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Abstract

Abstract

A method for the analysis of testosterone, andnestione, B-
dihydrotestosterone, 11-ketotestosterone, estiofficestradiol, 1d-
hydroxyprogesterone, &/203-dihydroxy-4-pregnen-3-onep&gregnan-
3a,17a,200-triol, 5B-androstan-8,17B-diol, 53-androstan-@,17B-diol, 56-
pregnan-a,17a,208-triol, 5B-androstan-&,113-diol-17-one, B-pregnan-a,17o-
diol-20-one, 1d,208,21-trihydroxy-pregn-4-en-3-one and 11-deoxycoltiso
water was developed using gas chromatography rpasgremetry with selected

ion monitoring.

Fish sex steroids were extracted from holding waseng Gg SPE cartridges, and
eluted using methanol. Free and glucuronide comguigaels of steroids were
determined, glucuronide conjugates by hydrolysisgi8-glucuronidase prior to

derivatisation and free steroids by direct dersatton.

The method thus developed was applied to twelvefigbl holding water samples.
Androstenedione was found to be excreted in coradtie higher quantities by
female ovulatory goldfish than spermiating goldfishcontrast to previous

research in this area.




Acknowledgements

Acknowledgements

I would like firstly to acknowledge my supervisosgociate Professor Merilyn
Manley Harris. Her support and guidance during pihggect has been unwavering
despite the multiple ups and downs of this projectuld not have got this far
without your continued help, and | appreciate dyeatur ability to always be

helpful despite how extremely busy you are.

| am grateful to Associate Professor Brendan Hark Dr. Nicholas Ling for
their support with all things biological, the uddtweir equipment, and the
purchase of steroids, enzymes and SPE cartridgestfreir funding from the

Foundation of Research, Science and Technology.

I would also like to thank all of the chemistryfétaho have assisted me along
the way, notably Professor Alistair Wilkins, Wenigckson, Annie Barker and
Pat Gread.

Thank you to everyone at the chemistry departminhe University of Waikato.
Particular thanks must go to Jolene, Martyn, JargtMegan, Bevan, Maria,
Simon, Kelly and Ben. Whether you were just therenfie to bounce ideas off, or
to take my mind off things, all of it was greatlypaeciated. | wish you all the best

with your future endeavours.

Thank you to all my non-chemistry friends, who ledkat me crazy when | was
trying to explain my frustrations, and played aldikg they understood what |
was talking about. Particularly my flatmates wheénhad to put up with my

random working hours, mess and crazy ideas.

Finally I would like to thank my family who havevedys been there for me no
matter what, even when the chips were down. To MadhDad for their
continued love and support, and to my sister Miehfelr her dedication to

sending me motivational quotes every day whenHing seemed impossible.

“The only difference between the possible and mygassible lies in not giving
up”- Tommy Lasorda.




Table of Contents

Table of Contents

L= PP

ADSITACT ...ttt e e e ———————— e e ii
F o (1Y =T [o =T 0 o= o £ iii
Table Of CONENTS ....cooviiiiiieee s \Y
LISt Of FIQUIES ... ee e e e e e e e e e eeeeeees IX
LISt Of TADIES. ...t e e Xil
List of ADDreviations..........oooo oo Xiii
I [ 11 oo [¥ o 1o PP PPUPRTRRPPRP 1
1.1 Fishinvasion iN NZ ... 1.
1.1.1 Negative impacts of invasive fish on the freshwatsystem....... 2
1.1.2 Priorities in invasive fish research ........ccccccccccceii, 2
1.2 Chemical Communication in FiSh..........cccccuuiiiiiiiiiiieeeeee s 2
1.3 Pheromones in FISN ... e 4

1.3.1 Functions Pheromones serve in fish........commceeecceevieennn. 4
1.3.2 Types of compounds fish use as pheromones............ccccceeeenn... 6

1.3.3 How pheromones may be used to aid control of p&stfopulations

7

1.4  Free and conjugated steroids which may act as pta@res.................. 7
C-18 SHEIOIUS...eeeiee ettt e 7
C- 19 SEEIOIUS. .. eeeee ettt 8
C-21 SEEIOIUS ... eeeeeeiiiieeei et e et e e eeenas 10

1.5 Measurement of fish steroids in Water .......ccceeeoooociiieeeeiiiiiiiieneeennn 13




Table of Contents

1.5.1 Separation of fish sex steroids from other comptsenfish

NOIAING TANKS ... e e e e e e e e e e e e e e e e e e eeennnees 14
1.5.1.1 Use of SPE cartridges in extracting fish sterordsnfwater.. 14
1.5.1.2 Elution of fish steroids from SPE cartridges ..................... 15

1.5.2 Alternative methods for extracting fish steroidsnfr holding water

15
1.5.3 Methods of separation of free and conjugated sisroi............... 15
1.5.3.1 Separation of free and conjugated steroids....................... 15
1.5.3.2 Separation of sulfate and glucuronide steroid agetjes ....... 15
1.6  Preparation of steroids and conjugated steroidaratysis ................ 16
1.6.1 Methods of derivatisation of Steroids.........ccccccoecvvvvveeeiiiicnnnnnen. 16

1.6.1.1 Preparation of oxime trimethylsilyl ethers.......cccvvvveen... 16
1.6.1.2 Preparation of trimethylsilyl ethers.........commeeeereeveiiiinnnn. 17

1.7  Methods of analysis of steroid hormones

1.7.1 High Performance Liquid Chromatography (HPLC)................ 18

1.7.1.1 Chromatographic Separation ............ccccveeevrerererrrvrrrnnnnnnn 18

1.7.1.2  DEEECHON ...uveiiieiiiiiiiiie e ettt e e 20
1.7.2 Enzyme Immunoassay (EIA) ........cooorriiiiicceeemrccieee e, 20
1.7.3  Radioimmunoassay (RIA)......ccccccee i 20
1.8 Gas Chromatography-Mass Spectrometry (GC/MS).................. 21
1.8.1 Optimisation of GC/MS conditions ............cccccceveveveeeeivennnnnnnnn. 21

1.8.1.1 Temperature programmes ..........c..ueeeees e seeerensesesnneenes 21

1.8.2 Type of COlUMNS USEA ........coovvvriiireens o s s e e e e e e e e e e eeeeeeeeeenaannns 21
1.8.3 Selection of scanning Mode ...........coooeeeeeeciiiiie e, 21

1.8.3.1 Selected ion monitoring




Table of Contents

lons selected for SIM MOde ............oocemeemeee e 22
Previous results ...........ccoviiiiiiiicmecsc 22
QUANTIFICALION ... ..cciieiiiee e e e e e e e 22
LimitS Of detECHION .....cooiiiiieiiiee e 32
1.9  Project ODJECHVES ....ccooii e 32
e d 01T 41T ] = | SR 24
2.1 MALEIIAIS . ..eeeiii i 24
2.1.1  CREMICAIS ...ciiiiiiiiiieie e 24
2.1.2  ENZYMES ..o 24
2.1.3  SOIVENTS ..ottt 42
2.2 APPATALUS ...ttt e e e e e e e annnns 25
2.3 General Methods .........cccuuiiiiiiiiie e 25
2.3.1  FrEEZE DIYING ..uuuiuuuiiiaaii e e e eee ettt eeeeee ettt s e s s e e e e e e e e e eeeeeeeeenees 25
PR T2 V=T o o] - 11 To o [ 25
2.4 Solid Phase EXIraction ............cccueeviiiommmmieeeeee e 26
2.4.1 Sample collection coNditioNS ..........cuvvvveieereeeiieeieeeei e 26
2.4.2 Extraction of standards from water ..........cccemeeeiiiiiiiene e 26
2.4.3 Elution from SPE Cartridge ...........uuuummmmmeeeeeeeeveneniiinnneneaeeeens 26
2.5 Preparation of conjugated steroids for derivatsati......................... 26
2.5.1 Separation of free and conjugated steroids .............ccceevvvrrnneee 26
2.5.2 Preparation of conjugated steroids for GC/MS anglys............. 26
2.6  Derivatisation Of StErOIdS .............eeewtmmmmmrerrrieiriiiiieee e e e e e 27
2.7  Liquid Chromatography ........ccoeeeeeeeeeeis e 27
2.8 GCIMS e ———— 27

Vi



Table of Contents

2.8. 1 MethOU USEA .......uuiiiiiiiiiiiiiiiie e 27
2.8.1.1 Mass spectrometry Of Steroids......cccemmeereeeeeeeeeiiiiiieieiiiiiinnnens 28

3. Method DevelOpmMENt ..o ee e 30
3.1 Comparison of extraction Methods ...........ccemiiiiiiiiiiiineeeeeeeeee, 30
3.1.2  SPE MEtNOd........cuiiiiiiiiiiiieiieieee et 30

3.2 Optimisation of elution for SPE extraction .................ccccceevvvvvvnnnnn. 30
3.3 ANalySiS Method ........oueiiiiiiiiee e 31
3.3.1  HPLC MEthOd ....coviiiiiiiiiiiiiiiieieee ettt 31

3.3.2 Liquid Chromatography-Mass Spectrometry (LCMS) rodth.... 32

3.3.2.1  Limits of Detection for LCMS method..........cceeeiiiiiirnnnen. 32
3.3.3 Development of GC method ............coooi i e e 33
3.3.3.1 Development of derivatisation............cccceceeeeeeeeieriiiriiinnnns 33
3.3.3.2  Selection of ions for Monitoring ...........ccceeeeeeeeeeeevveeeeeiiinns 33
5B-androstan-B,17B-di0l .........cccoeiiieiiiiiiiiiiee e e 34
5B-androstan-@, 1 7B-Ai0l ..........cooeiiiiiiiiiiiiiiii e 35
S5B-diNYdroteStOSIEIONE ......cceeeieiiiii i cmmeeeme e 35
EStrONe. ... s 36
ANArOStENEUIONE ...ttt e e e e e e e e e e 37
L17B-€SIrATO]...cceieiiieeeee e 37
TESIOSIEIONE ....eeiiiiiiiii et e e 38
5p-androstan-3,11B-diol-17-0N€ ........ccccuviiiiiiiiiiiieeeee e 39
5B-pregnan-8,170-diol-20-0N€ .........ccceeeeeeeeiiieeeeeeeeeeeeeee 40
11-KetoteSIOSIEIONE ........oveiieeeiiiietmeee et 41
170-hydroXyprogesterone ..........ccovvveeeevevimmmmmmseeeee e e e e e e e e eeeeeeeeeeeennnnnns 41
5B-pregnan-8,170,20B-tr0l ........cccoeeeeieeiiiiiieeee e 42
5B-pregnan-8,170,200-tr0l ........cccoeeeeeeeeiiiieeeeee e 43

Vil



Table of Contents

11-deOXYCOITISOL. .. iiiiieiie i 43
170,20B-dihydroXy-pregn-4-en-3-0N€ .........ccceeeeieeeeeeunnnniinneeaeeeaeenns 44
170,20B,21-trinydroxy-pregn-4-en-3-0N€ ..........cccccccceeeeeeveeeeennnnnnnns 45
Stigmasterol (internal standard) ..o 45
3.3.3.3 Temperature ProgramiMe: ............ oo eeseeeeensreeesnneeeennmeeeennns 49
3.3.3.4 RESPONSE fACLOIS.....uvuueueen s e eeeeeeeeeeeeeeeaaeeennnaeeeeeeas 55
TESIOSIEIONE ... e a6
L7B-€Stradiol.......uuieiiii e 57
ANArOStENEUIONE ...ttt eeeeeeer e e e e e e e e e e 58
170-hydroXyprogesterone ..........coooivieeiiiiiemmmmmee e e e e e e e e eeeeeeeeenanees 58
3.3.3.5 Limits Of deteCtioN ........covviiiiiieeeeeiiieeeeeeeee 95
Instrumental detection lIMItS...............ommmmeeeieeeeee 59
Method LimitS Of DELECHION ......uvvviiiiiiiiecceeiiiiiiii e 59
Recovery Of teStOSIEIONE .........euviiviiiieeee e 64

3.3.3.6 Hydrolysis of glucuronide coNjUgateS.mmmm .. ceeeeeeeeeeeereeereeennnnn. 65

3.3.3.6 Selection of internal standard........cccccccoieeeeiiiiiiene 65
3.4 Application of Method...............ueiiceeeeeerr e 66
CONCIUSION .ttt 4ttt e e e e e e e e e e e e e enn e e e e e n e 73
Appendix One- Chromatograms and Mass SPeCtra............uuvvvveiiiiiiieeeeeeeeenn. 74
Appendix Two- Response FacCtor Data .........cccccceeeeeeeeeeeeeeeeeeeiiiiieee e Q9
RESPONSE FACIOIS.. ...t e e e e e 90
REFEIENCES ...t e e 92

viii



List of Figures

List of Figures

Figure 3.1: Mixed standard chromatogram with gradoeyerlayed showing

separation achieved using HPLC low flow column............................... 32
Figure 3.2 TIC trace offeandrostan-8,173-diol-diTMS......................eee. 34
Figure 3.3 Mass spectrum df-androstan-g,178-diol-diTMS....................34
Figure 3.4 TIC trace offeandrostan-8,178-diol-diTMS.......................... 35
Figure 3.5 Mass spectrum df-androstan-8,17p-diol-diTMS....................35
Figure 3.6 TIC trace offedihydrotestosterone-TMS..............................35
Figure 3.7 Mass spectrum df-Bihydrotestosterone-TMS.......................36
Figure 3.8 TIC trace of estrone-TMS............coiiiiii i e 2222236
Figure 3. 9 Mass spectrum of estrone-TMS.......... ..o e 36
Figure 3.10 TIC trace of androstenedione................oovoiiiiiiiiiieenecneennns 37
Figure 3.11 Mass spectrum of androstenedione...............cooeeveen.. 37
Figure 3.12 TIC trace of Bfestradiol-diTMS............ccoiiiiiiiiii e 37
Figure 3.13 Mass spectrum offitéstradiol-diTMS.................................38
Figure 3.14 TIC trace of Testosterone-diTMS.............cooiiivieciiiiiieeeee, 38
Figure 3.15 Mass spectrum of Testosterone-diTMS.......cccccoooiii i, 39
Figure 3.16 TIC trace offeandrostan-8,113-diol-17-one-diTMS.............. 39

Figure 3.17 Mass spectrum di-androstan-3,113-diol-17-one-diTMS........39

Figure 3.18 TIC trace offspregnan-8,17a-diol-20-one..........................40
Figure 3.19 Mass spectrum di-pregnan-8,17a-diol-20-one................... 40
Figure 3.20 TIC trace of 11-ketotestosterone-TMS... .ccocoooiiiiiiiiiennn. 41
Figure 3.21 Mass spectrum of 11-ketotestosterone........c...oovvvevvieniennes 41

iX



List of Figures

Figure 3.22 TIC trace of 17-hydroxyprogesterone-TMS........................ 41
Figure 3. 23 Mass spectrum ofotiiydroxyprogesterone-TMS.................. 42
Figure 3.24 TIC trace offspregnan-8,170,20B-triol................c.cevveeen. .42
Figure 3.25 Mass spectrum di-pregnan-8,17a,203-triol........................42
Figure 3.26 TIC trace offspregnan-8,17a,20a-triol........................el ... 43
Figure 3.27 Mass spectrurfi-pregnan-8,17a,200-triol.................coeeeee il 43
Figure 3.28 TIC trace of 11-deoxycortisol...........ccoovvvviiiii i, 43
Figure 3.29 Mass spectrum of 11-deoxycortisol............cccvemvveiieineann.n. 44
Figure 3.30 TIC trace of 17,Balihydroxy-4-pregnen-3-one..................... 44
Figure 3.31 Mass spectrum of 1732@ihydroxy-4-pregnen-3-one ............. 44
Figure 3.32 TIC trace of bf20B,21-trihydroxy-pregn-4-en-3-one..............45
Figure 3.33 Mass spectrum ofalZ0,21-trihydroxy-pregn-4-en-3-one.......... 45
Figure 3.34 TIC trace of Stigmasterol...........ccccoiiiiii i 45
Figure 3.35 Mass spectrum of Stigmasterol...............ccoveiitmvemceenenn. 46
Figure 3.36 GC trace showing separation achievedjusethod 1................ 50
Figure 3.37 GC trace showing separation achievedjusethod 3c............. 52
Figure 3.38 TIC trace of all 16 steroids separatgdg method 4................ 53

Figure 3.39 TIC of mixed standard showing steraewith retention times from 11
(0 T L TR A 011 P 54

Figure 3.40 TIC of mixed standard showing sterewih retention times from
15,710 21 MIN. .ot e e e e e e e e eneeneeae e DA

Figure 3.41 TIC of mixed standard showing sterewih retention times from 21
L0 T2 A 011 55




List of Figures
Figure 3.42 TIC of mixed standard showing stereiith retention times from 26

10 7. D MM e 55
Figure 3.43 Response factor of Testosterone..................ccommmeeevreen....D6
Figure 3.44 Response factor offi@stradiol...............coovvvieiiii e, 57
Figure 3.45 Response factor graph of androstenedion......................... 58
Figure 3.46 Response factor graph od-hydroxyprogesterone....................58

Figure 3.47 Extracted ion chromatogram of ion 866wing interference ion at
145 minin blank SPE.......coo e 60

Figure 3.48 Selected ion mass spectrum of intarter@eak at 14.6 min in blank

Figure 3.50 Extracted ion chromatograph of ion 886wing interference ion at
14.6 minin freeze dried blank................c.ccoiiii 61

Figure 3.51 Selected ion mass spectrum of interter@eak at 14.6 min in freeze
dried blank ... e 02

Figure 3.52 Extracted ion chromatogram of ion 36@&ng interference ion at
14.6 MININ MEthanOl ... 62

Figure 3.53 Selected ion mass spectrum of intarter@eak at 14.6 min in

Methanol ... e 0003
Figure 3.54 TIC trace of impurity at 14.6min ingdtiasterol........................ 63
Figure 3.55 TIC trace of silylated stigmasterol........ccccccooiiiiiiiiiiinne. 66
Figure 3.56 TIC trace of stigmasterol propionate... . .ocvevveeeeeeenen.....66

Figure 3.57 Extracted chromatograms of ions 288,d8% 201 in a treated female
goldfish sample at retention times 13.8-14.1 MiN... co e vvvvevinnennnnn.. .67

Figure 3.58 SIM Mass spectrum of peak with retentime 13.8-14.1 minin a
treated female goldfish sample ... BT

Xi



List of Figures

List of Tables
Table 1.1 Free and conjugated steroids which magsapheromones............ 7
Table 1.2 Various elution methods used to sepatateid hormones.............. 18

Table 1.3: Steroids and ions used previously ftecsed ion monitoring®....... 22

Table 2.1 Oven temperature programme used for Gteodids.................... 28
Table 2.2 lons selected for SIM analysiS...........cccooviiiiiis e, 29
Table 3.1 Gradient system used for elution of stisron HPLC................... 31

Table 3.2. Retention times and ions selected top&t analysis using GCMS....47

Table 3.3 Oven temperature programme of initialhoét.......................... 49
Table 3.4 Oven temperature programme of method 2.......................... 50
Table 3.5 Oven temperature programme of method 3a........................51
Table 3.6 Oven temperature programme for method.3b........................ 51
Table 3.7 Oven temperature programme for methad.3c....................... 51
Table 3.8 Oven temperature programme for Method.4 .........................54

Table 3.9 Response factors of testosterong.estradiol, androstenedione and

170-hydroXyprogesterone. .........o.vveiie it iie s e e e eei e e e iee e e e 2. DB

Table 3.10 Recovery obtained from testosterone odetietection limit

(Yo ] (01110 ] 1 1T 65

Table 3.11 Table of results showing steroids detett female goldfish holding

Table 3.13 Total amount of steroids released byafesnper gram of goldfish...70

Table 3.14 Total amount of steroids released bysyjaér gram of goldfish...... 70

Xii



List of Abbreviations

List of Abbreviations

min
hr
rpm
mL

ML

°C

psi

\%

M

nm

N>

mg

ng

Pg

amu
17,20p-P
Cis
inHg
pH

uv

r2
Milli-Q
EIA

GC
GC-MS

minutes

hours

revolutions per minute
millilitres

microlitres

litres

degrees Celsius

pounds per square inch
volts

moles per litre

nanometres

nitrogen gas

milligrams

nanograms

picograms

atomic mass units
17,2@-dihydroxy-4-pregnen-3-one
C-18 bonded silica stationary phase column
inches of mercury

-log[H"]

ultraviolet

coefficient of variation
deionised and distilled water
enzyme immunoassay

Gas Chromatography

Gas Chromatography-Mass Spectrometry

SIM  Selected lon Monitoring

HPLC

High Performance Liquid Chromatography

Xiii



List of Abbreviations

LCMS Liquid Chromatography-Mass Spectrometry
RIA radioimmunoassay

gmol* grams per mole

M, molecular weight

MQcm mega ohm-centimetre

wiv weight to volume ratio

Xiv



Chapter One-Introduction

1. Introduction

Introduced fish are becoming a large problem woidiéywwith increasing
numbers of species being considered to be invaBe&t. fish are overtaking
important native species and detrimentally affectime freshwater ecosystem in a

number of countries including New Zealand.

A fish is defined as being invasive whenstgnificantly and adversely affects the
long-term survival or genetic variation of natiyeesies, or the integrity or
sustainability of natural communiti€'s’lt is therefore possible that a native fish
may be regarded as invasive however it is more comior introduced species to

reach this classification.

1.1Fish invasion in NZ

Prior to colonisation, freshwater fauna in New Zeal were very scarce, with
only thirty nine speciéslt is believed that there were few fish due tographic
isolation and unstable tectonic historifter the arrival of European people,
many exotic fish were introduced, both to providetaer source of food, and to
enable the Europeans to modify the landscape t@ bakmilar to their
homeland. New Zealand is very fertile and productive, watkemperate climate
which conditions, when combined with lack of faueaable introduced fish to
thrive, and quickly achieve pest fish status

In the past few decades there has been a dramate ® invasive fish that have
become pests both in New Zealand and worldfitleere have been twenty two
fish species introduced to New Zealand, a rathgdn humber considering there
are only thirty nine native specie#t is becoming increasingly evident that
certain introduced fish are also becoming a bidpl@m here, and four fish have
now been officially labelled as pests by the Daparit of Conservation- koi carp,
rudd, catfish and gambu$iahese are by no means the only invasive fish that
plague the fresh water ecosystem in New Zealandhnd brown trout have
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also been identified as the species posing theagiethreat to New Zealand
biodiversity’.

1.1.1 Negative impacts of invasive fish on the freshwatexcosystem

Negative impacts including increasing turbiditynsamption of eggs, spawn,
juvenile fish, insects, plants, and otherwise caimgewith native species causing
loss of habitat*2

Most invasive fish are very prolific breeders, wiecundity increasing with age

and size of the female this makes control or eitin very difficult®,

1.1.2 Priorities in invasive fish research

Current priorities in invasive fish research inaté

e the completion of biological studies of rudd, cgtifeand koi carp

e developing a better understanding of the dynamfiésumder pest fish
populations

e research in social behaviour

e development of socially and environmentally accelgtaradication tools

¢ refinement of surveillance monitoring techniqued davelopment of
predictive models

e development of containment barriers to safeguastl fpee systems

1.2 Chemical Communication in Fish

Chemical communication in the aquatic environmemtifferent from the
terrestrial environment due to the difference irthrods of transportation of
chemical substanc¥sIn the aquatic environment, molecules must solntion
while transported (rather than the gas phase)ctnsrove challenging, as water
is slower than air at transporting chemicals (diifun and current are both
slower}”. Transportation of chemicals via diffusion is XGlower in water than
in air which greatly reduces the maximum size @icgpin which a receiver is able
to detect a signél. Therefore solubility is more vital than volatliin the choice

of chemical signaf§. Chemical communication in water can also be carafgd

by other dissolved compounds such as heavy mé@i€an disrupt neural
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function, endocrine-disrupting signals that can katural signals, and humics

that can bind odorarits!’: 8

Stacey and SorensBriheorise the evolution of chemical communicatiovoives
three separate phases: ancestral, spying and coicatian. During the ancestral
phase, individuals emit a metabolic product whioksinot alter receivers, this
phase may develop into the second phase of spyaagspecifics evolve to
detect the released chemical which is termed soph@mal cu&’. Throughout the
spying phase, producers of cues remain unspedahselation to the
production and release of pheromonal cue(s), réggsdf whether they benefit
from the receivers resportdeSpying may develop into the third phase,
communication if producers also profit from cuegurction, and evolve in order

to enhance efficiency of productin

Chemical stimuli are unlike sound and light, they able to linger and produce
non-directional gradients of concentration arourti@mical source, which are
easily disturbed by turbulence caused by animatsj and currents. Fish detect
chemical stimuli through both gustation (taste) atidction (smell® *° The
gustatory system seems to be dedicated to inséihictentification of feeding
cues, however, the olfactory system is reactive woder range of stimuli,
including pheromones and geographic locdtioRue to the high specificity and
sensitivity with which they are detected by thet@rate olfactory system, their
ease of dispersal and detection in dark and naigiy@ments, odours are prone
to act as social signafs It can be difficult to ascertain whether chemistnuli
produced by fish act as pheromones-chemical sigiealsloped to communicate
among individuals- or incidental by-products of pi®jogical processes

Chemical cues are released by fish via the gitiseufeces and gonadal fldfd?°
Little is known about the release of hormonal phesnes however it appears that
free steroids are released quickly by gills, selfadteroids are released slowly in
urine, and glucuronidated steroids are releasedysia bile'®. It is thought the
release of free steroids across the gills represeptassive transfer of steroid as a
result of differing concentration of steroids imgina and watér Concentrations
of conjugated steroids are largely dependent des iaf defecation and urination
of fish, and the time lag required for conjugatioroccuf’. Quantities of free

steroids in water are therefore most likely to etate to the concentration of
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physiologically active steroid in the plasma claséhe time the sample is taken
The hormonal pheromone systems of a fish quickdggmit information about
another individual’s hormonal status by acting a&ect link between the
individual’s endocrine system and the nervous systef conspecifics. In
goldfish, hormonal pheromones are released in ataganging from
10-100 ng/hr and detected by other goldfish at eotrations in the picomolar
rangé”.

Fish utilise olfactory cues for predator avoidarfeeding, and to recognise
potential mates, conspecifics, offspring and irdirdls® *> When an individual
releases water soluble sex hormones they are@pl®duce striking changes in
the physiology and behaviour of the recefveln certain cases the release of
steroids into the water can have an immediate plogical effect such as priming

for reproductior?.

1.3 Pheromones in Fish

Pheromones are defined as “an odour or mixturelofaus substances, released
by an individual (the sender) and evoking in coe#jms (the receivers) adaptive,
specific, and species-typical responses, the esioresf which does not require
prior experience or learning”

Detection of pheromones by the receiver requiresigpisation within the
olfactory system, however specialisation of theatds not required

Pheromones may often be identified as single comglalthough they can also
be mixtures of compoun®dsA pheromone does not need to be a specialised

compound.

1.3.1 Functions Pheromones serve in fish

Anti-predation and alarm cues

Fish reduce their predation risk by using varioosrically mediated responées
Some fish are able to exhibit evasive responst#setodour of damaged
conspecifics or predators that have consumed coifigsé

Non-reproductive aggregation

e kin and individual recognition in dominance hierhies and schooling
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in the social systems of some fish, there appednate evolved
chemosensory mechanisms that are used to recognisg,
establish dominance relationship, schooling/shgadimd

migratiorf" %4

e Species recognition, aggregation and shoaling raspe

in many fishes, including common carp and goldftkle, odour of

conspecifics promotes aggregation and sholfifig

e Migratory attraction

a few species of migratory fish locate spawning faedling
habitats by tracking conspecific odour. Examplebaih short and

long range attractions are knoffn

Reproductive aggregants and stimulants

e Gender recognition

Some fish species have evolved to distinguish ¢tweioof mature
female and male conspecifics well prior to spawnifige male
goldfish increases swimming activity when exposeditellogenic

females or estrogen-treated females, but not ffales

e Priming responses before spawning

Immediately before and during spawning, some télests
respond to the odour of conspecifics by causingiooal changes
that induce final gamete maturatfériThese have so far been
found to be prostaglandins, gonadal steroids ar giecursors and

metabolite& %4

¢ Releaser responses associated with spawning

Reproductive behavioural responses to conspedificis that are

commonly induced by released hormonal proddcts

A reproductive pheromone is defined as being agrhene that induces any

behavioural or physiological response associatéll reproductive activity. A

hormonal pheromone is a term applied to “any repctide pheromone that

contains at least one compound derived from a atedrmpathway that produces

hormones®.
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1.3.2 Types of compounds fish use as pheromones

The fish olfactory system has been shown to be sengitive to amino acids, bile
salts, prostaglandins and sex sterbidé Electrophysiological studies have
shown more than 100 fish species are highly seediti steroids and
prostaglandins, with sea lamprey also being extlgsensitive to bile acids,
which appear to function as pheromones that medeateal attraction and
migration. Goldfish are able to detect prostaglandins atlfeketween 16 and
10"°M and steroid hormones 80 to 10%M *°.

Released androgenic and estrogenic steroids &g tlndidates for pheromonal
function, as they convey information about the ggrahd reproductive status to
conspecifics 2 They are also ideal candidates for pheromonésegsare
naturally produced and released, therefore product these cues does not
require specialisatiéi The development of the ability to detect may aelguire
a single step mutation where hormone receptorsx@eessed on external

chemosensory receptor céfls

There is substantial proof that 1732@ihydroxy-4-pregnen-3-one (17 2 )
functions as a pheromone in goldfiSHL.7,2(-P is synthesised in the ovaries of
female goldfish in response to a surge in gonagotrievels 12 hours prior to
ovulation and promotes final maturation of ooc$te7,2@-P is then released
into the water where it functions as a priming pieone for males, who, when
exposed to low levels of 17,240 experience a rapid increase in blood
gonadotropin combined with increased steroidogsnassmall increase in sexual
arousal and an increase in milt production witl@mesal hours of exposure in

time for spawning.

C-21 steroids (steroids with 21 carbons) are relgas the greatest quantity by
ovulatory female goldfish, whilst C-19 steroidse(sids with 19 carbons) are
released almost exclusively by male goldfish with bne exception being
testosterone, which also released in consideral@datdies by ovulatory females.
Whilst considerable quantities of free steroidsrateased by goldfish, the
majority of steroids released appear to be congehaith sulfate or glucuronic

acid.
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1.3.3 How pheromones may be used to aid control of pessh populations

Due to the scale of the problem of invasive fislis unlikely that one method of
control would be able to singlehandedly eradicataldished fishes in a
reasonable period of time, across their entireeangseems most likely that
successful control will be achieved through the afsen integrated pest
management strategy that is specifically desigoddrget multiple weaknesses in
the pest speci@sThese approaches are particularly suited to skeofi
pheromones, as they are typically environmentalfg and potent (therefore only
a small amount is required) and have specific astio

It is possible that 17,P0P (17,2@-dihydroxy-4-pregnen-3-one) may be used as a
synchronising agent to control population wide spiangy of females and males,
and as an attractant to capture adult males intagrated pest management
control prograri

Pheromones can be used to facilitate trappingyplissnd reduce reproductive
success, disrupt movement and migration, promateess of sterilised fish, repel

pest fish to prevent them spreading.

1.4 Free and conjugated steroids which may act as phemmones
Steroids which may act as pheromones are showabfeTL.1, only conjugation
at C-17 and C-20 are shown (with the exceptiondilrdeoxycortisol) as this is

what appears in the literature.

Table 1.1Free and conjugated steroids which may act aoptares

C-18 Steroids

17B-estradiol (estra-1,3,5(10)-triene-3,17-dig

when

R=H, M,=272.42 gmat

Estra-1,3,5(10)-triene-3-ol, 17-sulfate when
R=SQH, M,=352.49 gmot

Estra-1,3,5(10)-triene-3-ol, 17-glucuronide

when
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COOH

: OH
o
v "o
R=

= oH where Y is point of

conjugation. M= 448.56 gmot

Estrone

M,=270.37 gmot

C- 19 Steroids

Testosterone

(Androst-4-ene-3-one, 17-hydroxy) when

R=H, M,=288.209 gmot

Testosterone sulfate when
R= SQH, M,=368.166 gmot

Testosterone glucuronide when

COOH
!

oH where Y is the point of

conjugation

M,=464.55 gmot

Androstenedione (Androst-4-ene-3,17-dione

M,=286.193 gmot
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11-Ketotestosterone

R=H, M,=302.188 gmot
11-ketotestosterone sulfate when
R=SQH, M,=382.145 gmot

11-ketotestosterone glucuronide when

COOH

! OH
o
v’ “oH

R= oH where Y is the point of

conjugation.

M,=478.220 gmot

(Androst-4-ene-3,11-dione, 17-hydroxy) when

5p-androstan-3,173-diol when
R=H, M= 292.51 gmot
5p-androstan-@-ol, 17-sulfate when
R=SQH, M,=372.58 gmot

5p-androstan-@-ol, 17-glucuronide when

COOH
!

!
OH
o
v’ “oH

R= oH where Y is the point of
conjugation, M=468.65 gmot

OR

H o\\\\“‘

5p-androstan-B8,17p-diol when
R=H, M= 292.51 gmot
5p-androstan-B-ol, 17-sulfate when

R=SQH, M,=372.58 gmat

RO
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5p-androstan-B-ol, 17-glucuronide when

COOH
!

: OH
o
v “on
R=

oH where Y is the point of
conjugation, M=468.65 gmot

5p-androstan-8,113-diol-17-one

M,= 306.44 gmot

"
ROV

5B-dihydrotestosterone

(5 p —androstan-1p -ol-3-one) when
R=H, M,=290.49 gmat
5B-dihydrotestosterone 17-sulfate when
R=SQH, M,=370.56 gmot

5B-dihydrotestosterone 17-glucuronide wher

COOH

: OH
o
v “on
R=

= oH where Y is point of

conjugation, M=466.63 gmot

OR

C-21 Steroids

17,2@-dihydroxy-4-pregnen-3-one
(Pregn-4-en-3-one, 17,ga@lihydroxy) when
R=H, M,=332.235 gmot

17-hydroxy-4-pregnen-3-one 20-sulfate whe

10
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R=SQH, M,=412.192 gmo

17-hydroxy-4-pregnen-3-one 20-glucuronide

when

COOH

: OH
o
v "o
R=

= oH where Y is point of

conjugation, M=508.67 gmot

170-Hydroxyprogesterone :
(Pregn-4-ene-3,20-dione, 17-hydroxy) when
R=H, M,=330.219 gmet
Progesterone-17-sulfate when

R=SQH, M,;=410.50 gmat

Progesterone- 17-glucuronide when

COOH
!

i OH
o
v "o
R_

= oH where Y is point of
conjugation, M=506.65 gmot

11-deoxycortisol when

OR
R=H, M=346.51 gmaot o
11-deoxycortisol 21-sulfate when

R=SQH, M,=426.58 gmot G

11-deoxycortisol 21-glucuronide when

COOH

: OH
o
v “on
R=

= oH where Y is point of

11
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conjugation, M=602.65 gmdf

17,2(,21-trihydroxy-pregn-4-en-3-one when
R=H, M,=348.230 gmot

17,21-dihydroxy-pregn-4-en-3-one 20-sulfat

when
R=H, M=428 gmot'

170,21-dihydroxy-pregn-4-en-3-one 20-
glucuronide when

COOH

: OH
o
v “on
R=

oH where Y is point of

conjugation, M=524 gmoft

1%

RQ,

OH
puitWOH

5B-pregnan-a,17a-diol-20-one when
R=H, M,=334.49 gmot
5B-pregnan-8-ol-20-one, 17-sulfate when
R=SQH, M;=414 gmot*

5B-pregnan-8-ol-20-one, 17-glucuronide

when

= oH where Y is point of
conjugation, M=510 gmot*

S
HON

inWOR

12
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5B-pregnan-a,17a,203-triol when

RC

R=H, M,=336.5 gmol [ OH
5B-pregnan-8,17a-diol, 20-sulfate when
R=SQH, M,=416 gmotl" o

5B-pregnan-8,17a-diol, 20-glucuronide when

COOH
!

!
OH
o
v’ “oH

R= oH where Y is point of
conjugation, M=512 gmot*

5B-pregnan-8,17a,200-triol when

Li\OH

R=H, M,=336.5 gmot
5B-pregnan-a,17a,-diol, 20-sulfate when
R=SQH, M=416 gmol" et

5B-pregnan-a,17a-diol, 20-glucuronide when

COOH

: OH
o
v "o
R=

= oH where Y is point of

conjugation, M=512 gmoft

1.5 Measurement of fish steroids in water
Advantages
¢ Minimal intervention, no anaesthetic or bleedingaiguired therefore
sampling stress is reducéd’
e No sacrifice of fish is required
e Ability to make repeat measurements on the sarh&ffg
e Ability to make concurrent behavioural observations

e Ability to measure fish that are too small to bedbt 2

13
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Potential problems include: release rate being:tdteby the affinity of the
steroid for steroid binding proteins in the plase@centrations of steroids in
plasma, rate of blood flow through gills, fish $gi# surface area, gill
permeability, gill damage, salinity, water temparatconcentration gradient,
opercular beat raté
Concentration of steroids in water is affected bypfthe above, as well as fish
biomass, water volume, steroid reuptake by fists{@tic systems) steroid
degradation, and adsorption of steroids to surfddessurements can be affected
by the stability of steroid during standing andragtion, and by analysis
techniques.
Extraction from water is more costly and time consg than plasma, and
requires validation.
There is some evidence that fish are able to atsterbids from the watét A
recent study on uptake of i-éstradiol and testosterone in stickleback shoma fi
concentrations of these steroids in plasma carhrg@@@ times the concentration

in surrounding watér.

1.5.1 Separation of fish sex steroids from other componés in fish holding
tanks

The concentration of fish steroids in the watenfrie holding tanks is too low to

measure directly, therefore must be concentratied for measuring. There are

two methods of concentrating sex steroids curréaitywn: the use of solid phase

extraction (SPE) cartridges, and freeze drying.

1.5.1.1 Use of SPE cartridgesin extracting fish steroids from water

SPE cartridges are very widely used in the exwaati fish steroids from water
They have many drawbacks, including cost of thé&ridgies themselves, the cost
of pre-filters, and the use of organic solventsclitare not ideal for the
environment and require special dispdsal

The most common cartridges used for extractiomsbf $ex steroids from water

are those with an octadecyl stationary phase® 2% 293137

Cartridges are first primed with methanol, oftetidized by water, prior to udeé*
23,2531 34 v/arious volumes of holding water have been exdaranging from
450 m*® to 10 [* * The most common volume appears to be either 365 A1
35,36,40.4L g 7 | 21:23.34.90. 92 6y rates of 5, 10, 16 and 25 mLnliare all

14



Chapter One-Introduction
commoni® 2 20 % A After extraction, cartridges are frequently foze
(typically at -80°C) until a later date when elutiis required" 2> 2° Prior to
elution, it is typical to wash the cartridge witlater to remove water soluble

contaminants, mainly proteitis®

1.5.1.2 Elution of fish steroids from SPE cartridges

Choice of elution solvent can be dependent on vendibth free and conjugated
steroids are required. The most common choicelgésbis methanol, which
elutes both free and conjugated stergidd 2% 37 3% 414PDjethyl ether or ethyl
acetate have been used when elution of free steanily was required 274748

Ethanol and ethanol water mixes have also beenfosedution’ 3 38 49

1.5.2 Alternative methods for extracting fish steroids fom holding water
Van Weerdcet af used an alternative way of processing the fisdihglwater
which involved freeze drying the whole fraction.eTtolding water (70 L) was
first filtered and stored (-20°C, 10 L lots) in pethylene bags, and the ice was
later crushed and freeze dried (not exceeding F5T® residue was rinsed out
of the freeze drier tray using distilled water]daled by a wash with 100%
ethanot. The ethanol fraction was reduced (~10 mL) andeedd the water, to

give a final volume of 2 L of concentrated holdingter (stored at -20°€)

1.5.3 Methods of separation of free and conjugated sterds
Separation of free and conjugated steroids is itapbas it is helpful to know
how much of each steroid is present in the wated,the form in which it is

present.

1.5.3.1 Separation of free and conjugated steroids
The most common way of separating free and congalgstieroids is by dissolving
dried down eluent residue in water, and perfornaingextraction with

3.990r diethyl ethef’. Free steroids are quite non polar, and so

dichloromethan
dissolve in the organic phase, whilst conjugatedosds are more polar and

remain in the water phasé *°

1.5.3.2 Separation of sulfate and glucuronide steroid conjugates
A mix of sulfate and glucuronide steroid conjugatasain in the water phase,

and it is useful to distinguish how much of eacpressent.

15
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Sulfate conjugates can undergo solvolysis to reldasm into the free form,

where they can then be treated the same way asitibéfree steroids, but will
represent the amount of sulfated steroids werkdrconjugate fraction
Solvolysis is performed as following: the water phés dried down and the
residue dissolved in distilled water, solvolysieggent (trifluoroacetic acid/ethyl
acetate) is added, and heated overftght 3" 3% 42 °1°%50|vents are removed by
evaporation under a stream of nitrogen, and thdueglissolved in sodium

acetate buffer, sulfated steroids (now free) ateaeted in diethyl ethét 4% 4

Glucuronide conjugates are hydrolysed enzymatieaiggp-glucuronidase. This
converts the conjugated steroid into a free stemidch may then be processed in:
the same way as the free steroid fraction, howkverepresentative of the

glucuronide fraction.

If solvolysis is not performed, the residue contagnconjugates is dissolved in
sodium acetate buffer, treated wittglucuronidase and left to incubate overnfght
%53 The reaction is terminated with dichloromethaare] released steroids are
extracted in dichloromethahé

1.6 Preparation of steroids and conjugated steroids foanalysis
Steroids tend to be thermally unstable and hawesvavblatility so are unsuitable
for analysis using gas chromatography (GC) unlesg &re derivatised prior to
undergoing gas chromatography
1.6.1 Methods of derivatisation of steroids
There are three main ways of derivatising hydraxyhcid groups prior to
separation on the gas chromatograph:

e Methylation turns OH group to OGH

e Acetylation turns OH group to OCOGH

e Silylation turns OH group to OSi (G
All literature examples of derivatisation of fisteids prior to GC analysis use

various forms of silylation.

1.6.1.1 Preparation of oxime trimethylsilyl ethers

Formation of oxime

16
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A fresh solution of hydroxylammonium chloride inrgme is added to the
residue and heat&d °* *° This causes the steroids possessing keto groups t
converted to oxime derivatives which are then atsd®. For certain steroids, this
can result in two peaks in the chromatogram, omeesponding to theis
conformation, the othdrans(refer to section 3.3.3.1 Development of

derivatisation).

1.6.1.2 Preparation of trimethylsilyl ethers

Budzinskiet af* tried the following methods, optimising conditiomith
testosterone, comparing peak areas of derivatestdgterone to establish which
method was best. The molecular ion (288) was muettto check efficiency of
derivatisatiori".

The following derivatisation agents were tested:

1. n-methyl-trimethylsilyl trifluoroacetamide (MSTFA)
n,o-bis(trimethylsilyl) trifluoroacetamide (BSTFA)
Pentafluoropropionic acid anhydride. (PFPA)

Mix of BSTFA and TMCS (8:2 v/v)
Mix of MSTFA, B-mercaptoethanol and ammonium iodide
(99.1%/0.5%/0.5%)

a kb 0N

Derivatisation agents were tested on a testostegol¢ion at different
temperatures, and time peridiResponse was similar for both temperatures, the
exception being derivatisations with BSTFA/TMCS an8TFA. MSTFA and
MSTFA/BSTFA mixture gave a lower derivatisationlgiat 60°C". Low
response and high variability was also seen with&RFSilylation efficiency was
improved by the addition of a small amount of oaat, i.e. NHI with MSTFA
or TMCS with BSTFAL. The best sensitivity was achieved using the MYBFA
mercaptoethanol/NH mix, with response being greater than one oréler o
magnitude above the other agéhts

The best method was found to be MSTBAmercaptoethanol and ammonium
iodide, heated (6@, 30 min), cooled to room temperature and themelu
adjusted with isooctane (to 100 |it)

17
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1.7 Methods of analysis of steroid hormones

1.7.1 High Performance Liquid Chromatography (HPLC)

1.7.1.1 Chromatographic Separation

A variety of eluents have been used gad®lumns to achieve separation of

steroid hormones (Table 1.2)

Table 1.2Various elution methods used to separate stewnichdnes

Elution Method

Solvents used

Steroids Separated

Isocratic’ Methanol 11-deoxycortisol
Tetrahydrofuran Androstenedione
Water Testosterone
170-hydroxyprogesterone
17B-estradiol
Estrone
5a-dihydroxytestosterone
Isocratic® AgqueousN-methylmorpholine | Estrone
Acetonitrile 17B-estradiol
Isocratic® Acetonitrile 17B-estradiol
Aqueous NH HPO, Estrone
Isocratic¢® Acetonitrile 17B-estradiol
Methanol Estrone
Aqueous Potassium Phosphate 17a-hydroxyprogesterone
Buffer Testosterone
Androstenedione
5B-dihydroxytestosterone
Gradient” Acetonitrile 11-ketotestosterone
Water 17B-estradiol
17,2(8-P
Testosterone
Estrone
Androstenedione
170-hydroxyprogesterone
Gradient” © Acetonitrile 17B-estradiol
Water Estrone
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Progestogens

Gradient*

Acetonitrile
Water

17B-estradiol

Estrone
170-hydroxyprogesterone
Testosterone
Androstenedione
5B-dihydroxytestosterone
11-deoxycortisol

Gradient”

Aqueous formic acid

Methanol

Progesterone
Dihydroxytestosterone
170-hydroxyprogesterone
11-deoxycortisol
21-deoxycortisol
Androstenedione
Testosterone

Cortisol

Gradient®

Acetonitrile
Water

17B-estradiol
Testosterone

Estrone

Gradient’

Acetonitrile
Water

17,2@-P
11-deoxycortisol

11-ketotestosterone

Gradient®

Methanol
Aqueous NHPO,

Testosterone
17-hydroxyprogesterone
5a-dihydroxytestosterone
Progesterone
Androstenedione
5a-androstan-&,17B-diol
5a-androstan-@,17p-diol
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1.7.1.2 Detection

Ultraviolet

Detection of fish steroids has been achieved ugiadgollowing wavelengths: 200,
225, 240, 245-247, 254, and 280'fir’ ¢

Mass Spectrometry
Detection of estrogens

Electrospray ionisation was performed in the negattn mode with the

following optimum conditions nebuliser pressuregsh drying gas temperature
300°C, drying gas flow 13 mLmih capillary voltage 3500 V, fragmentor voltage
110 VP2 Analysis was carried out in selected ion monitgriSIM) mode,
17p-estradiol was scanned at m/z=271 [M-ldhd estrone was scanned at
m/z=269 [M-H | %2

It is also possible for estrogens with a catectralcsure to be detected
electrochemically, as ring A makes them electrodbalty active, becoming

oxidised as they pass through a polarization piatéht
Detection of androgens and estrogens

Electrospray ionisation of Bfestradiol, testosterone, and estrone was performed
in the positive ion mode with the following conditis: nebuliser pressure 60 psi,
drying gas (M) temperature 350°C, drying gas flow 13 Lihjmapillary voltage
5000 V, fragmentor voltage 75°¥ Data acquisition was carried out in SIM
modé&®.

1.7.2 Enzyme Immunoassay (EIA)

Performed for determination of 11-ketotestosterdraetions were diluted in EIA
buffer and assayed by EYA Cross reactivity of assay was 0.01% for
4-androsten-13,17p-diol-3-one, <0.01% for &androsten-B,173-diol,
5a-androstan-1F-ol-3-one, and testosterotieThe limit of detection for the assay

of 11-ketotestosterone was 1.3 pght.

1.7.3 Radioimmunoassay (RIA)
The simplicity and low detection limits of RIA makea good candidate for
determining the level of fish steroids in waterwlever, RIA studies only deal
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with free steroids, as they focus on specific steréor which RIAs are readily |
availablé™. There have been concerns about the reliabilifglaf for
measurement of steroids in biological syst&mdeasurements obtained from
RIA should be regarded with caution due to theresctivity with other steroids
and interference with other substances which casectalse positivés *°
Disadvantages of RIA include limited availabilitiyspecific antisera, cross

reactivities, safety, time intensive extraction gudification step®

1.8 Gas Chromatography-Mass Spectrometry (GC/MS)
Analysis and quantitative interpretation of loweés/of steroids using GC/MS is
preferred over RIA methods, as it is possible tieigheine a total steroid profile
compared to RIA whereby it is only possible to meane steroid at a tirfle>
Although GC/MS is widely used in determining stert@vels in humans, they are
little used for determining levels in aquatic origams, mainly due to the low
levels that must be reached
Specificity of GC/MS is closely related to:

e Resolution capacity of the capillary column

¢ Resolution capacity of the mass spectrometer

e Optimisation of all stages of the analytical praged(including extraction,

hydrolysis, derivatisatiofl

1.8.1 Optimisation of GC/MS conditions

1.8.1.1 Temperature programmes
Injection port

The optimum temperature for the injection port3@aC"3 3% 49.56.69-71

1.8.2 Type of columns used
Columns used to separate steroid hormones in gamakography are non polar,

with various temperature programmes utilised.

1.8.3 Selection of scanning mode
Analysis of fish sex steroids in water is generadiguired to be performed in SIM
mode, as the concentration of steroids in watsoismall, the greatest sensitivity

is required.
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1.8.3.1 Selected ion monitoring

Electron multiplier operated at 2600-2800 V, howeés may vary due to the

cleanliness of the instruméiit *® % 71

lons selected for SIM mode
lons previously selected for analysis in SIM ardined in Table 1.3

Table 1.3 Steroids and ions used previously for selectachionitoring™

Steroid lons used for SIM analysis in GC/MS (m/z)
Testosterone di TMS 432 | 417 | 433 | 418
Androstenedione-diTMS 430 | 432 | 431 | 415
Dihydrotestosterone-diTMS | 434 | 405

11-ketotestosterone-triTMS | 503 | 518

Estrone-diTMS 414 | 399 | 309 | 231 | 415
17B-estradiol-diTMS 416 | 285|417 | 401 | 231|232 | 286| 418
170-hydroxyprogesterone-

triTMS 546 | 316 | 445 | 370 | 301 | 147
170,203-dihydroxy-4-

pregnen-3-one-triTMS 431 | 548

5a-androstan-8,17B-diol-

diTMS 256 | 346 | 436 | 241 | 215]| 421
5p-androstan-8,173-diol-

diTMS 240 | 256 | 331 | 346 | 347|436 | 435|241 | 215
5B-androstan-3,17B-diol-11-

one 306 | 307 | 345 | 360 | 361| 450
5B-pregnan-a,17a,20B-triol-

triTMS 255 | 256 | 345|435 | 436 | 437 | 504 | 386
5B-pregnan-8,17a,200-triol-

triTMS 255 | 256 | 345 | 435 | 436 | 437

Previous results

SIM analysis of the holding water of catfish haswh the presence of ,
5p-androstan-3-ol-17-one, B-androstan-3,17B-diol-11-one, 1p-estradiol, and
estrone in the free steroid fraction, afid@egnan-a,170,20o-triol,
5B-pregnan-a,17a,208-triol, 53-androstan-&,17B-diol, eticholanolone,
5p-androstan-@,17p-diol-11-one, 1p-estradiol, and estrone in the glucuronide
fractior®. These steroids were presumed to be present tentnations greater
than 10-10"M 3,

Quantification
Steroids were quantified in relation to the deutatasteroids (testosterowni@-and
estradiold4) used as internal standattls
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Limits of detection
Detection limits per injection (2 pL) were 100 p®8 ndg® >°
Detection limits per litre of water were 0.1 ng fof3-estradiol, testosterone and

androstenedione, 0.2 ng for estfShe

For studies on levels in fish plasma, detectiontimper gram of plasma were 33
pg for 1&-hydroxyprogesterone, 96 pg for androstenediong@g2t®r
testosterone, 54 pg for estrone, 100 pg f@-@&3tradiol, 1100 pg for 17,8, 180
pg for 11-deoxycortiséf.

1.9 Project Objectives

The purpose of this study was to develop an acewa@lytical method which
could determine the levels of sex steroids in fistding water. This work could
be extended to use for detection of steroids ifediht species of fish in order to
obtain information about steroids released duriagous phases of the
reproductive cycle. Steroids thus identified magntive investigated as potential
pheromones. Pheromones can potentially be utilisad integrated pest

management system to aid the control of pest fighufations.
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Chapter Two-Experimental

2. Experimental

2.1 Materials

2.1.1 Chemicals
Testosterone, Prestradiol minimum 98%, Androstenedione minimum 98%:-
hydroxyprogesterone minimum 95% and Stigmasteralmmim 95% were

sourced from Sigma Aldrich Inc.

4-pregnen-17,2Bdiol-3-one, 4-pregnen-17,B(21-triol-3-one,
4-pregnen-17,21-diol-3,20-dione-pregnan-a,17,2@-triol,
5B-pregnan-8,17,2@-triol, 5p-pregnan-8,17-diol-20-one,
5p-androstan-1J-ol-3-one, B-androstan-8,113-diol-17-one,
5p-androstan-@,17p-diol, 53-androstan-8,173-diol,
4-androstan-1F-ol,3,11-dione, and 4-androstenpt@l-3-oneglucosiduronidate

were purchased from Steraloids Inc.

Silylating reagents-trimethylsilylimidazole and Tri-Sil HTP
Reagent HMDS/TMCS in pyridine (2:1:10) were sourfredh Pierce

Biotechnology (also known as Thermo Scientific).
Hydroxylammonium chloride (AR grade) was sourcenhfrAjax Chemicals Ltd.
Ammonium Carbonate used in HPLC was sourced froax Ainechem.

2.1.2 Enzymes
B-glucuronidase fronkEscherischia colifype IX A was purchased from Sigma
Aldrich Inc.

2.1.3 Solvents

Solvents used in this study were methandigptane, chloroform, acetonitrile,
water, ethanol, pyridine and dichloromethane. Methased as a solvent during
SPE in initial tests was of HPLC grade and soufoem either Scharlau or Ajax
Finechem as available. Methanol used in the firethod was distilled to remove
an impurity (see section 3.3.3.5 Method limits efattion).n-heptane and
chloroform were HPLC grade and sourced from AjaxeEhem. Acetonitrile was
HPLC grade and sourced from Burdick & Jackson.iNdlIwater was used as a
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solvent during SPE and HPLC and obtained from agand E-pure system
(18.2 MQcm). Ethanol (absolute) was analytical grade amndcgal from Scharlau.

Pyridine (minimum 99%, ACS grade) was sourced f&igma Aldrich Inc.
Concentrated nitric acid (27%) used for acid waghwas obtained from Ajax

Finechem.

2.2 Apparatus

Glassware

Glassware was washed with detergent, rinsed thress with water, and three
times with distilled water and dried in an oven({i0). Vials and inserts used in
elution, derivatisation and GC analysis were washi¢l detergent, rinsed,
soaked in concentrated nitric acid overnight anded three times with tap water

and three times with distilled water before beimnigdlin an oven.

A Mettler Toledo AT201five figure balance was usedveigh standards for

response factors and limits of detection

A Mettler Toledo AB204-S four figure balance wagdi$o weigh larger amounts

of reagents when making up solutions.
2.3 General Methods

2.3.1 Freeze Drying
A Labconco Bulk Tray Drier was used to freeze-dhew required. Liquid
samples were frozen with liquid nitrogen prior tedze-drying and left to dry

overnight.

2.3.2 Evaporation

Large volumes of liquid were reduced using two mp&vaporators. One system
consisted of an Eyela rotary evaporator equippé¢d an Eyela Water Bath SB-
650 and a Biichi V&cV-500 vacuum pump. The other system comprisedchiBii
Rotavapor R-200, Biichi Heating Bath B-490 and ahBlfac® V-500 vacuum
pump. The water bath was set to 30°C on both sgstem

Smaller volumes of liquid were evaporated usingesd® Reacti-Therm Heating
Module set to heat samples to 40°C, and a PieraetRéap Evaporating Unit

which passes a stream of nitrogen gas over thelsamp
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2.4 Solid Phase Extraction

2.4.1 Sample collection conditions

Goldfish were injected with either: Domperidoned ¢ghgmL*, 0.5 mLkg" of

fish) as the control, or Ovaprim- a spawning/oviotainducer (0.5 mLkd of

fish) as the treatment. Fish were held in tanksL{1fdr a period of twenty four
hours in an approximate volume of two litres. Fisitding water (~2 L, 21-24°C)
was pumped through a Waters Sep Pak® Clasgi¢360 mg, 55-105 um) SPE
cartridge (previously primed with methanol) usingeaistaltic pump

(~2 mLminY). Cartridges were stored at -18°C until requiredeiution.

2.4.2 Extraction of standards from water

Standard solutions of varying concentrations dbtggsrone in water were passed
through GgSPE cartridges (primed with 5 mL methanol and wdshiéh 5 mL
Milli-Q water) using a peristaltic pump (~2 mLmfinl L).

2.4.3 Elution from SPE cartridge
Elution using SPE cartridges was performed usikgrgan Vac Elut 20
Extraction Manifold coupled to a Buchi V-700 Vacutiamp.

Cartridges were washed with water (8 mL) and dueder vacuum (1 hr, 10 inHQ)
prior to elution. Free and conjugated steroids veduiged directly into a vial using

methanol (8 mL).
2.5 Preparation of conjugated steroids for derivatisaton

2.5.1 Separation of free and conjugated steroids

Methanol extracts were evaporated under a streamirofjen (40°C) and the
residue dissolved in water. Free steroids wereaetdd into dichloromethane (3x2
mL) whilst conjugated steroids remained in the wptease. Both phases were
evaporated, free steroids were now ready for desai@on, conjugated steroids

required hydrolysis prior to derivatisation.

2.5.2 Preparation of conjugated steroids for GC/MS analys
Glucuronidated steroids

The dried residue was dissolved in potassium plaisgbuffer (1 mL, pH 6.5)
B-glucuronidase was added (100 pL) and left to iateilovernight (37°C).
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Reaction was terminated using dichloromethane (% ,;abd liberated steroids

were extracted into dichloromethane (3x2 mL).
Sulfated steroids

For the purpose of this study sulfated steroidsvigmored, as no sulfated steroid

was obtained to test the validity and recoveryhefgolvolysis procedure.

2.6 Derivatisation of steroids

Derivatisation of steroid hormones was achievedgusither Tri-Sil HTP Reagent
or n-trimethylsilylimidazole. Residue was either reactiérectly with Tri-Sil
reagent or dissolved in a small volume of pyridip@0-500 uL), and
n-trimethylsilylimidazole (100-250 pL) added. Samplesye heated using an
Accublock digital drybath D1200 (50°C, 1 hr) anchperated under a stream of
nitrogen (40°C).

Residue was dissolved mheptane (~1 mL), sonicated in an Astrason Ultreesson
Cleaner, (15 min), centrifuged in a Heraeus SepaBamtrifuge (5000 rpm, 20
min) and supernatant transferred to another via@re/it was evaporated to
dryness under nitrogen (40°C). The residue wassitated inn-heptane (100

uL), sonicated and transferred to a GC vial.

2.7 Liquid Chromatography

A Waters 515 HPLC pump was used with a Watersentiegasser using either a
Waters Resolve radial compression column (8x100 &pm), or a low flow
Zorbax Gg(2.1x150 mm, 5 um) column, detection was with ayPeir
Laboratories PL-ELS 100 Evaporative Light Scatigiretector.

2.8 GC/MS
The gas chromatograph used was a Hewlett Pack@@®8 system which was
coupled to a HP 5973 Mass Selective Detector dtedifwith a 7683

Autosampler and Injector.

2.8.1 Method used

The autosampler was used to perform automatedimofsc(2 puL). The gas
chromatograph was operated in splitless mode, tetaperature was set to 265°C,
column flow was 1.1 mLmih Separation was achieved using a Zebron ZB5 5%
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Polysiloxane 30.0 m x 250 um x 0.25 yum column usiregtemperature

programme outlined below (Table 2.1).

Table 2.10ven temperature programme used for GC of steroids

Hold
Time | Temperature | Temperature Time
(min) | (°C) Increase (°Cmin?) | (min)
0 160 0.5
6.5 250 15 1
27.5 260 0.5 0.5
43 290 2 10

2.8.1.1 Mass spectrometry of steroids

TIC (total ion chromatograph) mode was used tointspectra of individual
steroids, optimise chromatography and determing iorbe used in SIM mode.
Full method scans were of 50-800 atomic mass (amsl) with a solvent delay of
5 min.

lons selected for SIM mode

SIM mode was used to obtain detection limits, respdactors and to analyse fish
holding water samples. The mass spectrometer sddon@ns outlined in

Table 2.2. lons were selected based on their ityed$e most abundant ions
were chosen where possible, for example, in fharilrostan-g8,173-diol-diTMS
spectrum, the 346 ion is more abundant than thadiSence why it was chosen
in preference to 215. Conversely, in tifedhdrostan-@, 173-diol-diTMS

spectrum, the 215 ion was more abundant than thea84 and was chosen as a

confirmation ion rather than 346 for this reasae(section 3.3.3.2).
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Table 2.2lons selected for SIM analysis

Retention

Time lon1l |lon2|lon3
Standard (min) (m/z) | (m/z) | (m/z)
5B-androstan-8,17B-diol-diTMS 12.00 256 241 | 346
5p-androstan-@,173-diol-diTMS 12.17 256 241 | 215
5B-dihydrotestosterone-diTMS 12.65 246 36  34f
Estrone-TMS 13.74 342 257| 218
Androstenedione 14.11 286 244 201
17B-estradiol-diTMS 14.64 416 285 232
Testosterone-TMS 14.86 360 270 226
5B-androstan-8,113-diol-17-one-diTMS 15.38 270 360 394
5B-pregnan-a,17a-diol-20-one 17.06 230 231 215
11-ketotestosterone-TMS 17.59 359 374 284
170-hydroxyprogesterone-TMS 20.56 359 269  22f
5B-pregnan-8,17a,20B-triol 19.96 255 273 | 256
5B-pregnan-a,17a,200-triol 21.2 255 273 | 256
17,2@-dihydroxy-4-pregnen-3-one 25.7 287 371 269
11-deoxycortisol 31.41 359 269 227
170,208,21-trihydroxy-pregn-4-en-3-one 36.58 359 360 371
Stigmasterol (internal standard) 35.8 255 384 484
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3. Method Development

3.1 Comparison of extraction methods

The two methods described in the literature foraeting fish steroids from water

were:

1. Freeze drying large volumes of water or ice
2. Extracting steroids from water usingsGPE cartridges

3.1.1 Freeze dry method

1 L solutions of testosterone were reduced to dlanaugh volume to freeze dry
(~10 mL) using a rotary evaporator. Solutions weseen with liquid nitrogen in
the flasks used, and dried overnight. The flask iesed 5 times with methanol
to dissolve the residue and to be sure to obththelmaterial. The solution was
transferred to a vial and evaporated to drynessadtream of nitrogen prior to
derivatisation, internal standard was also addesbiution form (1 mL, ~200 ng)

prior to silylation. These were derivatised andlgsed using GC/MS/SIM.

3.1.2 SPE method

1 L solutions of testosterone were passed througBRE cartridges using a
peristaltic pump (~2 Lmin). Cartridges were washed with Milli-Q water (5 mL)
dried under vacuum for one hour and testosterartecfrom the cartridge using
methanol (7 mL). Solution was evaporated to drynesker nitrogen, where the
internal standard was also added. Samples wereaddraratised, made up to a

final volume of 100 pL and analysed using GC/MS/SIM

SPE was chosen as it is a more practical methedtcdction rather than
evaporating large volumes of water and freeze dryiirhas also been shown that

the amount of steroids in solution is reduced ugtonage of solutiorfa

3.2  Optimisation of elution for SPE extraction

Originally a 5 mL wash with Milli-Q water followeldly a 5mL methanol wash
was trialled, however poor results were obtainesttd® results were obtained by
using a 7 mL wash with Milli-Q water, followed byyihg the cartridge under

vacuum (1 hr, 10 inHg), and elution with metharoh{L)*". Recovery was still
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poor, and it was determined this was due to thedspéthroughput of the
testosterone solution when attempting to extratosterone (1 LAY. When
extracting solutions for determination of methotedgon limits, the flow was

reduced to a rate similar to rate used in samgleation (2 mLmin?).

3.3 Analysis Method

An HPLC method was initially developed to analysedteroid hormones, as

there is less sample preparation required becarsetisation is unnecessary.

3.3.1 HPLC method

Separation of la-hydroxyprogesterone, testosterone}-gstradiol,
androstenedione, 17 2@, and 11-ketotestosterone was achieved on aldow f
Zorbax Gg(2.1x150 mm, 5 pm) column using gradient elutioak(€ 3.1).

Steroids were detected using an evaporative lighittexing detector.

Table 3.1Gradient system used for elution of steroids inL&P

Time Flow (mLmin™) | % % Aqueous
(min) Acetonitrile Ammonium
Carbonate (0.3%)
0.15 27 73
20.00 0.15 32 68
30.00 0.15 50 50
50.00 0.15 50 50
60.00 0.15 90 10
63.00 0.15 27 73
70.00 0.15 27 73

Initially a Waters Radial Pak column was used, havendrostenedione and
170-hydroxyprogesterone co-eluted, and by changirggltav flow analytical
column greater resolution was obtained (Figure &nb) peaks eluted separately
using the gradient shown above (Table 3.1). HPLE mat considered a useful
technique for the analysis of fish steroids in wads detection limits were not
low enough (the instrumental limit of detectionte$tosterone was 0.3 ng per

20 pL injection).
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Figure 3.1 Mixed standard chromatogram with gradient ovesthghowing
separation achieved using HPLC low flow column

3.3.2 Liquid Chromatography-Mass Spectrometry (LCMS§ method
Steroid hormones were analysed on a Thermo Finrig&y advantage using

atmospheric pressure chemical ionisation.

Original eluents used were acetonitrile and 0.3%eags ammonium carbonate.
These eluents gave 6 or more peaks for some cordpdMH]", [MNH,]",
[M+CH3CN+H]", [M+CHsCN+NHg4]", [M+NH,4]", [2M+H]", and [2M+NH]".
This situation was not ideal and it is preferableg¢e one main ion (ideally
[M+H] ™). Eluents were changed to acetonitrile and 0.1&eags acetic acid
which removed all ions which contained an ammoniom hence greatly
reducing the variety of ions. Source induced disgmn was used at 30% to
reduce the formation of [2M+AJand [M-OAc] ions.

Optimum source temperature was 350°C, this gavd gesponse for most of the
steroid hormones tested. Capillary temperaturekepsat 200°C. Gradients were
not fine tuned to gain optimum separation as mettegdction limits were not low

enough and this technique was not pursued.

3.3.2.1 Limits of Detection for LCM S method
Limits of detection using the mass spectrometex dstector were 20 ng per
10 pL injection for 1@-hydroxyprogesterone, androstenedione, testosterone
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11-ketotestosterone and 1732@. The limits of detection using the photo diode
array detector was an order of magnitude lower. ISOMas deemed an unsuitable

technique for our requirements as detection of niowler levels was required.

Because, limits of detection were not low enoughHBLC or LCMS to be useful,
gas chromatography mass spectrometry was usee asiBitivity is far greater,
the only disadvantage being the requirement fawdesation prior to analysis.

3.3.3 Development of GC method

3.3.3.1 Development of derivatisation

Oxime-trimethylsilyl ethers or trimethylsilyl etlser

Testosterone was used to observe the results ivhtleation to
oxime-trimethylsilyl ether and compare to directidatisation to a trimethylsilyl

ether.

Derivatisation to form oximes was carried out fallog the method used by
Schoonen and Lambér® solution of hydroxylammonium chloride in pynidi

(2 mL, 2% w/v) was prepared and added to testastefd mg). The mix was
heated (100°C, 1 hr), to convert the keto grouprt@xime derivative, and
evaporated to dryness under a stream of nitrog@tC{4 The residue was further

derivatised by converting the oxime and hydroxyugs into trimethylsilyl ethers.

The oxime was found to give two peaks in the chitogram, one corresponding
to cis configuration, and the oth&ans This was considered to be undesirable as
it provided unnecessary complications to the chtogram, and might also affect
the detection level. Therefore the chosen derigatis method was direct

silylation without prior formation of oximes.

3.3.3.2 Selection of ions for monitoring

Standards were silylated separately and analyséldeo®C/MS using a method
shown to separate most steroids (see section 3.BeBnperature Programmes) in
order to establish the retention times for eactogteand the ions produced for
each one. The total ion spectra were used to dediitgh ions to monitor when
using SIM mode. The most abundant ions were chabene possible, however
ions such as 73[(CHESI]", 75[(CHs).Si=OHJ" and 129[CHCHCHOSI[ were
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commonly the most abundant in many spectra, bug¢ wet a viable choice as

they occur repeatedly in all silylated compounds.

The purity of standards was not always 100%, antesonpurities are able to
ionise better than the target steroid, making intigsrlook disproportionately
larger than they are. Figures 3.2-3.35 give tamldhromatograms and mass
spectra of the steroid standards and stigmastetelifal standard). lons chosen
for SIM are listed underneath each mass spectruturdte retention times with

ratios of ion intensities of selected ions are giveTable 3.2.
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Figure 3.3Mass spectrum offeandrostan-8,17B-diol-diTMS

lons selected for SIM analysis were 256[M-20TMSY1[M-195] and

346[M-OTMST".
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Figure 3.4TIC trace of B-androstan-@,17B-diol-diTMS
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Figure 3.5Mass spectrum offsandrostan-3,17p-diol-diTMS

lons selected for SIM analysis were 256[M-20TNMSK¥1[M-195] and

215[M-221] .
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Figure 3.7 Mass spectrum offadihydrotestosterone-TMS

lons selected for SIM analysis were 246[M-11&62[M]" and 347[M-CH]".
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Figure 3.8 TIC trace of estrone-TMS
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Figure 3. 9Mass spectrum of estrone-TMS

lons selected for SIM analysis were 342[\VB57[M-85] and 218[M-124].
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Figure 3.10TIC trace of androstenedione
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Figure 3.11Mass spectrum of androstenedione

lons selected for SIM analysis were 286[V344[M-C(O)CH]", and 201[M-85].
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Figure 3.12TIC trace of 1p-estradiol-diTMS
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Figure 3.13Mass spectrum of Brfestradiol-diTMS

lons selected for SIM analysis were 416{\V285[M-131] and 232[M-184].

It is important to note the relatively large intégp®f the molecular ion in this
spectrum. This may also be observed in the spedwuestrone and
androstenedione, but does not occur for any otleenids used. Estrone and
17B-estradiol both contain an aromatic ring at ringTAis assists in stabilising the
molecular ion (416) and ion 326[M-TMSOHAh the 1P-estradiol spectrum,
which corresponds to loss of TMSOH at position Cds’there is no such peak in
the estrone spectrum, where C-17 had a ketoneitsidogt This stability reduces
fragmentation of the molecular ion which is obserirethe mass spectra of the
other steroids.
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Figure 3.14TIC trace of testosterone-diTMS
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Figure 3.15Mass spectrum of testosterone-diTMS

lons selected for SIM analysis were 360[M370[M-OTMST and 226[M-134].
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Figure 3.17Mass spectrum offeandrostan-&,113-diol-17-one-diTMS

lons selected for SIM analysis were 270[M-OTM360[M-20TMST and
394[M-66].
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Figure 3.18TIC trace of B-pregnan-a,17a-diol-20-one
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I?igure 3.19Mass spectrum offspregnan-a,17a-diol-20-one

lons selected for SIM analysis were 230[M-17&31[M-175], and 215[M-191].
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11-ketotestosterone
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Figure 3.20TIC trace of 11-ketotestosterone-TMS
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Figure 3.21Mass spectrum of 11-ketotestosterone

lons selected for SIM analysis were 359[M-TH374[M]" and 284[M-OTMS]

170-hydroxyprogesterone
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Figure 3.22TIC trace of 17-hydroxyprogesterone-TMS
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Figure 3. 23Mass spectrum of kizhydroxyprogesterone-TMS

lons selected for SIM analysis were 359[M-C(OYFH269[M-133]
and 227[M-175].

5p-pregnan-3,17a,206-triol
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Figure 3.24TIC trace of B-pregnan-a,17a,203-triol
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Figure 3.25Mass spectrum offspregnan-a,17a,20B-triol

42

aso



Chapter Three-Method Development
lons selected for SIM analysis were 255[M-22%]73[M-207] and 256[M-224]

5p-pregnan-3,17a,200-triol
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Figure 3.26TIC trace of B-pregnan-8,17a,200-triol

Abundance
Scan 2087 (22.5792rné‘1): Nnewstdll. D\ data. s
=

2200000
2000000
1800000
1600000
1400000
1200000
1000000

800000 117

600000

4aoo0000 21s ‘ 362

200000 o3 ‘ ‘ 14‘15 173 27a
‘ : || aga
ol23 I NH\ H\‘\‘n‘\“‘ ‘Mu MHH “u‘\\“ MH\‘H “m‘ 195 235l L 301 333\‘\‘ L 3?? i . A60A80
s0 100

150 200 250 300 350 400 as0

ny z—=

Figure 3.27Mass spectrumfBpregnan-a,17a,20a-triol

lons selected for SIM analysis were 255[M-22%]73[M-207] and 256[M-224].

11-deoxycortisol
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Figure 3.28TIC trace of 11-deoxycortisol
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Figure 3.29Mass spectrum of 11-deoxycortisol

lons chosen for SIM analysis were 359[M-C(0)-O$i(CHs)s] ", 269[M-221T,
and 360[M-C(0)=CHOSI(CH4]".

17a,203-dihydroxy-pregn-4-en-3-one
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Figure 3.30TIC trace of 17,2@-dihydroxy-4-pregnen-3-one
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Figure 3.31Mass spectrum of 17,galihydroxy-4-pregnen-3-one

lons selected for SIM analysis were 287[M-18971[M-105], and 269[M-207].
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170,208,21-trihydroxy-pregn-4-en-3-one
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Figure 3.32TIC trace of 1¢,203,21-trihydroxy-pregn-4-en-3-one
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Figure 3.33Mass spectrum of 17208,21-trihydroxy-pregn-4-en-3-one

lons selected for SIM analysis were 359[M-OTMS-CH-OTMS]’,
371[M-193] and 360[M-204].
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Figure 3.34TIC trace of stigmasterol
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Figure 3.35Mass spectrum of stigmasterol

lons selected for analysis were 255[M-22%94[M-OTMST, and 484[M] as

these were the most abundant higher mass ions.
Retention times and ion intensity ratios

Intensity ratios of ions in both individual stersidnd steroids in a mixed steroid
solution are compared to show there are no intemfas in the mixed solution
(Table 3.2).
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Table 3.2Retention times and ions selected for steroidyamalising GC/MS

Standard Retention lon 1 lon2 | lon3
Time (min) (m/z) (m/z) | (m/z)
5B-androstan-38, 107B-diol 12.00 256 | 241 | 346
Intensity ratio in mixed standdrd 0.94 063 056
Intensity ratio in individual 1 0.65 0.57
5@-androstan-3u,17B-diol 12.17 256 241 215
Intensity ratio in mixed standard 1 0.95 06
Intensity ratio in individual 1 0.77 0.37
5p-dihydrotestosterone 12.65 246 362 347
Intensity ratio in mixed standard 0.45 0.4 0.31
Intensity ratio in individual 0.48 0.4 0.33
Estrone 13.74 342 257 218
Intensity ratio in mixed standard 1 0.36 0.27
Intensity ratio in individual 1 0.36 0.97
Androstenedione 14.11 286 244 201
Intensity ratio in mixed standard 1 0.59 0.26
Intensity ratio in individual 1 0.60 0.95
17p-Estradiol 14.64 416 285 232
Intensity ratio in mixed standard 1 0.7 0.2
Intensity ratio in individual 1 061 0.16
Testosterone 14.86 360 270 226
Intensity ratio in mixed standard 0.64 0.43 03
Intensity ratio in individual 0.77 0.54 0.36
5p-androstan-3u,11f-diol-17-one 15.38 270 360 394
Intensity ratio in mixed standard 0.23 0.95 0.21
Intensity ratio in individual 0.24 0.23 0.19
5B-pregnan-3ua,17a-diol-20-one 17.06 230 231 215
Intensity ratio in mixed standard 1 0.95 0.59
Intensity ratio in individual 1 0.95 0.39
11-ketotestosterone 17.59 359 374 284
Intensity ratio in mixed standdrd 0.36 031 0.95
Intensity ratio in individual 0.30 0.24 0.20
17a-hydroxyprogesterone 20.56 359 269 227
Intensity ratio in mixed standard 1 0.61 0.16

a. Relative intensity ratio where the ion with theglest intensity is assigned a value of 1
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Standard Retention lon 1 lon2 | lon3

Time (min) (m/z) (m/z) | (m/z)

Intensity ratio in individual

1 0.64 0.18
5B-pregnan-3ua,17a,20B-triol 19.96 255 273 362
Intensity ratio in mixed standard 1 0.76 0.1
Intensity ratio in individual 1 0.85 0.15
5p-pregnan-3ua,17a,200-triol 21.2 255 273 362
Intensity ratio in mixed standard 1 033 013
Intensity ratio in individual 1 0.35 0.15

17a,20B-dihydroxy-pregn-4-en-3-
one 25.7 287 371 269
Intensity ratio in mixed standard 0.92 0.31 0.31

Intensity ratio in individual

1 0.30 0.35
11-deoxycortisol 31.45 359 269 227
Intensity ratio in mixed standard 1 0.42 007
Intensity ratio in individual 1 06 0.1

17a,208,21-trihydroxy-pregn-4-en-
3-one 36.58 359 360 371
Intensity ratio in mixed standard

1 0.29 0.27
Intensity ratio in individual 1 0.29 0.33
Stigmasterol (internal standard) 35.8 255 384 484

Intensity ratio in mixed standard 0.46 0.42 0.40

Intensity ratio in individual 0.45 0.41 0.39

lon 1 generally agreed within £ 1%

lon 2 generally agreed within £2%

lon 3 generally agreed within £5%

lon 1 was used as the quantification ion, and iam@ 3 were used as
confirmation ions. This information was combinedhwietention times to

determine the presence of steroids.

There is an excellent agreement for androstenedibineh was detected most

regularly in samples analysed, which means theualikely to be interference.

a. Relative intensity ratio where the ion with theglest intensity is assigned a value of 1
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The selection of different ions for androstenediand 1B-estradiol was
necessary as they often co-elute, the temperatagggmme appears to have
prevented this as Bestradiol elutes with testosterone in the overptnature
programme used (see Figures 3.38 and 3.39). Thiswae desirable as the
spectrum of 1f-estradiol contains 286 ions, which would recofdlse positive
result for androstenedione. However the ions setefdr testosterone and

17B-estradiol were not found on the mass spectrurheto-eluting compound.

3.3.3.3 Temperature programme:
Various oven temperature programmes were triafleatder to achieve the best
separation of steroid hormones.

Method 1

The first method used was trialled with six stedotmones: androstenedione,
testosterone, 11-ketotestosterone, 1F-R01B-estradiol, and
170-hydroxyprogesterone. The following oven tempepmnogramme (Table 3.3)

was used in conjunction with an inlet temperatdr2s®°C.

Table 3.30ven temperature programme of initial method

Temperature Oven temperature | Hold time
increase (°Cmin®) | (°C) (min)
150 0.10
35 260 0.00
8 295 20.00

This method achieved separation ofudifdroxyprogesterone, testosterone and
11-ketotestosterone and 1732 (Figure 3.36). Androstenedione and
17B-estradiol were found to co-elute.
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Figure 3.36GC trace showing separation achieved using method 1

Method 2

This method also used the same six steroid hormdimesfollowing oven

temperature programme (Table 3.4) was used in notipan with an inlet

temperature of 265°C.

Table 3.40ven temperature programme of method 2

Temperature Oven temperature | Hold time Run time (min)
increase (°Cmin’) | (°C) (min)
150 0.5 0.5
30 270 2 6.5
5 300 18 30.5

This method achieved separation of testosteron2(-P,

170-hydroxyprogesterone and 11-ketotestosterone. Heryendrostenedione and

17B-estradiol co-eluted.

Three methods with different temperature programwere trialled to achieve

separation of androstenedione an@-ggtradiol (Tables 3.5, 3.6 and 3.7).
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Method 3a

Table 3.50ven temperature programme of method 3a

Chapter Three-Method Development

Temperature Oven temperature | Hold time
increase (°Cmin’) | (°C) (min)

150 0.5

20 270 2.0

1 300 18

This method achieved separation of testosteron20-P, 11-ketotestosterone,

and 14-hydroxyprogesterone. fB7estradiol and androstenedione were partially

separated.

Method 3b

Table 3.60ven temperature programme for method 3b

Temperature Oven Hold time
increase (°Cmin?) temperature (°C) | (min)
150 0.5
30 250 0
10 270 2
1 300 20

This method achieved separation of testosteron20-P, 11-ketotestosterone,

and 1%-hydroxyprogesterone. g7estradiol and androstenedione were partially

separated.

Method 3c

Table 3.70ven temperature programme for method 3c

Temperature Oven temperature | Hold time
increase (°Cmin’) | (°C) (min)
150 0.5
15 250 1
0.5 280 20
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This method achieved separation of 1B;E) androstenedione,
170-hydroxyprogesterone, and 11-ketotestosterone €igLB7). 1p-estradiol
and testosterone were partially separated, butaepa of these two was less
important as there were not as many clashing ibims.molecular ion of
androstenedione was 286, and the 286 ion was sdsemt in 1B-estradiol. In
order to use this ion as a quantitative estimatndfostenedione, separation of
androstenedione and fi-éstradiol was imperative.

C
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Where A= Diisooctyl phthalate, B= androstenedid@we,17B-estradiol, D= testosterone, E= 11-ketotestosterone
F= 17u-hydroxyprogesterone, G= 17 2dihydroxy-4-pregnen-3-one

Figure 3.37GC trace showing separation achieved using method 3

Method 4

Method 3b was the best of the methods outlined ejavd it was used again
when more steroid hormones were obtained. The tatye required further
adjustment to achieve the separation of: androdiene, testosterone,
11-ketotestosterone, 17 2@, 1 B-estradiol, and lo-hydroxyprogesterone,
11-deoxycortisol, estronepfandrostan-8,113-diol-17-one,
5B-dihydrotestosterone, 17 @@1-trinydroxy-pregn-4-en-3-one,
5B-pregnan-8,17-diol-20-one, B-pregnan-a,17a,208-triol, and
5B-pregnan-8,17a,200-triol. The partial separation offsandrostan-8,173-diol
and B-androstan-B,17B-diol was also achieved. The TIC trace of the mixed
standard solution is shown in Figure 3.38. Eachi@eof the chromatogram is

then expanded and labelled, to show separatiotendids (Figures 3.39-3.42).
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This oven temperature programme was the final nietised (Table 3.8)

Table 3.80ven temperature programme for Method 4

Temperature Oven temperature | Hold time (min) | Run time
increase (°Cmin') | (°C) (min)
150 0.5 0.5
15 250 1 8.17
0.5 260 0.5 28.67
2 290 10 53.67
Abundance
E
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Where A,G,J &N= impurities found in standards, Bi#sBoctyl phthalate, C, K= artefact of silylation,
D= 53-androstan-8,173-diol, E= $3-androstan-8,17B-diol, F= Sn-dihydrotesterone, H= estrone, I= androstenedione,
L= 17B-estradiol-diTMS, M= testosterone-TMS, Of-&ndrostan-8,113-diol-17-one

Figure 3.39TIC of mixed standard showing steroids with retamtimes from 11

to 15.7 min
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Where A, B & F are steroid impurities and E= antefaf silylation C= B-pregnan-8,17o-diol-20-one,
D= 11-ketotestosterone, GBpregnan-a,17a,208-triol, H= 17a-hydroxyprogesterone

Figure 3.40TIC of mixed standard showing steroids with retemtimes from

15.7 to 21 min
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Abundance

TIC: MIXSTDC.D\data.ns

1.6e+07 A

1.4e+07

1.2e+07

le+07
8000000
6000000
4000000 B
2000000 k c E H
D E G

21‘.00 21‘.50 22‘.00 22‘.50 23‘.00 23‘.50 24‘.00 24‘.50 25‘.00 25‘.50 26‘.00 26‘.50
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H=17,2@-dihydroxy-4-pregnen-3-one
Figure 3.41TIC of mixed standard showing steroids with retemtimes from 21
to 27 min
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Where A= artefact of silylation, B= 11-deoxycorliso= Stigmasterol, D= 17, 3R 1-trihydroxy-pregn-4-en-3-one

Figure 3.42TIC of mixed standard showing steroids with ret@mtimes from 26
to 37.5 min

3.3.3.4 Response factors
Response factors of testosterond§-ggtradiol, 1@-hydroxyprogesterone and
androstenedione were determined in relation toretgierol. These steroids were

chosen as relatively large quantities were avaslabl

Steroids were weighed out in ratios of approximate?, 1:1 and 2:1 (steroid:
stigmasterol), and derivatised using either Trir&dgent (where available) or
pyridine andh-trimethylsilylimidazole and heated (1 hr, 50°Cph\&nt was
removed by evaporation under a stream of nitroged,dissolved in either
chloroform orm-heptane, sonicated (15 min) centrifuged (20 md®0brpm) and
the supernatant transferred to a volumetric fl@gknoL) and made up to volume.
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made up to volume. Aliquots (1 mL) of the finalsidn were transferred to a GC
vial and analysed using GC-MS/SIM. SIM mode wasleethis would be how
ions would be detected in samples. Dilutions we@essary to acquire response
factors for the lower levels the method would bedufor, as relatively large

initial weights were used in order to reduce er@ch main ion was extracted
from the chromatogram, and integrated manuallyaia the peak area. The ions
used were testosterone (270)pZEstradiol (416), androstenedione (286),
17a-hydroxyprogesterone (359) and stigmasterol (255).

Table 3.9Response factors of testosterongi-@gtradiol, androstenedione and
170-hydroxyprogesterone

Steroid Response Factor
Testosterone 1.8 £0.3
17B-estradiol 11.3+0.3
170-hydroxyprogesterone 1.1+0.2
Androstenedione 1.9+0.3
Testosterone
Testosterone Response Factor v-1795
. .
— 7
2 6 _—*
< s
€ 4 .
g 5
<, P
& 1 /
0
0 0.5 1 1.5 2 2.5 3 3.5 4
Weight Ratio (T/S)

Figure 3.43Response factor of Testosterone
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Given the higher instrumental detection limit cdttesterone, the response factor
is surprisingly higher. This response factor wdmddused for compounds with

similar structures such as 11-ketotestosterone.

17p-estradiol

. y=11.322x
Estradiol Response Factor .. ;..
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Weight Ratio (Estradiol/Stigmasterol)

Figure 3.44Response factor of p7estradiol

The response factor of g-&stradiol is significantly higher than the othereie
response factors found for the other steroids. iBhikie to the slightly different
structure (ring A is a benzene group) and this sitadpilises [M] and
[M-TMSOH]" so they do not fragment further.

This response factor would be used in practice$trone, as it also has a similar
structure to 1f-estradiol; with the only difference being estrdvaes a keto group

at C-17, whilst 1B-estradiol has an alcohol group.
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Androstenedione

Androstenedione Response
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Figure 3.45Response factor graph of androstenedione

This response factor would only be used for andresdione in practice.

170-hydroxyprogesterone

17a-Hydroxyprogesterone Response
y =1.1426x
Factor R2 = 0.8698
5
. ®
$s°
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-
$g°
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Figure 3.46Response factor graph ofdtliydroxyprogesterone

This response factor would be applied to compouwvittssimilar structures, such
as the C-21 compounds.
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3.3.3.5 Limits of detection

When developing a method of analysis, which wilkéguired to analyse low
levels, it is important to know the detection limifs it cannot be stated with
certainty that a steroid is not present, only thistnot present at levels high

enough to detect.

Detection limits of both instruments and methodsite determined. Detection
limits are determined by obtaining the amount ahpound that gives a signal to
noise ratio of 2:1 or 3:1. It is likely that thenlits of detection of the method itself,

may be significantly higher than the instrumenttiedtion limits.

Instrumental detection limits
Detection limits were established for testosterdig;estradiol,
170-hydroxyprogesterone, and androstenedione, as Wergeavailable in

reasonable quantity.

Standards (~10 mg) were dissolved in methanol (@DP Dilutions were carried
out, and precise volumes of varying concentratisege evaporated to dryness,
derivatised and made up to the same volume thdgsata A larger mass was
used to keep weighing errors as small as possildag with keeping volume
measurements to 1 mL or more. Instrumental respmnisgections of 2 pg

quantities in 2 pL injections were as follows:

Testosterone (1.97 + 0.03 pg/2 uL) signal to noase of 13:1
170-hydroxyprogesterone (1.93 = 0.03 pg/2 pL) sigoaiaise ratio of 154:1
17B-estradiol (1.86 + 0.03 pg/2 uL) signal to noisioraf 417:1
Androstenedione (1.63 + 0.02 pg/2 uL) signal tesaaatio of 11:1

These results showed it was clear that the linfigetection of the instrument
were low and detection limits for the method weswblished to determine

whether further investigation of instrumental déteaclimits was required.

Method Limits of Detection
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To obtain method detection limits, solutions ofigas concentrations of
testosterone were prepared and extracted with SREdges. Testosterone was
eluted from the cartridge and derivatised as woglclr in the method. The aim
was to establish a numerical concentration thagsyassignal to noise ratio of 2:1
or 3:1.

After getting odd results, with false positives festosterone solutions and blanks
(360, 270, 226 ions at correct retention timeyas discovered that there was

contamination occurring (Figures 3.45 and 3.46).

Abundance

1on 260.00 (359.70 to B60.70): blankfull.D\ data.rms
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Time——=

Figure 3.47Extracted ion chromatogram of ion 360 showingrietence ion at
14.5 min in blank SPE
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Figure 3.48Selected ion mass spectrum of interference pea&.&tmin in blank
SPE
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It was thought that some testosterone could beramhi® the tubing used in the
peristaltic pump setup, another blank run was ceteplafter rinsing the tubing
with methanol (30 mL). There were still false po&s in both of these blanks.

In order to establish the source of contaminatoblank was carried out by
reducing the volume of 1 L of Milli-Q water using@tary evaporator, and freeze
drying the small volume of liquid. This blank alsontained the interference,
indicating interference was not coming from the&stion procedure (Figures
3.44 and 3.48).

Abundance

lon 360.00 (359.70 to 360.70): fdblank.D\ data.nms
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Figure 3.50Extracted ion chromatograph of ion 360 showingriigrence ion at
14.6 min in freeze dried blank
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Scan 123 (A4.650 min): fdblank.D\ data.ms -120) &
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Figure 3.51Selected ion mass spectrum of interference peak.atmin in freeze
dried blank

Closer analysis of the internal standard solutenealed the appropriate ions at
the correct retention times, however after thealiecy of an interference, internal
standard was no longer being added prior to sibaintil the source of
contamination could be identified. The methanol wiascked for the interference,
as this was the solvent for the internal standahatisn. The presence of all three
ions selected for testosterone were confirmedersgiectrum at the correct
retention time. A full spectrum was obtained anghewn below (Figure 3.51).

Abundance

lon 360.00 (359.70 to 360.70): meohblank.D\ data.nms
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Figure 3.52Extracted ion chromatogram of ion 360 showing fietemce ion at
14.6 min in methanol
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Scan 122 (A4.651 min: meohblank.D\ data.ms C121) O
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Figure 3.53Selected ion mass spectrum of interference peak.&tmin in
methanol

The interference in methanol was eliminated throdighillation, a full spectrum
of the impurity was unattainable due to the lowelswat which it existed.

Interference was also sourced to the internal stahdith a full scan shown
below (Figure 3.52). There was no 270 ion presethis impurity and the
quantitative ion was changed, and response famtoedculated using ion 270.
This impurity may be attributed to another sterbatampound that is similar in
structure to testosterone as the elution timeas#me. The purity of the internal
standard is only 95% therefore this is a very appate option.
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Average of 14.683 to 14.694 min.: STIGFULL.D\data.ns ()
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Figure 3.54TIC trace of impurity at 14.6 min in Stigmasterol

The method detection limits for testosterone wetmél to be 3 £ 0.1 pg/2 pL
injection, with a signal to noise ratio of 10:1 whiis almost twice the

instrumental detection limits.
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Method detection limits were not determined foreststeroids. However, for
further work with this method, it is strongly sugted they are obtained, along

with the recoveries of other steroids.

Recovery of testosterone

Solutions used in obtaining method detection limigse also used to calculate the
recovery of testosterone from the cartridge. Tipea@ucibility of the recovery of
testosterone was extremely variable (see Table.Mdre accurate determination
of the recovery of testosterone and other stelisidsquired for further use of this
method. A recovery value of 20% was used to adgrgestosterone levels
measured in goldfish holding water (Tables 3.1324d4d), but this is only an
approximation; the levels of other steroids wereatjusted as recovery was
unknown. Poor recovery may be due to either incetepxtraction of steroids
from the solution or incomplete elution of sterofdsm the cartridge. To establish
where losses are occurring, it will be necessaméasure for the presence of any
testosterone in the solution after it has passeditiin the extraction cartridge
using the freeze drying method, and to perform@buat a much slower rate,
allowing for equilibration of the stationary phasegh the mobile phase. Elution
was carried out at a greater rate than extradiins was found to be an issue with
the extraction, and is likely an issue with elutitins very important that further
work establishes and optimises recovery of as nstarpids as possible. With

improved recovery more steroids may be detected.
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Table 3.10Recovery obtained from testosterone method detetitnit solutions

Concentration | Weight
of solution Stig Stig Peak | Test Peak| Weight | Recovery
(ng/L) (ng) Area 255 | Area 270 | Test (ng) (%)
0.139 188 71905 2414 3.51 2510
0.139 188 77994 341 0.457 326
0.147 188 410269 14425 3.67 2450
0.147 188 168673 124 0.0768 51.2
13.9 188 27484 394 1.50 10.8
13.9 188 29733 127 0.446 3.21
14.7 188 464563 14700 3.30 22.5
14.7 188 507879 14215 2.92 19.9
1390 188 41074 17263 43.9 3.16
1390 188 52941 19647 38.8 2.79
1470 188 4521958 80960 1.87 0.13

Where test= testosterone and stig= stigmasterol

3.3.3.6 Hydrolysis of glucuronide conjugates

The efficiency and recovery of the hydrolysis aigironide conjugates using
B-glucuronidase was determined using testosterarsigdnide as a substrate.
Testosterone glucuronide (~2 mg) was hydrolysddvehg experimental

procedures, and average recovery was 117%.

3.3.3.6 Selection of internal standard

Three internal standards were trialled before degidn the use of stigmasterol.

Glucitol was trialled first, but disregarded asliited too early (6.5 min) and not
in the same region as other peaks. Sucrose wHsdrgext and looked promising
until it was discovered to elute with i-éstradiol. Stigmasterol and stigmasterol
propionate were both trialled, however silylateédraasterol was better resolved
and eluted earlier, therefore was selected to danternal standard (see Figures
3.55 and 3.56).
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Figure 3.55TIC trace of silylated stigmasterol
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Figure 3.56TIC trace of stigmasterol propionate

The internal standard was not the best for testmste deuterated testosteradie-

may have been a better choice however is currentted at $1040 per 10mg.

3.4 Application of method

The method was applied to twelve samples, fromhtiiding tanks of six goldfish
injected with a Domperidone control, and the otiadf from goldfish treated with
Ovaprim. Eight female goldfish were used, four wgikeen the control and four
were given the treatment. Four male goldfish wesedutwo were given the

control, and two were given the treatment.

It was frequently observed that the correct iomsdentification of a steroid were
present at the correct retention time, howeverahe of ion intensity was often
far away from original observations and the arethe$e was not recorded. A
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mixed standard solution was run at the end of émepdes to verify correct

retention times.

The only steroids that were detected unambiguoushg androstenedione (see
Figure 3.53 for chromatogram), testosterone-fydroxyprogesterone (170OH-P)
and 17,2p-21-trihydroxypregn-4-en-3-one (17,20,21-THP) sebl@és 3.11 and
3.12. Quantities of steroids released in termssbf hodyweight are outlined in
Tables 3.13 and 3.14.

Ion 286.00 (285.70 to 286.70): tlzslilfree. D\ data.ms

T T T T T T U
1=z.80 1=z .8s 1=.90 EESYP=Y= 14a.00 14a.05 14a.10

IoNn 244.00 (243.70 to 244.70): tl2sililfree. D\ data.ms

13 80 1385 13 90 13 95 14a.00 1405 1410

Ion 2Z01.00 (2OO0.70 to 201.70): tl28lilfrece. D\ data. s

1= 80 1=as 1=s0 1=los 1a00 1405 EP=NETSY
Time——

Fiigure 3.57Extracted chromatograms of ions 286, 244 and G@iltreated
female goldfish sample at retention times 13.8-14irl

Average of 13.958 to 13.958 min.: t2251l1free. D\ data.nms
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Figure 3.58SIM Mass spectrum of peak with retention time 1B48t min in a
treated female goldfish sample
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Table 3.11Table of results showing steroids detected in fengaldfish holding water

Dione Original Test Original 170H-P Original 17,20,21- Original Fish
(ng) | Concentration | (ng) | Concentration of (ng) Concentration | THP (ng) | Concentration of | mass
of Dione (ng/L) Test (ng/L)(not of 170H-P 17,20,21-THP (k)
corrected) (ng/L) (ng/L)
Control free ND - 10.58 6.47 ND - ND - 0.196
Control gluc ND - ND - ND - ND - 0.196
Treatment free 0.37 0.20 2.58 1.78 0.18 0.10 0.18 100 0.164
Treatment gluc ND - 0.33 0.23 2.30 1.26 0.33 0.18 164
Control free ND - 4.77 3.06 0.47 0.24 0.59 0.30 30.2
Control gluc ND - 1.90 1.22 ND - ND - 0.232
Treatment free 43.99 24.17 14.68 10.31 ND - 6.26 44 3. 0.219
Treatment gluc ND - 0.09 0.06 ND - ND - 0.219
Control free ND - ND 5.39 ND - - 0.186
Control gluc ND - 0.51 0.30 1.45 0.66 ND - 0.186
Treatment free 107.9 49.97 8.59 5.08 ND 0.45 0.21 0.137
Treatment gluc ND - 5.64 3.34 8.38 3.88 ND - 0.137
Control free ND - 4.95 2.97 ND - ND - 0.140
Control gluc ND - 0.08 0.05 ND - ND - 0.140
Treatment free 27.5% 13.64 8.42 5.33 ND - ND - 0.13
Treatment gluc ND - 0.6 0.38 ND - 0.36 0.18 0.130

Where ND = not detected. Steroids which were nt#aled in any samples are not listed in orderrtgpbfy presentation of results.
Dione= Androstenedione
Test= Testosterone

17,20,21-THP=20B,21-trihydroxy-pregn-4-en-3-one

Free= free steroid fraction

170H-P=odlTydroxyprogesterone

Gluc= Glucuronide conjugate fraction
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Table 3.12Table of results showing steroids detected in rgaldfish holding water

Dione(ng) | Original Test(ng) | Original 170H- Original fish
Concentration Concentration of | P(ng) Concentration of | mass
of Dione (ng/L) Test (ng/L)(not 170H-P (ng/L) (k)
corrected)

Control free ND - 1.36 0.67 ND - 0.121
Control gluc ND - 1.07 0.53 1.98 0.98 0.121
Treatment free 4.96 241 4.00 1.94 ND - 0.089
Treatment gluc ND - 1.03 0.50 ND - 0.089
Control free ND - ND - ND - 0.156
Control gluc ND - 1.43 0.65 ND - 0.156
Treatment free 1.77 0.83 5.54 2.61 ND - 0.108
Treatment gluc ND - 1.86 0.88 2.92 1.38 0.108

Where ND = not detected. Steroids which were nt#aled in any samples are not listed in orderrtgpbfy presentation of results.

Dione= Androstenedione
Test= Testosterone

17,20,21-THP=20B,21-trihydroxy-pregn-4-en-3-one
Free= free steroid fraction

170H-P=odlTydroxyprogesterone
Gluc= Glucuronide conjugate fraction
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Table 3.13Total amount of steroids released by females men@f goldfish

Release of steroids (pg/g)
Test 17,20,21-
Dione | (corrected) | 170H-P | THP
Control free 2070
Control gluc
Treatment free 13.6 591 6.48 6.78
Treatment gluc 78.0 84 12.0
Control free 792 12.24 15.3
Control gluc 315
Treatment free 120 2570 172
Treatment gluc 15.4
Control free 1812
Control gluc 117 46.8
Treatment free 4730 2410 19.7
Treatment gluc 1580 367
Control free 1360
Control gluc 23.1
Treatment free 1270 248
Treatment gluc 176
Table 3.14Total amount of steroids released by males pen grfegoldfish
Release of steroids (pg/q)
Test 170H-
Dione | (corrected) P
Control free 1730
Control gluc 1360 97.8
Treatment free 334 1730
Treatment gluc 449
Control free 121
Control gluc 351
Treatment free| 97.8 1970
Treatment gluc 660 162

Where dione= androstenedione, test= testoster@@14P= 1%-hydroxyprogesterone, free= free steroid fragtion

gluc= glucuronide conjugate fraction
Testosterone values were adjusted by multiplying bgs recovery was found to be 20%
All values were multiplied by6 to get the total ambpresent (2 L of water was extracted from 12ldimg water)
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The results for 1a-hydroxyprogesterone and 17&BP1-trihydroxy-pregn-4-en-3-
one are very close to detection limits, theretbeaccuracy of quantitation may

be reduced.

17,2(3,21-THP was only detected in female goldfish hajdwater, which was
expected.

It was disappointing that 17, RO (primary component of preovulatory
pheromone released by female goldfiskiis not detected, as it is produced solely
by females as a luteinizing hormone, and excresesl @gheromone as a means of
informing the male of spawning readin€s#&ndrostenedione and sulfated
17,2@-P are also components of this pheromone mixtunelrdstenedione was
detected in large amounts in the holding wateresdted female goldfish. It is
possible that 17,70P was also present, but not in high enough leeetietect.

The variability in recoveries of testosterone iradigcthat there may also be
problems in extracting other steroids, which neeldd solved. Sulfated 17 2@

may have been present in large quantities, howevels of sulfate conjugates

were not determined, and future samples must bgs@tafor sulfate conjugates.

Significantly more androstenedione was producettdpted female fish than
male fish. This is extremely unusual, despite @¢urdng in the preovulatory
pheromone, and treated females have been showtetse significantly less
amounts of androstenedione than even untreatedsn#lahe literature shows
that androstenedione is released into the watgraiatest quantity by spermiating
males, and that even non spermiating males retgasg¢er quantitities than
ovulatory female® %> Results in our study do not agree with theseighiét!
results, however only two treated male fish sampleie analysed, and more
male holding water samples should be measurediéondime whether these
results were usual or exceptions, as biologicaksys are prone to large amounts
of variation. It has been suggested by Soreesaif® that androstenedione may
function as a male sex pheromone, as it is releiasgach great quantities by
males, and strongly stimulates aggressive behawiomale goldfish. Levels
detected in the study were 3.3 nighr female goldfish, and 782 nghin male

goldfish injected with human chorionic gonadotropinich increases milt
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productioﬁg. These results were measured using radioimmungask&h has

many limitations (Section 1.7.3).

Levels of testosterone were not any higher in ée&sh than in control fish, or
males rather than females as would be expectedetAmvthere were small
amounts detected in the glucuronide fraction, iatiing conjugation of some

steroids is occurring prior to excretion.

It is important to note that these literature ressulere analysed by
radioimmunoassay which whilst being very sensitisenot without major
disadvantages. Reliable results are dependentemifispantisera, with little cross
reaction, and assays are only performed for comgi®thmat are anticipated to be
present.

Sulfate conjugate levels were not determined is $hudy, there may have been
high levels of sulfate conjugates released, thaewet measured.

More samples would need to be completed to eshatilesrobustness of the

method.
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Conclusion

To enable this method to become a truly usefulyaical method a few things
must be addressed:

1. The recovery and method detection limits for sulista other than
testosterone should be obtained, the other stefmidghich response
factors were determined would be a good start

2. The recovery of steroids still requires considezatbrk to improve
reproducibility and probably the best place totstathe rate of flow of the
methanol during elution

3. Replacement of the internal standard with anotberpound that does not
contain any interferences with ions of interest iddae ideal, however this
would require redetermination of response factors

4. Work on the hydrolysis of sulfate conjugates isoremended as it is

essential to know the amount of sulfate conjugtitaswere released

When these issues are addressed, this methodeéhpstntial to be of greater use
at measuring fish sex steroids compared to radiainwassay, as it is able to

measure a range of fish sex steroids at once.
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Appendix One- Chromatograms and Mass Spectra
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Figure 1 Extracted ion chromatogram (360) of blank SPEtsmiy showing
impurity at 14.6 min
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Igigure 2 SIM spectrum of impurity at 14.6 min in blank SR#usion
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Figure 3 Extracted ion chromatogram (360) showing impuaityL4.6 min from
solution of stilgmasterol in methanol
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Figure 4 SIM spectrum of impurity at 14.6 min from solutiohstigmasterol in

methanol
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stigmasterol
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Figure 6 Full mass spectrum of impurity at 14.6 min in stagterol
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Figure 7 TIC of distilled methanol showing no interferenasak at 14.6 min
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Figure 8 Extracted ion chromatogram (360) of blank solutizett was freeze
dried
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Figure 9 SIM spectrum of peak at 14.6 min in blank solutilobat was freeze dried
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Figure 10 Extracted ion chromatogram (360) of freeze dresidsterone solution
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Figure 11 SIM spectrum of freeze dried testosterone solwiot4.6 min
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Figure 12 Extracted ion chromatogram (360) of methanol shgvimterference at
14.6 min
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Appendix One- Chromatograms and Mass Spectra
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Figure 13 SIM spectrum of methanol at 14.6 min
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Figure 14 TIC of stigmasterol in methanol showing interfererat 14.6 min
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Figure 15TIC of stigmasterol in methanol at 14.6 min
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Appendix One- Chromatograms and Mass Spectra
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Figure 16 SIM chromatogram of testosterone
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Figure 17 SIM chromatogram of testosterone glucuronide hiydie

Abundance
Scan 124 (14.706 min): tgl.D\ data.ns
600000 270 360
550000
500000
450000
400000
350000
300000
250000
200000
150000

1000007 346

oh— | : [ ‘“ L 286 |
200 220 240 260 280

. . 371 391 41‘6 45‘6
T e P e o
300 320 340 360 380 400 a420 440 460

Yy z—=

Figure 18 SIM mass spectrum of testosterone glucuronidediysis
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Appendix One- Chromatograms and Mass Spectra
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Figure 19 TIC of testosterone glucuronide
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Appendix One- Chromatograms and Mass Spectra
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Figure 22 TIC of stigmasterol propionate
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Figure 23 Mass spectrum of stigmasterol propionate
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Figure 24 TIC trace of TMS ether of stigmasterol
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Appendix One- Chromatograms and Mass Spectra
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Figure 25Mass spectrum of TMS ether of stigmasterol

Abundance

TIC testsilstigpbce.D\ data.ms
8000000
7500000
7000000
6500000
6000000
5500000
5000000
4500000
4000000
3500000
3000000
2500000
2000000
1500000

1000000

500000 L, 444(4_4}_7

T T T T T T T
10.00 15.00 20.00 25.00 30.00 35.00 40.00

Time——

Figure 26 TIC trace of testosterone and stigmasterol

N

S 00 5. 00 1000 E oI A O 61 s OCEO OCEE GOZA OOEE OCEa GcaE0 Goam ool oo
e —

Fii'QU}e 27 TIC trace of silylated sucrose and testosterone

82



Appendix One- Chromatograms and Mass Spectra
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Figure 28 Mass spectrum of silylated sucrose
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Figure 29 Mass spectrum of testosterone peak
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Figure 30SIM trace of 2 pg injection of hifhydroxyprogesterone
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Appendix One- Chromatograms and Mass Spectra
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Figure 32 SIM trace of 2 pg injection of testosterone
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Figure 33 SIM trace of 2 pg injection of androstenedione
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Appendix One- Chromatograms and Mass Spectra
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Figure 34 TIC trace of testosterone oxime di-TMS
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Figure 35Mass spectrum of first peak
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Figure 36 Mass spectrum of second peak
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Appendix One- Chromatograms and Mass Spectra
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Figure 37 SIM trace of response factor solution foudydroxyprogesterone
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Figure 38 SIM trace of response factor solution fodastradiol
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Figure 39 SIM trace of response factor solution for androstikone
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Appendix One- Chromatograms and Mass Spectra
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Figure 40 SIM trace of response factor solution for testaste
testosterone

Abundance

TIC: MIXSTDA.D\data.ms
2e+07

1.8e+07
1.6e+07
1.4e+07
1.2e+07

le+07

8000000

6000000
4000000

2000000
[ 1

T T T T T T T T T T
14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00

Time—

Figure 41 TIC of mixed standard solution using oven tempasmethod 3c
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Figure 42 TIC of mixed standard solution using final ovemperature
programme
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Appendix One- Chromatograms and Mass Spectra

TS mi<dil. D\ data. ms
2000000

7500000
Eg=l=l="atata}
6500000
6000000
5500000
5000000
4500000
4000000
BI500000

BOOOOOO!

2500000
ZOoO000O!
1500000
1000000
S | M
T T T T u T T T T T

Time—=

Figure 43 SIM chromatogram of mixed standard solution ugingl oven
temperature programme
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Figure 44 SIM chromatogram of mixed standard solution ugingl oven
temperature programme
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goldfish holding water, showing the presence dberone at correct retention
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Appendix One- Chromatograms and Mass Spectra
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Appendix Two- Response Factor Data

Appendix Two- Response Factor Data

Response Factors

Table 1 Response factor data for androstenedione

Sti

Weight | Weight Dione pesz Peak

Dione Stig Weight | peak area| area Area
RF (mg) (mQ) Ratio 286 255 Ratio
DIONE A 3.43 7.96 | 0.4309045 89756 276202 0.3249651
DIONE B 4.98 6.97 | 0.7144907 143518 | 219937 0.6525414
Dione C 5.47 3.86 | 1.4170984 528492 | 259962 2.0329587
Dione D 13.08 458 | 2.85589522733755 | 460482 5.936725

Where dione= androstenedione, stig= stigmasterol

Table 2 Response factor data for testosterone

Test Stig

Weight | Weight Peak Peak

Test Stig Weight | Area Area Area
RF (mg) (mg) Ratio 270 255 Ratio

0

TESTA | 5.21 8.76 0.59475427768 | 527975| 0.81021
TESTB | 5.62 5.24 1.07252439359 | 271508| 1.61822
TESTC | 8.32 4 2.08 656856 152896 4.2961
TESTD | 13.67 3.61 3.7867 241266365407 | 6.60267
TESTE | 11.02 20.096 0.54837000658| 1257176| 0.79596
TESTF | 7.97 6.43 1.2395 595270 257490 2.31182

Where test= testosterone, stig= stigmasteron




Appendix Two- Response Factor Data

Table 3Response factor data forftéstradiol

Diol Stig

Weight | Weight Peak Peak Peak

Diol Stig Weight Area Area Area
RF (mg) (mg) Ratio 416 255 Ratio
DIOL A 4.94 9.59 0.515119 2557644 453989 5.63371
DIOL C 5.38 5.88 0.914965 3226426 323277  9.98037
DIOL Bb 7.25 5.72 1.267482 4170767 32503y  12.8316
Diol D 7.98 3.15 2.533333 3390843 144140  23.5R46
DIOL RF 11 4.16 2.644230 6139553 191386  32.0[7/94
DIOL B 11.35 4.24 2.676886 7156108 204108 35.0612
DIOL E 7.16 6.95 1.030215 4197637 39602y  10.5993
DIOL F 4.61 2.76 1.670289 2307080 12960  17.8012

Where diol= 1B-estradiol, stig= stigmasterol
Table 4 Response factor data fordtliydroxyprogesterone
17-OHP
Weight | Weight Peak Stig
17-OHP | Stig Weight Area peak Area
RF (mg) (mQ) Ratio 359 area 255| Ratio

17-OHP A 6.12 8.5 0.72 57807, 450699 0.12826
17-OHPRF 14.57 16.13 0.903285 895570 1101P68 0MBL27
17-OHPBb 7.5 483 1552795 298357 256282 1.16417
17-OHPE 18.69 15.27] 1.223968 916867 1084216 0.8456
17-OHPf 14 7.83 | 1.787994 881774 469333 1.87878
17-OHPg 20.37 6.23| 3.269662 1479413 343734 4.30394
17-OHPh 9.15 7.67| 1192959 629688  4267[/7 1.4754
17-OHP;j 6.91 431 | 1.603248 488762 242079 2.01901

Where 17-OHP= la-hydroxyprogesterone, stig= stigmasterol
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