thioredoxin; has dithiol-disulfide oxidoreductase activity.  Its expression was found in response to oxidative agents.  It is also 
known to be involved in the regeneration of proteins inactivated by oxidative stress. 
Function: thioredoxin participates in various redox reactions through the reversible oxidation of its active center dithiol, to a 
disulfide, & catalyzes dithiol-disulfide exchange reactions. 
 function: adf augments the expression of the interleukin-2 receptor tac (il2r/p55). 
Similarity: belongs to the thioredoxin family. 
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Down regulated 
 

Name  Functions
1. Alpha-fetoprotein 
 

This gene encodes alpha-fetoprotein, a major plasma protein produced by the yolk sac and the liver during fetal life. Alpha-
fetoprotein expression in adults is often associated with hepatoma or teratoma. However, hereditary persistance of alpha-fetoprotein 
may also be found in individuals with no obvious pathology. The protein is thought to be the fetal counterpart of serum albumin, 
and the alpha-fetoprotein and albumin genes are present in tandem in the same transcriptional orientation on chromosome 4. Alpha-
fetoprotein is found in monomeric as well as dimeric and trimeric forms, and binds copper, nickel, fatty acids and bilirubin. The 
level of alpha-fetoprotein in amniotic fluid is used to measure renal loss of protein to screen for spina bifida and anencephaly. 
Proteome Summary: Alpha-fetoprotein; may play a role in the maintenance of osmotic pressure; member of the albumin protein 
family.  Binds copper, nickel, and fatty acids as well as, and bilirubin less well than, serum albumin. Only a small percentage (less 
than 2%) of the human AFP shows estrogen-binding properties. 
 

2. Annexin a7 Calcium/phospholipid-binding protein which promotes membrane fusion and is involved in 
exocytosis. Annexin vii is a member of the annexin family of calcium-dependent phospholipid binding proteins. Structural analysis 
of the protein suggests that annexin vii is a membrane binding protein with diverse properties including voltage-sensitive calcium 
channel activity, ion selectivity and membrane fusion. Proteome summary: annexin vii (synexin); calcium-dependent membrane-
binding protein, fuses membranes and acts as a voltage-dependent calcium channel 
 

3. Asparagine synthetase The protein encoded by this gene is involved in the synthesis of asparagine. This gene complements a mutation in the temperature-
sensitive hamster mutant ts11, which blocks progression through the G1 phase of the cell cycle at nonpermissive temperature. There 
are two alternatively spliced transcript variants encoding the same protein described for this gene. 
 

4. Atp synthase, h+ transporting, 
mitochondrial f0 complex, 
subunit c (subunit 9) isoform 3 

 function: this protein is one of the chains of the nonenzymatic membrane component (f0) of mitochondrial atpase. 
subunit: f-type atpases have 2 components, cf(1) - the catalytic core - and cf(0) - the membrane proton channel. Cf(1) has five 
subunits: alpha(3), beta(3), gamma(1), delta(1), epsilon(1). Cf(0) has three main subunits: a, b and c. 
subcellular location: mitochondrial membrane. 
Isoform 3 (P3) of subunit c, H+-translocating subunit of F0 ATP synthase; catalyzes the synthesis of ATP during oxidative 
phosphorylation 
 

5. Basic leucine-zipper protein 
bzap45 

Stimulates cell cycle regulation of histone H4 gene transcription. 

6. Bystin-like Bystin is expressed as a 2-kb major transcript and a 3.6-kb minor transcript in SNG-M cells and in human trophoblastic 
teratocarcinoma HT-H cells. Protein binding assays determined that bystin binds directly to trophinin and tastin, and that binding is 
enhanced when cytokeratins 8 and 18 are present. Immunocytochemistry of HT-H cells showed that bystin colocalizes with 
trophinin, tastin, and the cytokeratins, suggesting that these molecules form a complex in trophectoderm cells at the time of 
implantation. Using immunohistochemistry it was determined that trophinin and bystin are found in the placenta from the sixth 
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week of pregnancy. Both proteins were localized in the cytoplasm of the syncytiotrophoblast in the chorionic villi and in 
endometrial decidual cells at the uteroplacental interface. After week 10, the levels of trophinin, tastin, and bystin decreased and 
then disappeared from placental villi. 
Proteome Summary: Bystin; forms cell adhesion molecule complex with trophinin (TRO) and TASTIN, may be important for 
embryo implantation 
 

7. Calmodulin 2 (phosphorylase 
kinase, delta) 

Calmodulin 2; may modulate calcium signalling; member of a family of calcium-binding proteins 

8. Calnexin Calnexin; calcium binding protein, may function as a chaperone in the endoplasmic reticulum, involved in the secretion of proteins 
from the ER to the outer cellular membrane 

9. Ceruloplasmin (ferroxidase) Ceruloplasmin is a plasma metalloprotein that that binds most of the copper in plasma. Human ceruloplasmin is composed of a 
single polypeptide chain. Ceruloplasmin deficiency leads to iron accumulation and causes damage to a variety of tissues and organs.  
Proteome Summary: Ceruloplasmin; ferrous oxidase, binds copper in plasma and maintains iron homeostasis 
 

10. Chaperonin containing tcp1, 
subunit 7 (eta) 

Eta subunit of the cytosolic chaperonin containing TCP-1 (CCT); assists in the proper folding of tubulin, actin and centractin 

11. Cop9 subunit 6 (mov34 
homolog, 34 kd) 

Very strongly similar to murine Cops6 and is involved in signal transduction. 

12. Enolase 1, (alpha) This gene encodes one of three enolase isoenzymes found in mammals; it encodes alpha-enolase, a homodimeric soluble enzyme, 
and also encodes a shorter monomeric structural lens protein, tau-crystallin. The two proteins are made from the same message. The 
full length protein, the isoenzyme, is found in the cytoplasm. The shorter protein is produced from an alternative translation start, is 
localized to the nucleus, and has been found to bind to an element in the c-myc promoter. A pseudogene has been identified that is 
located on the other arm of the same chromosome.  
  Proteome Summary: DNA-binding protein that negatively regulates MYC gene expression and is a transcription repressor. 
Proteome Summary: Alpha enolase (non-neuronal enolase); converts 2-phospho-D-glycerate to phosphoenolpyruvate in glycolysis, 
may bind c-myc 

13. Eukaryotic translation 
initiation factor 2, subunit 1 
(alpha, 35kd ) 

Alpha subunit of translation initiation factor 2; binds GTP and assists with Met-trnai binding to the 40S ribosomal subunit. 
Increased expression of both eif-4E and eif-2alpha in aggresive thyroid carcinoma compared to conventional papillary carcinoma 
suggesting a role in the progression of thyroid cancer 
 

14. Eukaryotic translation 
initiation factor 4a, isoform 2 

Translation initiation factor 4A2 isoform 2; involved in the binding of mrna to the ribosome; contains a conserved DEAD-box motif 

15. Fk506 binding protein 12-
rapamycin associated protein 1 

The protein encoded by this gene belongs to a family of phosphatidylinositol kinase-related kinases. These kinases mediate cellular 
responses to stresses such as DNA damage and nutrient deprivation. This protein acts as the target for the cell-cycle arrest and 
immunosuppressive effects of the FKBP12-rapamycin complex. The CDT6 gene is located in an intron of this gene. 
Proteome Summary: FKBP-rapamycin associated protein; phosphatidylinositol kinase that may mediate rapamycin inhibition of the 
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cell cycle progression through G1 
 

16. Guanine nucleotide binding 
protein (g protein), q 
polypeptide 

Guanine nucleotide-binding proteins are a family of heterotrimeric proteins that couple cell surface, 7-transmembrane domain 
receptors to intracellular signaling pathways. Receptor activation catalyzes the exchange of GTP for GDP bound to the inactive G 
protein alpha subunit resulting in a conformational change and dissociation of the complex. The G protein alpha and beta-gamma 
subunits are capable of regulating various cellular effectors. Activation is terminated by a gtpase intrinsic to the G-alpha subunit. G-
alpha-q is the alpha subunit of one of the heterotrimeric GTP-binding proteins that mediates stimulation of phospholipase C-beta 
Proteome Summary: G-protein alpha subunit q, a component of heterotrimeric G-protein complexes; heterotrimer transduces signals 
from G protein-coupled receptors and mediates activation of phospholipase C beta 
 

17. Histone deacetylase 2 Histone deacetylase 2 (HDAC2), or transcriptional regulator homolog RPD3 L1, is highly homologous to the yeast transcription 
factor RPD3 (reduced potassium dependency 3) gene. As in yeast, human HDA2 is likely to be involved in regulating chromatin 
structure during transcription. It has been implicated to associate with YY1, a mammalian zinc-finger transcription factor, which 
negatively regulates transcription by tethering RPD3 to DNA as a cofactor. This process is highly concerved from yeast to human. 
Proteome Summary: Histone deacetylase 2; regulates transcription through its effect on chromatin structure 
 

18. Homo sapiens clone 23763 
unknown mrna, partial cds 

Gene with protein product, function known or inferred 
 

19. Immediate early response 3 
 

This gene functions in the protection of cells from Fas- or tumor necrosis factor type alpha-induced apoptosis. Alternative splicing 
of this gene results in two transcript variants.  It inhibits apoptosis due to Fas or tumor necrosis factor type alpha and is known to be 
involved in cell growth and maintence and an inhibitor of apoptosis. 
 

20. Interferon gamma receptor 2 
(interferon gamma transducer 
1) 

Required for activation of interferon (IFN)-gamma receptor (IFNGR1) 

21. Kiaa0101 gene product Gene with protein product, function unknown 
22. Mitochondrial ribosomal 

protein l19 
Mammalian mitochondrial ribosomal proteins are encoded by nuclear genes and catalyze protein synthesis within the 
mitochondrion. The mitochondrial ribosome (mitoribosome) consists of a small 28S subunit and a large 39S subunit. They have an 
estimated 75% protein to rrna composition compared to prokaryotic ribosomes, where this ratio is reversed. Another difference 
between mammalian mitoribosomes and prokaryotic ribosomes is that the latter contain a 5S rrna.  
 

23. Myosin, light polypeptide, 
regulatory, non-sarcomeric 
(20kd) 

Very strongly similar to rat RLC-A, myosin regulatory light chain; may regulate myosin head atpase activity in smooth muscle at 
rest 

24. Nadh dehydrogenase 
(ubiquinone) fe-s protein 5 
(15kd) (nadh-coenzyme q 

Subunit of mitochondrial NADH-ubiquinone oxidoreductase (complex I); transports electrons from NADH to ubiquinone 
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reductase) 

25. Paternally expressed 10 Gene with protein product, function known or inferred 
 

26. Pctaire protein kinase 1 The protein encoded by this gene belongs to the cdc2/cdkx subfamily of the ser/thr family of protein kinases. It may play a role in 
signal transduction cascades in terminally differentiated cells. This gene is thought to escape X inactivation. There are three 
alternatively spliced transcript variants described for this gene. Proteome Summary: Serine/threonine protein kinase; related to 
cyclin-dependent protein kinases 
 

27. Peptidylprolyl isomerase f 
(cyclophilin f) 

Cyclophilin F (peptidylprolyl isomerase F); binds the immunosuppressant drug cyclosporin A gene with protein product, function 
known or inferred 
 

28. Phosphatidylserine synthase 1 Gene with protein product, function known or inferred 
 

29. Phospholipase a2, group ib 
(pancreas) 

Group IB pancreatic phospholipase a2; hydrolyzes the phospholipid sn-2 ester bond; member of the phospholipase family 

30. Phosphorylase kinase, gamma 
2 (testis) 

Gamma 2 catalytic subunit of phosphorylase kinase; phosphorylates and activates glycogen phosphorylase 

31. Proteasome (prosome, 
macropain) 26s subunit, 
atpase, 1 

The 26S proteasome is a multicatalytic proteinase complex with a highly ordered structure composed of 2 complexes, a 20S core 
and a 19S regulator. Proteasomes are distributed throughout eukaryotic cells at a high concentration and cleave peptides in an 
ATP/ubiquitin-dependent process in a non-lysosomal pathway. An essential function of a modified proteasome, the 
immunoproteasome, is the processing of class I MHC peptides. This gene encodes one of the atpase subunits, a member of the 
triple-A family of atpases which have a chaperone-like activity. This subunit and a 20S core alpha subunit interact specifically with 
the hepatitis B virus X protein, a protein critical to viral replication. This subunit also interacts with the adenovirus E1A protein and 
this interaction alters the activity of the proteasome. Finally, this subunit interacts with ataxin-7, suggesting a role for the 
proteasome in the development of spinocerebellar ataxia type 7, a progressive neurodegenerative disorder. 
 

32. Protein tyrosine phosphatase, 
receptor type, c-associated 
protein 

The protein encoded by this gene was identified as a transmembrane phosphoprotein specifically associated with tyrosine 
phosphatase PTPRC/CD45, a key regulator of T- and B-lymphocyte activation. The interaction with PTPRC may be required for 
the stable expression of this protein. Proteome Summary: Lymphocyte-specific phosphoprotein; stable only when bound to CD45 
(PTPRC), a receptor protein tyrosine phosphatase 
 

33. Ribosomal protein l29 Gene with protein product, function known or inferred 
 

34. Ribosomal protein, large, p0 This gene encodes a ribosomal protein that is a component of the 60S subunit. The protein, which is the functional equivalent of the 
E. Coli L10 ribosomal protein, belongs to the L10P family of ribosomal proteins. It is a neutral phosphoprotein with a C-terminal 
end that is nearly identical to the C-terminal ends of the acidic ribosomal phosphoproteins P1 and P2. The P0 protein can interact 
with P1 and P2 to form a pentameric complex consisting of P1 and P2 dimers, and a P0 monomer. The protein is located in the 

  271



Appendix 2         Vanessa Burgess 
cytoplasm. Transcript variants derived from alternative splicing exist; they encode the same protein. As is typical for genes 
encoding ribosomal proteins, there are multiple processed pseudogenes of this gene dispersed through the genome. 
 

35. Solute carrier family 25 
(mitochondrial carrier; adenine 
nucleotide translocator), 
member 4 

Heart-skeletal muscle adenine nucleotide translocator; strongly similar to murine Ant1 

36. Transcription elongation factor 
a (sii), 1 

Transcription elongation factor A (SII); stimulates the activity of the RNA polymerase II elongation complex 

37. Translation initiation factor if2 This gene encodes a protein that functions as a translation initiation factor and is universally conserved. It encodes one of the two 
proteins identified as translation initiation factors, the other factor being a complex composed of three subunits. These translation 
factors act independently of each other, however, their function is the same: to position the initiator methionine trna on the start 
codon of the mrna in association with the 40S ribosomal subunit and GTP so that translation initiates accurately. 
 

38. Trinucleotide repeat containing 
11 (thr-associated protein, 230 
kd subunit) 

Subunit of TRAP thyroid hormone receptor-associated protein complex; coactivator for nuclear receptors 

39. Tyrosine 3-
monooxygenase/tryptophan 5-
monooxygenase activation 
protein, zeta polypeptide 

This gene product belongs to the 14-3-3 family of proteins which mediate signal transduction by binding to phosphoserine-
containing proteins. This highly conserved protein family is found in both plants and mammals, and this protein is 99% identical to 
the mouse, rat and sheep orthologs. The encoded protein has phospholipase A2 activity, and interacts with IRS1 protein, suggesting 
its role in diverse biochemical activities. Two transcript variants differing in the 5' UTR, but encoding the same protein, have been 
identified for this gene. Proteome Summary: Member of the dimeric 14-3-3 family; mediates signal transduction by binding to 
phosphorylated serine residues on a variety of signaling molecules 
 

40. Ubiquitin specific protease 9, x 
chromosome (fat facets-like 
drosophila) 

This X-linked gene escapes X-inactivation and has a homolog on the Y chromosome. Homology to a Drosophila gene suggests that 
this gene encodes a ubiquitin-specific protease, which may regulate protein levels by removing ubiquitin from proteins marked for 
digestion by proteasomes. The protein may also be involved in oocyte proliferation. Two transcript variants for this gene exist. 
Proteome Summary: Member of the ubiquitin-specific cysteine (thiol) protease family; removes ubiquitin from ubiquitin-conjugated 
proteins 
 

41. Udp glycosyltransferase 2 
family, polypeptide b17 

Member 17 of udp-glucuronosyltransferase er glycoprotein subfamily 2b; conjugates lipophilic aglycon substrates to glucuronic 
acid.  udpgt is of major importance in the conjugation and subsequent elimination of potentially toxic xenobiotics and endogenous 
compounds. The major substrates of this isozyme are eugenol > 4-methylumbelliferone > dihydrotestosterone > androstane-
3alpha,17beta-diol (3alpha-diol) > testosterone > androsterone. 
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